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Au nanoparticles confined in self-assembled Zn(i)
metal—-organic cubane cages for light-driven
conversion of furfural to 2-methyl furan in biofuel
productiont
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A polyoxometalate Zn(i) cubane cage with intrinsic confined spaces constructed by the self-assembly of
tetrametallic cubane clusters was obtained and utilized as a skeletal support for the encapsulation of
gold nanoparticles. AuNP-encapsulated Zn(i) cubane cages (ZnCC@AuNPs) were characterized using
FTIR, TGA, BET, SEM, TEM, XPS, and PXRD analysis. The catalytic activity of ZnCC@AuUNPs for the
hydrogenation of furfural to 2-methyl furan, which is an active precursor for biofuel production, was
investigated. The anchored AuNPs generate Au—H species under visible light and catalyse the reaction in
2-propanol at 60 °C, yielding >99% of the product in just 1.5 h. The reaction kinetics and mechanism
were confirmed by in situ ATR-IR and DFT studies. The parameter optimization suggested exceptional
chemical stability and reusability of ZnCC@AUNPs as a catalyst without any agglomeration even after
several cycles of use. These intriguing features are suitable for developing sustainably viable catalysts for
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1. Introduction

The self-assembly of metal-organic cages produces porous frame-
works that can serve as molecular containers in supramolecular
catalysis." These cages can tune the reactivity of molecules by
encapsulating the reacting species inside the cavities or by confining
the catalytic sites. In particular, in metal-organic cubane cages, the
rigidity and strength provided by the organic pillars make them
versatile frameworks that can withstand harsh conditions and
provide interactive sites for holding various species.” This type of
metal-organic cage has been reported in the past for catalysing
particular reactions like silyl(bis)amido ligand [{Ph,Si(NAr*),Zn
(HMDS)} {Na(THF)}'] (Ar* = 2,6-diisopropylphenyl) for enolate
formation,® Zn cage {[Zn,(TBSC)(u,-OH)],-(5-Me-im-1,3-BDC)"sCl g}
(DMF),,(CH3;0H),5(H,0),; for CO, conversion reactions,” [{Cuy,
(TMBTA)5(DMA),(H,0)s}-8H,0-X] (where TMBTA is (2,4,6-trimethyl-
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benzene)-1,3,5-triacetic acid) for the aerobic oxidation of benzyl
alcohol to benzaldehyde,” and CusL, copper cage for A*-coupling
reaction to generate propargylamines.® The catalytic activity of these
cages can be enhanced by combining them with metal nano-
particles, which have exposed surfaces for generating active species
and intermediates. The physicochemical features of metal nano-
particles are different from their parent forms and are incompatible
with standard encapsulation procedures. Furthermore, unique sur-
face properties, high surface energy, and a tendency to agglomerate
in the solution phase make encapsulation a strenuous task.”®
However, limited reports are available on the encapsulation of metal
nanoparticles in metal-organic cages due to the non-compatibility of
the cavity size.

Plasmonic nanoparticles like Au, Ag, and Pt have emerged as
promising materials due to their surface plasmon resonance
effect and ability to harness visible light.” Cu nanoparticles also
exhibit a plasmon resonance effect but they are not as pro-
nounced as noble metals. Moreover, controlling the size and
dispersion of copper nanoparticles is comparatively difficult
due to their high reactivity. They are more susceptible to
oxidation and their stability in aqueous systems is an important
concern, especially in air or oxygen-rich environments.'® Gold
nanoparticles can act as catalysts in various oxidation and
reduction reactions due to their unique electronic structures.
However, they require suitable support to work heterogeneously™*
as they undergo agglomeration and show decreased catalytic
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activity.'” Earlier, some COFs, derived by reacting phenothiazine-
based trialdehyde with 1,2-cyclohexanediamine'® and benzene-
1,3,5-tricarbaldehyde with 1,2-cyclohexanediamine,** and MOFs
like Sn-Na MOF"® and UiO-66 MOF'® and multiwalled carbon
nanotubes'” have been reported as supports for holding noble
metal nanoparticles. Self-assembled cages, macrocycles, poly-
mers, and various other supramolecular structures derived from
metallo-ligands constitute a prominent class with confined cav-
ities inside the molecular frameworks and interactive functional
sites.'® Among these, the development of Zn(u) based cages has
expanded the applications of inorganic molecules due to their
versatile stereochemical properties, capability to form complexes
with numerous ligands and catalytic potential."® Therefore, Zn(m)
cubane cages can be considered as suitable structures to sus-
tain gold nanoparticles for stabilization and improve catalytic
efficiency.

Herein, we report a self-assembled Zn(u) metal-organic
cubane cage embedded with Au nanoparticles for the selective
conversion of furfural to 2-methyl furan. 2-Methyl furan is
essential for many scientific and industrial processes such as
the synthesis of organic compounds, formation of biofuels, and
production of flavours and fragrances.”® The selective hydro-
genation of biomass-derived furfural can produce 2-methyl
furan as one of the constituents of various value-added pro-
ducts (like furfuryl alcohol and cyclopentanone). The increas-
ing biofuel demand owing to the depletion of fossil fuels
has prompted the upgradation of renewable biomass into
chemicals and biofuels for a sustainable future and lignocellu-
losic biomass can provide affordable and sustainable alterna-
tives.*! In the past, a variety of catalysts, including CuRe/Al, O3,
Cu, 5ZnAl-600, CuFe,0,, iridium/carbon, Cu-Fe, Cu/ZnO, and
Cu-Co/Al,0O3, have been employed for the catalytic hydrogena-
tion of furfural to 2-methylfuran but under harsh conditions
and challenging protocols.>” > Moreover, the yield of 2-methyl-
furan is usually low because of the formation of various
by-products such as tetrahydrofurfuryl alcohol and furan deri-
vatives. However, the developed Zn(u)-based cubane-like oxo-
cluster with small-sized pockets on self-assembly occupied by
gold nanoparticles (AuNPs) provides excellent outputs for con-
verting the biomass into 2-methylfuran in the present work.
The catalytic hydrogenation of biomass-derived furfural to
2-methylfuran can be achieved in 1.5 h under mild reaction
conditions by using 2-propanol. This is better than the classical
hydrogenation methods where the direct addition of H, gas is
required in the presence of a hydrogenation catalyst. The
developed ZnCC@AuNPs composite is a pioneering example
of gold nanoparticles supported within a metal cage, proving its
practical application in biofuel production for the first time.

2. Experimental
2.1 Materials and methods

The compounds were synthesized using the Schlenk technique.
5-Bromo-2-hydroxybenzaldehyde, ethanol amine and furfural
were procured from Aldrich, USA. Sodium borohydride, sodium
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hydroxide, triethylamine, zinc nitrate hexahydrate, and gold
chloride trihydrate were procured from SRL, India, in high
purity. The solvents methanol, 2-propanol, and toluene (Finar,
India) were dried using standard procedures. The reduced
Schiff base (rSB) was synthesized using the procedure reported
in our previous report.*°

2.2 Instrumentation

The FT-IR spectra, solution-phase NMR spectra (comprising
'H and "*C NMR spectra), and mass spectrometry measure-
ments were conducted using the following instruments:
BRUKER alpha Eco-ATR spectrometer, BRUKER AVANCE
500-NMR spectrometer, and VG Analytical (70-S) spectrometer,
which was equipped with an ESI source operating at a capillary
voltage of 2500 V. The crystallographic data for the single
crystal of the compound were collected at 165 K using a Rigaku
XTA Lab SuperNova with Mo Ka radiation (1 = 0.71073). The
crystal structure was solved using Olex2 software, utilizing the
intrinsic phasing method of the ShelXT structure solution
program. Subsequently, the structure was refined using the
least-squares method, which was integrated into the ShelXL
refinement package.**> For structural optimization and frequency
calculations, density functional theory (DFT) was employed using
Gaussian 16 software.*® Becke’s three-parameter hybrid correlation
functional B3LYP was applied, along with the 6-31+G(d,p) and
Lanl2DZ basis set, for the geometry optimization process.”* A
Waters 2998 System, which consisted of a photodiode array
detector and a binary HPLC pump with a Supelco Analytical C18
column (25 cm X 4.6 mm x 5 pm) was utilized for the analysis.

2.3 Synthetic procedures

2.3.1 Zn(u) cubane cage. In a double-neck round bottom
flask, a solution of rSB (8.19 mmol, 2.00 g) was dissolved in
70 mL dry methanol. Triethylamine (11.18 mmol, 1.13 g) and
zinc nitrate hexahydrate (8.11 mmol, 2.41 g) were added and
heated to reflux under an inert atmosphere for 4 hours. The
volume of the solution was reduced to half by collecting the
solvent using a Dean-Stark apparatus. The slow evaporation of
the concentrated solution yielded white crystals that were
suitable for single-crystal X-ray diffraction.

Yield (crystals): 32.34% (3.20 g, 2.62 mmol). FT-IR (KBr)
em ™ ': 3432 (N-H), 2900-2750 (CH,), 1586, 1472 (C-C), 1282
(C-N), 1180 (C-0), 641 (C-Br), 548 (Zn-0). 'H-NMR (500 MHz,
DMSO-dg): 6 (ppm) 2.78 (8H, broad singlet, H®), 3.62 (8H, broad
singlet, H”), 3.80 (8H, s, H’), 4.15 (4H, s, -NH), 6.48 (4H, broad
singlet, H?), 7.11 (8H, broad singlet, H?, H°); ESI-MS (m/z):
647.49 [M/2 + HJ".

2.3.2 Encapsulation of AuNPs in the Zn(u) cubane cage
(ZnCC@AuNPs). Gold nanoparticles (AuNPs) were encapsu-
lated in Zn(u) cubane using a dispersion and reduction method.
Zn(u) cubane (50 mg) was ground to a fine powder using a
mortar and pestle and dispersed in 10 mL distilled water by
sonication. An aqueous solution of HAuCl, (10 mg in 2 mL)
was added dropwise under vigorous stirring. The vial was
covered with aluminium foil and stirred for 6 hours under dark
conditions. The precipitates were collected by centrifugation

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of rSB, Zn(i) cubane, and ZnCC@AuUNPs.

(at a rate of 8000 rpm/10 min), washed with distilled water and
redispersed in 3 mL water. A 0.50 mL of freshly prepared NaBH,
solution (0.1 M) was added slowly, which changed the colour
from wine-red to black and the solution was further stirred for
6 hours. Finally, ZnCC@AuNPs were collected by centrifugation
(Scheme 1).

2.3.3 Conversion of furfural to 2-methyl furan. In a 25 mL
round bottom flask, furfural (1.0 g, 10.40 mmol), NaOH (83 mg,
2.07 mmol) and ZnCC@AuNPs (10 mg) were dissolved in 15 mL
of 2-propanol. The reaction mixture was stirred under a nitro-
gen atmosphere for 1.5 h at 60 °C. The contents were centri-
fuged and the product was separated by filtration. The catalyst
was washed with ethanol and dried for the next reaction cycle
and the resulting liquid products were analysed using HPLC.

2.4 Product analysis

The product was analysed for the formation of 2-methyl furan by
HPLC-PDA system using an isocratic method with ACN:MeOH/
75:25 (%) as the solvent flowing at a rate of 0.8 mL min~ . The
following equations were employed to calculate the selectivity (%) of
2-methyl furan and the conversion (%) of furfural:

.. C-
2-methyl furan selectivity (mol%) = 100 x 2ME

Total products

Furfural conversion (mol%) = 100 x (1 — CF"r)

Fur®

This journal is © The Royal Society of Chemistry 2024
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In these equations, Co.vr and Crotal products fepresent the con-
centrations of 2-methylfuran and total products, respectively, at
a specific reaction time (f). Cp,~ denotes the initial concen-
tration of furfural before the reaction.

3. Results and discussion

3.1 Synthesis and characterization of the Zn(u) cubane cage

A tridentate ligand (rSB) was synthesized by the Schiff base con-
densation of 5-bromosalicaldehyde and ethanolamine followed by
reduction using NaBH, in methanol. The reaction of rSB with zinc
nitrate hexahydrate in the presence of triethylamine (as a base) in
methanol yielded a Zn(u) cage consisting of Zn,0, cubanes with
coordinated ligand pendants as side bridges (Scheme 1).

The Zn(u) cubane cage was characterized using FTIR,
'"H NMR, and ESI-MS. The FT-IR spectrum of rSB showed a
strong band at 3413 cm ™' due to N-H stretching and a broad
band in the region 3300-2960 cm ' due to O-H stretching.
However, the band in the region 3470-3400 cm ™' due to N-H
stretching was broadened in the case of Zn(u) cubane, and the
O-H stretch disappeared showing coordination of the ligand
via NH and deprotonated -OH. Besides, a strong band at
624 cm™ ' and a weak band at 479 cm™ ' were observed due to
C-Br stretching and Zn-O stretching, respectively. The "H-NMR
spectrum of rSB in DMSO-d¢ showed the appearance of a
singlet at 3.80 ppm due to the -CH, protons (H’). The NH
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Fig. 1 (a) Ortep view of Zn(i) cubane, (b) framework of the Zn,O4 cubane
cage, (c) wireframe representation of interactions between crystallized
cubane units, (d) crystal packing of Zn(i) cubane showing 2-D sheet-like
view, (e) space-fill representation of Zn(i) cubane (for non-hydrogen
atoms, the radius of hydrogen atoms was eliminated for clarity).

proton appearing at 5.92 ppm merged with the signal of the
alcoholic OH. In Zn cubane, triplets of H® and H® merged into a
broad singlet at 2.78 and 3.62 ppm, respectively. The NH signal
was seen as a singlet at 4.15 ppm and aromatic signals showing
doublet (H?), doublet of doublet (H*) and doublet (H”) in rSB
were transformed into singlets at 6.48 ppm for H* and 7.11 ppm
for H® and H’. The ESI-MS for Zn cubane exhibited a [M/2 + H]"
peak at m/z 647.49 (see ESI,T Fig. S1-S3).

Zn(n) cubane was obtained in crystalline form by cooling the
reaction mixture. The structure of Zn(u) cubane was elucidated by
single-crystal X-ray diffraction. Table S1 (ESIt) provides a summary
of the crystallographic data and structure refinement parameters,
while Table S2 (ESIT) presents selected measurements of the bond
lengths and bond angles. The Zn(u) cubane crystallized in the
tetragonal space group I4,/a. It consists of a distorted cubane-like
cavity formed by joining the Zn and O atoms of four asymmetric
units on the alternate corners of the cube. Each Zn atom was
coordinated to five atoms by a nitrogen atom, aryl oxygen, and
alkoxide oxygen atom of one ligand and alkoxide oxygen donors of
two other ligands. Overall, the Zn(u) atoms showed distorted trigonal
bipyramidal geometry, where all four ligands were coordinated in -
n'm'm?® bridging mode with alkoxide oxygen coordinated in 1®
mode with Zn(u) centres. The Zn-N, Zn-O1 and Zn-02 bond lengths
were in the usual ranges of 1.479, 1.965 and 2.428 A, respectively
(Fig. 1). The Zn(n) cubane was crystallized as a methanol solvate,
which created hydrogen-bonded self-assembly with other cubane
units generating voids ranging from 1.6 to 1.8 nm. This type of
hydrogen-bonded cage is produced by the solvation of building
blocks due to the prevalent force of hydrogen bonds."

3.2 Synthesis and characterization of ZnCC@AuNPs

The encapsulation of nanoparticles is important for catalytic
applications because it enhances surface activity and stability
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and prevents aggregation. However, the encapsulation of gold
nanoparticles in a protective Zn(u) cage is challenging as it
requires Au-supportive interactions. Further, the generation of
the appropriate cavity for encapsulation depends upon the
geometry of the cage, the arrangement of metal ions and the
choice of ligands. Schiff base ligands serve as excellent support-
ing molecules for such materials because they can be derived
with the desired number of functionalities through a highly
efficient and straightforward synthesis.?**® Reduced Schiff
bases are more flexible than Schiff base complexes due to the
absence of m-conjugation, which may allow them to attain any
geometry.®” Here, the flexibility and multidenticity of the ligand
led to the construction of the Zn(u) cubane cage with a small-
sized A-type cavity. The cubane units self-assembled to form a
framework equipped with B-type cavities. The appropriate size
of the B-type cavities facilitated the encapsulation of Au nano-
particles. To gain insight into the size, shape, composition,
encapsulation, and surface properties of ZnCC@AuNPs, various
studies like FTIR, TGA, 'H NMR, BET, SEM, TEM, XPS, and
PXRD analyses were conducted.

The FT-IR spectrum of ZnCC@AuNPs was found to be
similar to that of Zn(u) cubane showing a strong vibrational
band in the region 3500-3200 cm™ ' for N-H stretching and
O-H stretching. Additional bands consisting of strong split
vibrational bands centred at 1600 and 1637 cm ™" due to C—C
stretching, a strong band at 621 cm™ " due to C-Br and a weak
band at 480 cm ™" due to Zn-O stretching were also observed in
the region similar to that of Zn(u) cubane (Fig. 2a). Two weak
vibrational bands were also observed at 1474 cm™' and
1386 cm ™' for C-H bending and C-N stretching, respectively,
for both Zn(u) cubane and ZnCC@AuNPs. This revealed that the
incorporation of AuNPs barely changed the structural frame-
work and chemical composition of Zn(u) cubane.

The thermal stabilities of Zn(u) cubane and ZnCC@AuNPs
were studied using thermogravimetric analysis (Fig. 2b).
Weight losses of 11.73% and 7.36% were observed in the first
step in the thermograms of Zn(u) cubane and ZnCC@AuNPs,
respectively, up to 200 °C, which is generally due to the loss of
absorbed water or solvent (methanol). Weight losses of 30.36%
and 45.98% were observed in the second step when the
temperature was increased from 200 to 800 °C, which may be
attributed to the decomposition of the organic framework of
Zn(u) cubane and ZnCC@AuNPs, respectively. The third weight
loss of 14.69% can be related to the formation of the metal
residue ZnO when the temperature was increased above 800 °C.

The "H NMR spectra of Zn(n) cubane and ZnCC@AuNPs were
compared. The 'H NMR spectrum of Zn(n) cubane showed a
significant shift in the N-H proton and broadening of alkyl and
aromatic protons due to the complexation of Zn(u) with the ligand.
The broadening may be attributed to the limited mobility with rapid
spin relaxation of skeletal protons in the complex.***° The "H NMR
spectra of ZnCC@AuUNPs showed a shift in the N-H proton signal
from 4.15 ppm to 3.81 ppm, thus validating the increase in the
electron density due to the binding of AuNPs. Although this
suggested the presence of AuNPs inside the cage skeleton, the
solvent effect cannot be ignored at the same time (see ESL Fig. S4).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) A comparison of FT-IR spectra of Zn(i) cubane and ZnCC@AuUNPs. (b) TGA thermogram of Zn(i) cubane and ZnCC@AUNPs.

Nitrogen gas adsorption-desorption isotherms were used to
study the adsorption properties of Zn(u) cubane and ZnCC®@
AuNPs. The BET and the BJH models were used to compute the
specific surface area and pore size distribution of Zn(u) cubane
and ZnCC@AuNPs. The adsorption-desorption isotherms
exhibited an H3 hysteresis loop suggesting the porous nature
of the material. The surface area and pore volume of the Zn(u)
cubane were calculated to be 19.107 m® g~ " and 4.390 cm® g,
respectively. However, after the incorporation of gold, the sur-
face area and pore volume decreased to 2.321 m*> g~ ' and
0.5066 cm® g™, respectively (see ESI,T Fig. S5a and b). The N,
sorption isotherm of ZnCC@AuNPs exhibited a gradual
decrease in both surface area and pore volume, suggesting
the blockage of cavities due to the encapsulation of Au nano-
particles in the vacant spaces. The BJH results of Zn(u) cubane
and ZnCC@AuNPs showed main peaks at 7.14 nm and
3.65 nm, respectively, for the pore size (see ESL, Fig. S5¢ and
d). The significant reduction in the pore size of the Zn(u)
cubane also confirmed the occupancy of cavities by the Au
nanoparticles.

Field emission scanning electron microscopy (FE-SEM)
images of Zn(u) cubane revealed a flaky material exhibiting
a rough morphology (Fig. 3a-c). However, the infusion of

Fig. 3

This journal is © The Royal Society of Chemistry 2024

spherical particles was visible in the flakes of ZnCC@AuNPs,
confirming the presence of Au nanoparticles (Fig. 3d-f). How-
ever, Au nanoparticles were observed over the surface of the
flakes, which may be attributed to the agglomeration of larger
particles (>1.60 nm) during sample preparation, preventing
their entry into the pores. The elemental mapping confirmed
that the composition of the cubane cage consisted of C, H, N,
Br, and Zn in the Zn(u) cubane and the inclusion of Au in the
ZnCC@AuUNPs cage. This revealed a symmetrical distribution of
each composite on the surface of Zn(u) cubane and
ZnCC@AuNPs (see ESI,t Fig. S6).

The size and morphology of the synthesized ZnCC@AuNPs
were studied by transmission electron microscopy (TEM). The
size distribution calculated from the TEM images revealed the
formation of Au nanoparticles with an average particle dia-
meter of 1.55 nm (Fig. 4a). The single-crystal X-ray diffraction
data revealed the presence of Zn(u) cubane units with cavity ‘4’
of length 0.3 nm. These units further unite to form self-
assembly that creates voids ‘B’ with a length of 1.651 nm. It
can be inferred from the size distribution studies that only void
B can provide appropriate space to accommodate Au nano-
particles and the spaces inside the cubane units (cavity A)
are not approachable for particles of 1.55 nm in diameter

J. Mater. Chem. C, 2024, 12,1683-1692 | 1687
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(Fig. 4b).** The dynamic light scattering (DLS) study supported
the formation of Au nanoparticles in a narrow size distribution
range with a mean particle size of 1.2 nm (see ESILt Fig. S7).

The mass loading % of HAuCl, was optimized by varying the
concentration of HAuCl,. This resulted in the formation of
nanoparticles with a size range of 1.4-2.1 nm and 20-25 nm for
concentrations of 16.48 mM and 25.0 mM, respectively (Fig. 4c
and d). The increase in the concentration of HAuCl, resulted in
increased particle size due to the production of quasi-spherical
nanoparticles with a much larger size distribution of 20-25 nm
(Fig. 4e). Energy dispersive X-ray analysis (EDAX) measure-
ments of ZnCC@AuNPs were carried out to illustrate the
presence of Au nanoparticles in the Zn(u) cubane. The EDAX
spectrum shows the coexistence of C, N, O, Br, Zn and Au in the
material (Fig. 4f).

X-ray photoelectron spectroscopy (XPS) studies of ZnCC@
AuNPs revealed the presence of Au in the zero oxidation state as

a)
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designated by its characteristic binding energy values of 87.7 eV
and 83.9 eV corresponding to two distinct spin-orbit pairs 4fs,
and 4f,,, respectively (Fig. 5a). The peak area ratio for
spin-orbit pairs Au(0) 4fs, : 4f,,, is 1:0.5. Also, there is one
weak spin-orbit pair at 89.9 eV and 84.4 eV corresponding to
the Au(m) state. The peak area ratio for spin-orbit pairs Au(u)
4afs,, 4f;/, is 0.32 and 0.16 compared to Au(0) 4f5/,. The Zn 2p in
Zn cubane and ZnCC@AuNPs showed intense peaks at binding
energies of around 1045 eV and 1021 eV corresponding to
two distinct spin-orbit pairs 2p;, and 2p;,, respectively
(Fig. 5b and c). Additionally, the XPS spectra of C 1s, O 1s, Br
3d and N 1s of Zn(u) cubane and ZnCC@AuNPs were found as
expected (given in the ESIY) (see Fig. S8 and S9).

PXRD analysis of Zn(u) cubane was performed to determine
the purity and crystallinity of the bulk material. The PXRD
pattern of the Zn(u) cubane obtained experimentally showed
similarity with the predicted pattern obtained from Mercury

Fig. 4 (a) Particle size distribution of AuNPs, (b) crystal image of the Zn cubane template showing void ‘B’ of size 1.651 nm, (c)-(e) HR-TEM images of
ZnCC@AuUNPs at different mass loadings, and (f) elemental distribution analysis of ZNnCC@AuNPs.
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Fig. 5 XPS of (a) Au(0) 4F of ZnCC@AUNPs, (b) Zn 2p of Zn cubane, and (c) Zn 2p of ZNCC@AUNPs.

3.8, demonstrating the rational crystalline phase purity of the
bulk sample (see ESI, 1 Fig. S10a). Similarly, the ZnCC@AuNPs
showed strong diffraction peaks at 38.14° and 44.29°, which
correspond to the (111) and (200) lattice planes, respectively.
These lattice planes are typical of Au with a face-centred cubic
(fec) structure (see ESL,+ Fig. S10b).

The UV absorption spectrum of ZnCC@AuNPs exhibited a
new band centred at 530 nm due to localized surface plasmon
resonance (LSPR) (see ESIt Fig. S11b). A Tauc plot was
employed to determine the band gap energy of ZnCC@AuNPs,
using the relationship (xhv)® = hv — E,, where o and E,
represent the absorption coefficient and the energy gap of the
semiconductor, respectively. The resulting linear fit of («hv)*
versus photon energy (hv) provided the band gap values of 1.93
and 3.17 eV for ZnCC@AuNPs due to AuNPs and Zn(u), respec-
tively (Fig. 6a). To understand the enhanced photocatalytic
activity of ZnCC@AuNPs compared to that of Zn(u) cubane,
electrochemical impedance spectroscopy (EIS) was conducted.
The Nyquist plot revealed a significantly smaller arc for ZnCC@
AuNPs than for Zn(u) cubane, indicating a lower charge-transfer
resistance and faster interfacial charge-transfer rate (Fig. 6b).
Photoluminescence investigations demonstrated a similar
characteristic band for Zn(u) cubane and ZnCC@AuNPs. How-
ever, the emission band intensity centred at 450 nm was
notably lower for ZnCC@AuUNPs, suggesting reduced electron/
hole pair recombination and superior photocatalytic activity
(Fig. 6c). The unique optical properties of gold nanoparticles,

specifically the surface plasmon effect in gold-doped materials,
contribute to their interaction with fluorescence.*® Comparable
photoluminescence responses were observed for Au-ZnO nano-
composites with ZnO nanorods.”’ The association of Zn(u)
cubane with Au ions in ZnCC@AuNPs resulted in improved
LSPR, enhanced charge transfer, and consequently superior
photocatalytic efficiency.

3.3 Catalytic conversion of furfural

The conversion of furfural to 2-methylfuran is an important
reaction in the biofuel industry. The selectivity and yield of the
reaction depend on different variables like the effect of the
metal, catalyst loading, reaction temperature and solvent. The
solvent plays a unique catalytic role in the hydrogenation of
furfural which cannot be ignored because the reaction is in the
liquid phase. Previous reports confirmed that nonpolar sol-
vents (i.e. toluene) lower the rate of the hydrogenation reaction
and water renders the decarbonylation of furfural alcohol to
2-methylfuran. Therefore, the use of polar solvents like metha-
nol (MeOH), ethanol (EtOH) and isopropanol (i-PrOH) is a wise
selection as they donate hydrogen for furfural hydrogenation.
In addition, the hydrogenation of furfural to 2-methylfuran in
the presence of toluene and water was not catalysed by the
developed ZnCC@AuUNP catalyst (Table 1). However, 100%
conversion of furfural was observed in i-PrOH followed by
30% in methanol and 28% in ethanol. The variation in the
catalyst amount from 5 mg to 12 mg suggested that 10 mg of
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100 —=—Zn Cubane 5 30000 — gn%C%%uNPs
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Fig. 6 (a) Tauc plot of ZNCC@AuUNPs showing the band gap Eg4 (inset: magnified view of the Tauc plot showing a weak band due to LSPR), (b) EIS of Zn
cubane and ZnCC@AuUNPs, and (c) photoluminescence response of Zn(i) cubane and ZnCC@AuUNPs.
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Table 1 Optimization reaction with the ZnCC@AuUNP catalyst
hv, ZnCC@AuNPs, 60 °C

@\%0 i-PrOH, NaOH (0.2 equiv.) .~ @\

(0) (o)

Catalyst Selectivity (%)
amount Temperature Time Conversion ~
S.no. (mg)  Solvent (°C) (min) (%) 2-MF FR
1. 0 i-PrOH 60 90 36 >99 —
2. 5 i-PrOH 60 90 64 >99 —
3. 8 i-PrOH 60 90 94 >99 —
4. 10 i-PrOH 30 60 62 >99 —
5. 10 i-PrOH 60 60 100 97 —
6. 10 i-PrOH 60 90 100 >99 —
7. 12 i-PrOH 60 120 100 98.40 1.59
8. 10 i-PrOH 100 120 100 97.90 2.10
9. 10 i-PrOH 120 120 100 97.30 2.70
10. 10 i-PrOH 150 120 100 97.10 2.90
11. 12 i-PrOH 150 120 100 96.90 3.10
12. 10 H,O 60 90 0 NR —
13. 10 Tol 60 90 0 NR —
14. 10 MeOH 60 90 30 > 99 —
15. 10 EtOH 60 90 28 >99 —
16. 10 i-PrOH 60 90 40° >99 —

Reaction conditions: visible light, furfural (10.40 mmol), NaOH
(2.07 mmol), solvent (15 mL). “ Reaction conditions: dark, furfural
(10.40 mmol), NaOH (2.07 mmol), solvent (15 mL). *2-MF = 2-methyl
furan, FR = furan, i-PrOH = 2-propanol, H,0 = water, Tol = toluene,
MeOH = methanol, EtOH = ethanol, NR = no result.

ZnCC@AuNPs was sufficient for 100% conversion of the chosen
amounts of furfural (1.0 g, 10.40 mmol) into 2-methylfuran. By
decreasing the amount of ZnCC@AuNPs from 10 mg to 5 mg,
the conversion rate decreases from 100% to 64%. It can be
inferred that the lower amounts of ZnCC@AuNPs could not
generate sufficient H' for the complete hydrogenation of fur-
fural to 2-methylfuran.

The impact of temperature on the hydrogenation process was
examined within a temperature range of 30 °C to 150 °C while
keeping the other reaction conditions the same. The temperature
change resulted in variations in the product yield due to the
formation of two products 2-methylfuran and furan. When the
reaction was carried out at 60 °C, 100% conversion of furfural with
>99% of 2-methylfuran was achieved. However, by increasing
both the amount of catalyst and the temperature, the furan yield
increased from 1.59% to 3.10% (see ESL 1 Fig. S12). This increase
can be attributed to the increase in the surface area of gold, which
facilitates the decarbonylation process. These findings indicate
that the hydrogenation of the aldehyde group proceeded effec-
tively under relatively mild conditions with 60 °C being identified
as the optimal temperature. Further, the reaction was carried out
in the dark in the presence of ZnCC@AuNPs under identical
reaction conditions and only the conversion of 40% 2-methyl
furan was detected. A summary of the results is presented in
Table 1. The formation of 2-methylfuran was analyzed using
'H and "*C NMR spectroscopy (see ESL Fig. S13 and S14), as
well as the HPLC-PDA method where a peak was detected at a
retention time of 3.42 min (see ESLt Fig. S15). A time-scaled
UV-visible spectrophotometric experiment (0-90 min) was
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performed to monitor the progress of the catalytic transforma-
tion reaction under the optimized conditions (see ESIL¥
Fig. S16). The intensity of the absorption band at 274 nm
corresponding to furfural showed a significant decrease with
time, indicating the consumption of furfural during the con-
version. Consequently, a new absorption band appeared at
326 nm, indicating the formation of 2-methylfuran. Table S3
(ESIf) summarises a literature review of several catalysts
employed in the catalytic hydrogenation of furfural to 2-methyl-
furan. The prepared ZnCC@AuNP catalyst gprovided the mild-
est reaction conditions for the complete conversion of furfural
into 2-methylfuran.

3.4 Heterogeneity, recyclability studies and leaching tests

The reusability of ZnCC@AuNPs as a catalyst for the hydro-
genation of furfural to 2-methylfuran was examined under
optimized conditions. After each reaction cycle, the recovered
catalyst powder was washed with ethanol and then dried.
The selectivity of the catalyst for the formation of 2-methyl
furan was maintained for up to five consecutive reaction runs
(see ESI,f Fig. S17). However, the catalytic hydrogenation
activity gradually decreased, with a decrease in the conversion
% from 99.9% to 88.6% in the fifth run. This decrease is due to
a minor loss of the catalyst during the recovery procedure,
i.e. separation and washing processes. A loss of 1.6 mg
was observed over five catalytic cycles, which reduced the
conversion.

3.5 Mechanism

The exact route of catalysis was investigated based on literature
reports, in situ ATR-IR kinetic studies, and computational

NaOH H,0
OH E Z ONa

V|S|ble Ilght

Fig. 7 A plausible mechanism pathway for the hydrogenation of furfural
to 2-methyl furan.
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studies. First, NaOH abstracts hydrogen from 2-propanol to
form sodium isopropoxide. Consecutively, light is absorbed by
AuNPs due surface plasmon resonance effect which excites
electrons from the valence band to the conduction band. This
electron transfers to isopropoxide, which loses H™ and results
in the formation of Au-H species leaving acetone as an oxidized
product.*” The surface hydride is transferred to furfural yield-
ing furfuryl alcohol as an intermediate after the supply of
H' ions. Further, the transfer of hydrides leads to the formation
of 2-methyl furan and water as a side product (Fig. 7). The C-C
bond cleavage is usually observed as a side reaction during the
hydrogenation of furfural and the decarbonylation reaction is
frequently observed as a side reaction on the surface of metal
catalysts. Decarbonylation involves adsorption of species on the
metal surface, where both the furan ring and the formyl group
strongly interact with the metal atoms resulting in the for-
mation of furan and the side product carbon monoxide.
ATR-IR spectra were recorded in situ during the catalytic
hydrogenation of furfural under optimized conditions at reg-
ular intervals of 30 min. The IR spectrum of furfural exhibited a
strong absorption band at 1690 cm ™" due to the carbonyl group
(C=0). The split bands at 2812 and 2855 cm ™' due to C-H

stretching and C-H bending at 1392 cm™ " are characteristic
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Fig. 8 (a) In situ ATR-IR spectra of furfural (FUR) conversion to 2-methyl-
furan (2-MF) with furfuryl alcohol (FAL) as an intermediate at 60 °C for
90 min in i-PrOH at regular intervals of 30 min and (b) energy profile
diagram of catalytic conversion of furfural (FUR) to 2-methylfuran (2-MF).
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vibrations of the aldehyde group. The bands at 1464 and
1566 cm ™" are ascribed to the C—=C bond and that at 743 ecm™"
to the C-H bond of the furan ring. At 0 min, after the addition
of i-PrOH and the catalyst, there was no change in the observed
spectrum of furfural. After 30 min, the C=0 band (at 1690 cm™ ")
and two double C-H bands (at 2812 and 2855 cm ™ ') disappeared
while new bands at 2966 and 3344 cm ' appeared for C-H
stretching and O-H, respectively, confirming the presence of
furfuryl alcohol (FAL). Also, the intensity of the C—C stretching
vibrations (at 1464 and 1566 cm™ ") of furfural weakened due to
the loss of conjugation between C—0 and C—C. After 60 min, the
O-H band disappeared completely and only three bands, i.e. furan
ring C-H bending at 773 em™", C-O stretching at 1218 cm™" and
C-H stretching at 2923 cm™" were observed, confirming the
formation of 2-methylfuran (2-MF). After 90 min, the C-H band
was predominant, which clearly explains the complete conversion
of furfural to 2-methylfuran (Fig. 8a).

DFT studies were performed according to a plausible mecha-
nism from the literature reports and ATR-IR studies. It is
inferred that the Au-H bond transfers hydride to furfural,
ultimately resulting in the formation of the intermediate fur-
furyl alcohol. The hydrogenation of furfural to furfuryl alcohol
is an exothermic reaction with a loss of energy equivalent to
—15.59 eV (Fig. 8b). It is important to recognize that the
conversion of furfuryl alcohol to 2-methylfuran through
hydrogenation is an exothermic process, releasing energy of
—40.32 eV. The calculated energy loss was significantly lower
than that of furfuryl alcohol. This difference was attributed to
the inherent stability of the furanic ring structure, which
facilitated the breaking of the C-OH bond in furfuryl alcohol,
leading to the formation of 2-methylfuran.

4. Conclusion

A hydrogen-bonded Zn,O, cubane cage assembly that could
encapsulate gold nanoparticles was obtained. It catalyzes the
hydrogenolysis of bio-mass derived furfural to 2-methylfuran
under moderate conditions, which is classified as a value-
added product. The ZnCC@AuNP catalyst facilitated the hydro-
genation of furfural to 2-methylfuran at 60 °C using 2-propanol
as a solvent in just 1.5 h of a reaction time. Under visible light,
absorption by AuNPs excited electrons in the conduction band
and transferred them to isopropanol. This generated Au-H
species on the Au-NP surface and reduced the isopropanol to
acetone. High selectivity with a productyield >99% of 2-methyl
furan was achieved in the reaction. Furthermore, the
ZnCC@AuUNP catalyst displayed satisfactory structural stability
and catalytic stability during the recycling reaction tests.
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