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Abstract

This paper demonstrates the successful synthesis of novel hybrid heterogeneous catalysts for the
sustainable conversion of CO2 into cyclic organic carbonates (COCs). The nanocat-alysts have been
fabricated by encapsulating pre-formed ultra-small gold nanostructures into a nascent zinc-
coordination polymer (ZnCP) framework formed from two organic building blocks: 2,4-
naphthalenedicarboxylic acid (1,4-NDC) and 5-amino-1H-tetrazole (5-Atz), which serves as a
nitrogen-rich ligand. Applying the fabricated catalysts in the synthesis of COCs yields high yields
(up to 97%) and high selectivity (up to 100%), with exceptionally high turnover frequencies (TOFs)
(up to 408 h). The catalytic process can be carried out under mild conditions (80°C, 1.5 MPa CO2)
and without the use of solvents. Nitrogen-rich ligand molecules in the structure of ZnCPs enhance
catalytic performance thanks to additional nucleophilic centres, which are effective in the epoxides'
ring-opening process. The hybrid catalysts with encapsulated gold nanostructures, which modify the
liquid-gas interface between epoxide and CO, give significantly higher yields and TOFs for less
active epoxides. The designed hybrid nanocatalysts exhibit superior stability under the studied
reaction conditions and can be reused without loss of activity. The developed coordination polymers
are built of green components, and green chemistry principles are employed to prepare these catalytic
materials.

Keywords: heterogeneous catalysis; green chemistry; CO: fixation; nanoparticles

1. Introduction

Solid-state heterogeneous catalysts are highly desirable in sustainable chemistry, as their
application in industrial processes reduces waste generation and yields higher turnover rates than
their soluble counterparts.[1-4] In the recent two decades, intensive efforts have been dedicated to
designing coordination polymers (CPs) as novel heterogeneous nanocatalysts for green chemistry.[5-
8] CPs are a diverse group of advanced materials with one-dimensional or higher-ordered
arrangements formed primarily thanks to coordination bonds between metal ions or their clusters
and rigid organic building blocks. Porous coordination polymers are usually distinguished and
named as metal-organic frameworks (MOFs).[5,9] Three main factors should be considered in
designing CPs for sustainable catalytic processes. First, metal ions in their structures must be
environmentally benign; second, the stability of these materials must provide them with the
possibility of being used as recyclable catalysts; finally, their synthesis must be performed without
hazardous reagents and under mild conditions. In this aspect, zinc-based coordination polymers

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1281.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2025 d0i:10.20944/preprints202511.1281.v1

2 of 22

(ZnCPs) definitely stand out. Zn(Il) ions can serve as effective Lewis acid sites for coordinating with
substrate molecules, exhibiting good catalytic activity in many chemical processes.[10] At the same
time, this element is biocompatible and safe towards the environment.[11] The intriguing
photoluminescence behaviour of ZnCPs has also been intensively explored in the last decade due to
their potential applications as optical sensors, molecule-scale photodevices, optical logic gates, and
others.[12]

Climate change mitigation is one of the most pressing challenges of modern times and a crucial
sustainable development goal.[13] This aim can be realised, among other things, by reducing
anthropogenic CO:z emissions through its capture from flue gases and utilisation; this strategy is
known as Carbon Capture and Utilisation (CCU).[14] Thus, new materials that enable effective CO:
capture and simultaneously activate this kinetically and thermodynamically stable compound in the
role of heterogeneous catalysts are highly desirable. Importantly, CO2 can be used as a C1 Synthon
to synthesise many organic compounds.[15-19]

Fixation of CO: using epoxides, leading to cyclic organic carbonates (COCs), also known as the
cycloaddition of CO, is recognised as one of the most effective methods for CO: utilisation. First, it
runs with 100 % atom efficiency, meaning all substrates' atoms are built into the product molecule;
furthermore, the fabricated products, the COCs, have many applications; among others, they can be
used as electrolytes in lithium-ion batteries, polar high-boiling-point solvents, components of
cosmetics, synthons or intermediates in synthesis carbamates, 1,2-diols, monomers for the production
of biodegradable polymers and many others.[20-28]

ZnCPs are perfect candidates for COz adsorption and heterogeneous catalysts for its chemical
transformation; thus, they have been intensively explored in recent years. Zinc ions in the CPs
network are strong Lewis-acidic centres that activate the epoxide ring through the oxygen atom, and
nucleophilic anions in their structures enable the ring to open and the insertion of the CO2
molecule.[21,29,30] The amphoteric character, high affinity towards CO:, and porous morphology of
these materials enhance CO: adsorption.[10,31,32] CO: capture capability can be additionally
facilitated by properly designed ligands in the structure of CPs. Tran et al. used 4,4"-(ethyne-1,2-
diyl)bis(2-oxidobenzoate) as a building block to obtain M-MOFs (M = Mg, Ni, Co, Zn, Cu, Fe) with
high porosity, labelled as MOF-184. Among the synthesised, Zn-MOF-184 showed the best catalytic
activity for the cycloaddition of CO2 to epoxides. Interestingly, the performance of these CPs
correlates very well with the strongest Lewis acidity of the Zn cations among those studied and the
ligand's high basicity, as determined using vapour adsorption and ATR-FTIR spectroscopy. [33]
Agarwal and co-workers used two organic building blocks for the synthesis of Zn-MOFs: the classical
ligand tricarboxylic derivatives of benzene and 1,3,5-tri(1H-benzo[d]imidazol-1-yl)benzene, with
nitrogen atoms constituting alkaline centres.[34] This approach enabled them to obtain highly
efficient heterogeneous catalysts for coupling epoxides with CO: under mild conditions. Very
recently, the synthesis and catalytic activity of CPs obtained using two ligands, (4-carboxyphenyl)-5-
mercapto-1H-tetrazole and 4,4'-bipyridine, were reported.[35] The fabricated material, thanks to its
dual character caused by the presence of Lewis acidic and alkaline sites, yielded high amounts of
epichlorohydrin carbonate (98%) and styrene carbonate (82%) after 24 hours of reaction time at 70°C
under atmospheric CO: pressure.[35] Interesting results were also obtained for carboxyl-containing
and amine-rich Zn-MOFs fabricated using the ligands 2,5-thiophene-dicarboxylic acid and melamine
with triethylamine as an additional deprotonation agent. The synthesised materials with hierarchical
pores exhibit a high CO: adsorption capacity and good catalytic activity in the fixation of CO: to
epoxides.[36] Azam and co-workers recently reported that transition-metal-based coordination
polymers (CPs) synthesised with the primary ligand 4-aminonaphthalene-2,6-dicarboxylic acid and
several aromatic amines as auxiliary ligands exhibit highly ordered crystal structures and
exceptionally high stability.[37] The catalytic activity of these materials in the chemical conversion of
CO:z to cyclic carbonates and their adsorption capacity were not tested. On the other hand, it was
reported that CO: preferential capture for ZnCPs was obtained with 4-amino-1,2,4-triazole and 5-
aminotetrazole as sole ligands.[38,39] Also, very recently, it was reported synergistic effect in a
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nitrogen-coordinated zinc for CO: cycloaddition.[40] It indicates that incorporating nitrogen-rich
ligands in the CPs structure should enhance CO: transformation inside the framework.
Simultaneously, additional ligands with rigid structures, such as dicarboxylic aromatic molecules,
are expected to provide better stability and higher porosity in the obtained coordination polymers.
To date, no such advanced framework has been reported that combines amino-derivatives of
tetrazole containing several nitrogen atoms in the molecule’s ring, some of which have lone pairs of
electrons available to accept protons with a rigid linker in one framework.

The hybrid materials of metal nanoparticles (MNPs) and CPs are a novel, unexplored field in
heterogeneous catalysis and have been intensively developed as a hot topic. Combining MNPs with
CPs enhances the catalytic activity of both components when used separately, resulting in a
synergistic effect.[41] Notably, the encapsulation of MNPs within the CPs' structure protects against
aggregation even under harsh conditions.[42] Hybrid materials obtained via immobilisation of gold
nanoparticles (AuNPs) in CPs structure are exceptional up-and-coming because of the unique
physicochemical properties of these nanostructures and their excellent catalytic activity in many
reactions.[43-48] Recently, we demonstrated that the presence of AuNPs in aluminium-based MOF
catalysts facilitates the coupling of CO2 with propylene oxide, yielding a two-fold higher yield
compared to analogous catalysts without these nanostructures.[45]

Herein, we report the synthesis of novel ZnCPs using two organic building blocks: naphthalene-
1,4-dicarboxylic acid and 5-aminotetrazole, along with their hybrids containing gold nanostructures.
The successful employment of the fabricated materials as recyclable catalysts for sustainable CO:
fixation is presented. These designed hybrid catalysts have been fully characterised using XPS, 'H
NMR, ICP-MS and elemental analysis, SEM and TEM imaging, SEM-EDS spectroscopy, COz and Nz
adsorption measurements (BET), PXRD and TGA analyses.

2. Results and Discussion

Zinc-based coordination polymers (ZnCPs) were synthesised using two organic building blocks:
1,4-naphthalenedicarboxylic acid (1,4-NDC) and 5-amino-1H-tetrazole (5-Atz) in a self-assembled
structure. We employed two methods for synthesis: solvothermal and a more environmentally
friendly diffusion-controlled method.[49] The hybrid materials of these polymers with gold
nanoparticles (AuNPs) and gold nanoclusters (AuNCs) were fabricated using the "bottle around the
ship" strategy.[41,42] Three ligand species build the framework of these materials: deprotonated 1,4-
naphthalene dicarboxylic ions (NDC?), 5-amino-tetrazole (TE) and protonated 5-amino-tetrazole
(TE*). Pores of the fabricated coordinated polymers are partially occupied by gold nanostructures

(Scheme 1).
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Scheme 1. Schematic representation of the structure of the fabricated ZnCPs hybrids with encapsulated gold

nanostructures.
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2.1. Structure Studies of Nanocatalysts

Table 1 presents the determined composition of the fabricated nanocatalysts. From the nitrogen
and carbon contents, the molar ratio between 1,4-NDC and 5-Atz in the structures was approximately
1:1, where part of the amine ligand molecules were protonated (labelled as TE* in Table 1). In hybrid
materials, the content of gold is below 1% in Zn_5TE_AuNPs@NDC and 2.5 % in the hybrid material
obtained using gold nanoclusters (Zn_5TE_AuNCs@NDC).

XPS analysis was performed for the hybrid material of ZnCPs with AuNCs. The general
spectrum of the XPS survey is presented in the SI (Figure S1).

Figure 1 displays high-resolution XPS spectra of C 1s, N 1s, Zn 2p and Au 4f orbital regions. In
the C 1s spectrum (Figure 1A), four peaks can be designated at 285 and 288.7 eV, corresponding to
C-C and COOrbonds in the naphthalene ring and these positions are consistent with literature data,
[50] whereas 286.4, 285.7 eV can be attributed to -C=N and -C-N bonds in tetrazole ring respectively,
very similar to positions determined by Bikas et al.[51] for the tetrazole Zn-coordination complex.
The carbon content, as determined by XPS analysis, is 36.4% (Table 2), which agrees with that
obtained from elemental analysis (35.4%).

The N 1s spectrum (Figure 1B) yields three peaks from deconvolution at 399.3, 400.5, and 402
eV, which can be attributed to -NH-, =N-, and -NH: bonds, respectively. Similarly located peaks were
reported for the Zn-coordination complex with 5-Atz.[51]

Table 1. The fabricated materials' elemental composition (given in % w/w) and calculated their empirical

formulas.
Zn C N S H (0] Au
Zn_5TE@NDC
10.52 2b .9r 5e
0.5 35.2 18.9 i 2 90b 32.5 i
11.9¢ 45.84d 15.24 26.34
Formula Zn2 (NDC?)137(TE)*0.75(TE)o.92¢ 7 H20
M=632 u
Zn_5TE_AuNPs@NDC
14.22 40.00 17.4° 1.12b 3,695 23.1¢ 0.52a
29.64 57.5d 16.54 0.574 ) 24.64 0.23d
Zn? (NDC? )1,18 (TE)*0.35(TE)0.73¢0.01 Aue0.16 Se2 H20
Formula
M=458 u
Zn_5TE_AuNCs@NDC
24.52 35.4°b 20.6° 1.85b 3.61b 11.54¢ 2.502
19.0¢ 39.64 16.44 1.944 ) 16.654 3.344
Formula

Zn2 (NDC? )oss (OH)-0.52(TE)o.7se 0.03 Au e 0.15 S
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Figure 1. The selected HR-XPS spectra for Zn_5TE_AuNCs@NDC.

The position of Zn 2psp centred at 1022.7 eV and 1047.3 eV Zn 2p12 (Figure 1C) is in perfect
accordance with literature data [52] for ion Zn?, whereas the determined zinc content agrees with
this from ICP MS.

The Au 4f — Zn 3p HR spectra can be deconvoluted into four peaks (Figure 1D), namely Au 4f7
(84.7 V), Au 4f512 (88.3 eV), Zn 3ps2 (89.6 eV) and Zn 3p112 (92.5 eV). At the same time, the position of
these peaks corresponds to those observed in the case of Zn-Au alloys and sulfide-coated metallic
gold, indicating charge transfer between Au atoms and Zn?> ions when they are close neighbours.[53-
55] Gold content from XPS agrees with the result from SEM-EDS.

High-resolution spectra of S2ps2 and O 1s orbitals are shown in SI (Figure S2A). The broad S 2p
spectrum was deconvoluted into four peaks corresponding to the 2ps2and 2pi. orbitals in different
environments. The peaks centred at 163.1 eV (2 psp2) and 164.3 eV (2 pip), split by 1.2 eV, are in perfect
accordance with literature data for Au-S bonds formed by dialkyl disulfides, dinitroxyl disulfides
and alkyl thiols on gold clusters with diameters from 1.5 nm to 5.2 nm.[47,56,57] In the studied
sample, Au-S bonds form between the gold nanoclusters' surface and the sulphur atoms in L-cysteine
molecules. The peaks at higher energies, 169.0 eV and 170.3 eV, most likely indicate the presence of
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polysulfides formed from L-cysteine during the synthesis of clusters, which were reported as
intermediate products.[58]

The HR spectrum of O 1s (Figure S2B) can be deconvoluted into two peaks at 532.1 eV
corresponding to the -C=0 and ~OH- moieties and centred at 533.3 eV attributed to —C-O bonds from
deprotonated carboxylic groups [59] in the 1,4-NDC building block.

Table 2. XPS binding energies and elements' concentrations from XPS for Zn_5TE_AuNCs@NDC.

Orbital Concentration Concentration
BDE [eV] FWHM [eV] [weight%] [atom%]
285.0 1.320 19.8 29.4
285.7 1.146 3.50 5.30
Cls 286.4 1.536 10.9 16.1
2.20 3.30
288.7 1.742 3640 ERE
399.3 1.164 1.10 1.40
400.5 1.326 8.50 10.8
N 1s
402.0 1435 0.60 0.80
’ 10,22 13.02
Zn 2psp 1022.7 1.863
Zn 3psp 89.60 2.735 22.7 6.2
Zn 3pie 92.6 3.453
Au 4f7p 84.7 1.438
4, 4
Au 4fsp 88.4 1.638 2 0
1.2 22
S 2psp 163.1 2.764 21 37
169.1 2. - -
69 550 3.32 5.9a
O1s 532.1 1.740 17.7 19.7
533.3 1.690 3.00 330
’ ’ 20.742 23.0a

a global content.

Figure 2 displays the selected SEM images for ZnCPs with only 1,4-NDC (Zn@NDC) and built
with 5-Atz (Zn_5TE@NDC). The morphology is different, and higher porosity is visible in the case of
the last mixed framework.

The hybrid materials obtained using gold nanoparticles (AuNPs) and gold nanoclusters
(AuNCs) via the "bottle around the ship" strategy differ in morphology, forming spherical particles
with internal surfaces coated by nanostructures. It is also visible in TEM images (Figure 3).
Furthermore, ultra-small nanoparticles are observed to be embedded inside the pores of the hybrid
materials. Additional SEM and TEM images with varying magnifications are presented in the SI
(Figures S3 and S4).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1281.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2025 do0i:10.20944/preprints202511.1281.v1

7 of 22

s
-

Zn_STE@NDC

Zn_5TE_AuNPs@NDC Zn_5TE_AuNCs@NDC

Figure 2. The selected SEM images of the fabricated nanocatalysts.

Zn_5TE_AuNCs@NDC Zn_5TE_AuNPs@NDC

Figure 3. TEM micrographs of hybrid catalytic materials.
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2.2. Physicochemical Characterisation of Nanocatalysts

Thermogravimetric analyses (TGA) results demonstrated the high thermal stability of the
fabricated nanocatalysts. Figure 4A illustrates TGA curves recorded for CPs obtained solely with 1,4-
NDC (Zn@NDC), built of two organic blocks (Zn_5TE@NDC) and its hybrids with gold nanoparticles
(Zn_5TE_AuNPs@NDC) and nanoclusters (Zn_5TE_AuNCs@NDC) under a nitrogen atmosphere
during the heating up to 1000 °C. Also, the corresponding derivatives of these curves are presented
as dTG curves. In the case of Zn@NDC, thermal decomposition is a one-step process with a maximum
temperature of 434°C, resulting in a solid residue of 36% after decomposition. The first weight loss
for other studied materials, with a maximum of 70°C, corresponds to the removal of guest water
molecules (approximately 10%). When an additional ligand is present in the structure of
Zn_5TE@NDC, the process consists of two stages: the first step, at 345°C, corresponds to its
decomposition, and the second peak is similarly located for Zn@NDC. The decay of
Zn_5TE_AuNPs@NDC begins at lower temperatures, likely due to 1-octadecanethiol, which acts as
a stabilising agent for AuNPs and degrades as the first organic component.[60] Afterwards, the 5-Atz
and 1,4-NDC moieties decompose, resulting in around 60% weight loss. Slight weight loss is observed
above 500 °C, and the solid residue after decomposition is slightly higher for Zn_5TE@NDC (32%)
than for its composite with AuNPs (26%). This can be attributed to the higher organic fraction in
Zn_5TE_AuNPs@NDC, which results from the stabilising layer of nanoparticles. A similar content of
solid residue was determined for Zn_5TE_AuNCs@NDC (28%). However, for this material, a
maximum of thermal decomposition begins at a higher temperature than for Zn_5TE_AuNPs@NDC,
and a broad peak of the dTG curve with a maximum at 355 °C corresponds to the decay of 5-Atz, 1,4-
NDC and cysteine together; the decay of a small fraction of the PEI layer can explain the subsequent
broad weight loss.[61]

Isotherms of Nz adsorption for Zn5TE@NDC and its composite with AuNPs, recorded at 77 K,
are presented in Figure S5. According to Brunauer types, they can be classified as reversible Type-1.
As for the studied catalytic applications of CO, its adsorption at 273 K is crucial; we use isotherms
measured for this gas under these conditions to evaluate its porosity (Figure 4B). The Brunauer-
Emmet-Teller (BET) surface areas and pore volumes were determined for all the fabricated
nanomaterials (Table 3). The highest BET surface area (So) is observed for the material obtained using
only 1,4-NDC as a ligand, at 146 m? g %; a two-times lower value was determined for ZnCPs with 5-
Atz as the second ligand. The determined surface area for Zn_5TE@NDC is very close to that obtained
by Zhao et al.[62] for Zn-MOF. Significantly smaller So values were determined for hybrid materials.
These changes in porosity can be explained by considering that gold nanostructures might occupy
part of the pores formed in the network. The sizes of pores in the fabricated materials are below 2
nm; thus, all fabricated nanocatalysts can be classified as microporous. For the DFT pore size
distribution, see Figure Sé.

Table 3. Porosity parameters determined from adsorption measurements at 273 K.

So Vo Lo Eo

[m? g1]s [em? g 1o [nm]® [k mol]e
Zn@NDC 146 0.079 1.09 21
Zn_5TE@NDC 67.7 0.038 1.13 21
Zn_5TE_AuNPs@NDC 34.3 0.026 1.55 18
Zn_5TE_AuNCs@NDC 23.3 0.021 1.82 17

@ from BET. ® average pore widths according to Stoeckli et al.[63]. < energy of adsorption from the Dubinin

equation [64].
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Figure 4. A) TG curves recorded for the fabricated nanocatalysts under a nitrogen atmosphere (solid lines) and
their derivative curves (dotted lines), where the TG and corresponding dTG curves are in the same colour; B)

CO2 adsorption isotherms recorded at 273 K. .

Figure S7. shows absorbance spectra recorded for gold nanoparticles (AuNPs) and nanoclusters
(AuNCs) used to fabricate nanocatalysts in their toluene and water solutions, respectively. The
surface plasmon resonance (SPR) band is visible at 520 nm in the spectrum of gold nanoparticles
(AuNPs). The spectrum of AuNCs does not exhibit a visible SPR band, confirming that the diameter
of these structures is approximately 1-2 nm.[65,66] Instead of the SPR band, strong absorbance is
visible at 380 nm and 870 nm. Such localised bands indicate that the synthesised clusters are neutral,
with a general formula of Au2s(SR)1s.[67] In the spectrum of AuNPs, bands at 380 nm and 870 nm are
also observed, in addition to the SPR band at 520 nm, indicating the presence of a fraction of smaller
nanoparticles. These conclusions are consistent with insights from TEM analyses (Figure S8).

Strong blue fluorescence is observed for the fabricated ZnCPs, AuNCs and their hybrids. Figure
5 displays the fluorescence spectra of all fabricated materials under 365 nm excitation, along with
photos of the fluorescence of the Zn_5TE_AuNCs@NDC composite material in the solid state under
365 nm excitation. The weakest fluorescence was observed for Zn@NDC, with a maximum emission
at 376 nm. The 5-Atz ligand in Zn_5TE@NDC gives a stronger emission, shifted slightly to a shorter
wavelength. For the hybrid materials with gold nanostructures, a strong band at 376 nm is observed,
analogous to that in the solution of the fabricated nanoclusters. Additionally, a weak band at 459 nm
is present, which is significantly less visible in the case of Zn_5TE_AuNPs@NDC compared to
Zn_5TE_AuNCs@NDC.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1281.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2025 d0i:10.20944/preprints202511.1281.v1

10 of 22

Zn@NDC

—— Zn_5TE@NDC

AUNCs
Zn_STE_AUNPS@NDC
—— 7Zn_5TE_AUNCS@NDC

A
- Em: 376 nm
3
o, Em:372 nm
Py
7]
& [Em:376, 459 nm B
kS
Em:378 nm
Em:376 nm

T T T T T T 1
200 300 400 500 800 700 800 900
Wavelength [nm]

Figure 5. Fluorescence spectra of AuNCs in water solution and Zn-based CPs in a solid state (Aex =365 nm). Inset
A is a photo of the fluorescence of Zn_5TE_AuNCs@NDC in powder form. B is the fluorescence of single crystals
of this hybrid material (Exc. 365 nm).

Powder X-ray Diffraction (PXRD) patterns of the CPs are shown in Figure 6. The diffraction
pattern of Zn@NDC closely resembles that of the octanuclear zinc(II) carboxylate framework reported
by Meng et al.[68], however with weaker reflections at higher diffraction angles. The presence of the
5-Atz ligand induces crystallisation of the Zn_5TE@NDC (black curve) in a crystallographic system
different from that of the CPs formed only with 1,4-NDC (green curve).

In the Zn_5TE@NDC and hybrids with gold, at least two phases are observed. The broader and
less intense diffraction peaks in Zn_5TE@NDC indicate the presence of an amorphous or poorly
crystalline phase, which appears to further develop upon the incorporation of gold, either as
nanoparticles or nanoclusters.

This suggests that the presence of gold nanostructures promotes faster formation or maturation
of the target crystalline phase. The diffractogram of the CP containing gold nanoclusters closely
resembles that of the CP with AuNPs. Notably, no diffraction peaks corresponding to crystalline gold
are observed in samples containing AuNPs or AuNCs. The expected positions of the characteristic
Au(100) and Au(200) reflections are marked in Figure 6 with vertical dashed pink lines. Although the
two gold-containing samples are similar (blue vertical dashed lines), the one containing AuNPs
exhibits additional reflexes associated with a minor unidentified phase, which does not correspond
to crystalline gold. We note that the absence of crystalline Au reflexes is expected due to the very
small size of both AuNPs (<4 nm) and AuNCs (<2 nm) and their low content (0.5 and 2.5 wt%,
respectively).

Importantly, none of the samples, including Zn_5TE@NDC and those containing gold
nanostructures, exhibit diffraction peaks characteristic of 1,4-NDC or 5-Atz (Figure S18), which
proves that not-connected in polymer framework ligands are not present in the obtained structures
and do not occupy micropores as free ligands.
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Zn@NDC

\_\MZn_STE@NDC
Zn_5TE_AuNPs@NDC
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Intensity (a.u.)
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Figure 6. PXRD patterns of the obtained nanomaterials. Vertical red dashed lines indicate reflexes found in all
CP materials, and blue dashed lines denote reflexes common to Au-containing CPs. Pink dashed lines indicate

the expected positions of crystalline gold reflexes (100) and (200). Vertical lines serve as a guide to the eye only.

2.3. Catalytic Assays

All the synthesised materials have been tested as heterogeneous catalysts in the fixation of CO:
with model epoxides using tetrabutylammonium bromide (TBAB) as a co-catalyst (Scheme 2).

Zn_S5TE@NDC 0
Zn_STE_AUNPsS/AUNCs@NDC
+ >
o C02 TBAB, 1.5 MPa CO,, 80°C ©
R R 0
conv > 90% yield > 90%

R= - CH,, -CH,-Cl, -CH-Br, -CH,-OH, -Ph

Scheme 2. General scheme of the studied catalytic reactions.

Table 4 presents the results of catalytic assays conducted for five model epoxides, which differ
in their activity. All reactions were carried out without solvent on a scale of 14 to 20 mmol of epoxide
(80 °C, 1.5 MPa COy). For propylene oxide, we compared all the types of catalysts. As this epoxide
belongs to the less active class, 24 h was needed to obtain satisfactory yields. The presence of 5-Atz
in the catalyst structure significantly improves its performance in the fixation of CO: to propylene
oxide, resulting in a 20% increase in yield.

On the other hand, the encapsulation of gold nanostructures enables the achievement of a
reaction yield above 80%. For Zn_5TE_AuNCs@NDC, the results are the best; propylene carbonate
was obtained with a yield of 90% and a TON parameter above 1000. It is worth noting that the method
of synthesising this commercially attractive compound is both sustainable in terms of CO:
management and facilitates the simplicity of product separation.
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Table 4. Results of catalytic assays for model epoxides using the fabricated catalysts.*

Substrate Product Catalyst Time [h] Yield %P Conversion TONs TOF
Yob [h1]n
Zn@NDC 48 1083 45

0
° Zn_5TE@NDC 24 68 n.d.c 1145 48
5 Zn_5TE_AuNPs@NDCe 86 1822 76
Zn_5TE_AuNCs@NDCf 90 2160 90

A
o Zn_5TE@NDC 96 97 1225 408
o %0 Zn_5TE_AuNPs@NDC 3 96, 97 805 268
/N Br  Br o Zn_5TE_AuNCs@NDC 874, 96 97 567 189
o 0 Zn_5TE@NDC 89 90 1110 55
>:0 Zn_5TE_AuNPs@NDC 20 98 100 1230 61
cl cl o Zn_5TE_AuNCs@NDC 97 100 1216 61
0
Ph
o}
A

Zn_5TE@NDC 69 78 775 32

0
o Zn_5TE_AuNPs@NDC 24 93 97 1020 42
Zn_5TE_AuNCs@NDC 94 100 1080 45
Ph °
° Zn_5TE@NDC 49 79 749 187
>:° Zn_5TE_AuNPs@NDC 4 70 85 1200 195
HO o

Zn_5TE_AuNCs@NDC 85 100 892 223
aReaction conditions: 80 °C, 1.5 MPa CO, without solvent, in a scale of 12 to 20 mmol of epoxide with 7 mg of the catalyst (0.1 — 0.2 mol%) and 50 mg (0.155 mmol,

1.2 % mol) of TBAB; ® determined by GC; <n.d. not determined because of the high volatility of propylene oxide; thus, it cannot be analysed using GC; ¢It was
determined for isolated and purified product; ¢ gold content 0.5 % (ICP MS); fgold content 2.5 % (ICP MS); 8 TON=(moles of product)/moles of catalyst); " TOF =
TON/time.
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Thanks to high selectivity and high epoxide conversion, the only component that must be
separated after the reaction is the co-catalyst, which can be adsorbed onto a proper sorbent, allowing
for a high-purity product to be obtained without additional purification steps.

As Zn_5TE@NDC's performance turned out better than Zn@NDC's, we tested only catalysts
based on this polymer in further reactions. For the most active epoxides, such as epibromohydrin and
glycidol, the use of the developed catalysts yielded excellent results within very short reaction times
(3-4 h). When the Zn_5TE_AuNCs@NDC catalyst was used, 100% glycidol conversion was observed
after 4 h. Meanwhile, the application of this catalyst in the fixation of CO: with epibromohydrin

yielded 96% of the carbonate within 3h, with selectivity approaching 100%. Additionally, high
conversions of epichlorohydrin and styrene oxide were achieved using the developed catalysts under
the studied conditions, although longer reaction times were required (20 h for epichlorohydrin and
24 h for styrene oxide). It is worth emphasising that the brilliant high selectivity (close to 100%) of
these epoxides towards the proper carbonates was achieved.

We optimised reaction conditions, including time, temperature, and the amount of catalyst and
co-catalyst, in reactions with epibromohydrin (EPI-Br).
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Figure 7. The influence of reaction conditions with Zn_5TE_AuNCs@NDC as a catalyst on the conversion of
epibromohydrin (EPI-Br): A), B), C); conversion of EPI-Br in five subsequent cycles D) (2 h, 80 °C, 1.5 MPa CO,
15 mg of catalysts in the first cycle, 50 mg of TBAB, 14 mmol of EPI-Br).

Figure 7A shows the effect of Zn_5TE_AuNCs@NDC mass on the EPI-Br conversion in the range
of 5 to 20 mg at 80°C. After 2 h of the reaction, the conversion of EPI-Br in the entire range was above
80%, with the highest value for 20 mg of the catalyst. After 3 h, a conversion of 95% was achieved
when 7 mg of the catalyst was used; this mass was then applied in further catalytic assays. At a
temperature of 25 °C, the reaction of cycloaddition of CO2 to EPI-Br with this mass of catalyst runs
very slowly, and after 3 h, conversion is 10 % with 7 mg of Zn_5TE_AuNCs@NDC and 25 mg of
TBAB, 20% when, at this temperature, the mass of TBAB was increased to 50 mg (Figure 7B). As
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optimal, we choose a temperature of 80 °C and 50 mg of TBAB (conversion above 95%). Figure 7C
illustrates the synergistic effect of the catalyst and co-catalyst. When solely 50 mg of TBAB is used in
the reaction with EPI-Br (without the catalyst), a 30 % conversion is obtained after 3 h of reaction at
80 °C. A higher value of EPI-Br conversion was obtained when the reaction was performed without
TBAB but in the presence of 7 mg of catalyst. When the mixture of 7 mg of Zn_5TE_AuNCs@NDC
and 50 mg of TBAB was applied, the conversion after 3 hours at 80°C was 96%. Notably, the yields
of reactions were very close, which proves the high selectivity.

The recyclability of the fabricated nanocatalysts was also tested for reactions with EPI-Br as a
model substrate. Figure 7D displays the results of experiments conducted in five consecutive runs,
showing the conversion of this epoxide using Zn_5TE@NDC and Zn_5TE_AuNCs@NDC as catalysts.
As is visible, both catalysts can be reused five times without significant loss of activity; meanwhile,
for the last catalyst, slightly higher and stable conversion values were obtained in consecutive runs.
Additionally, the yields of the corresponding carbonate in five subsequent runs were high, affording
the product with a remarkable 75% yield after the fifth run for both tested catalysts (Figure S9).

Linear relationships between In[EPI-Br] and reaction time (Figure S10) indicate the first-order
kinetics of the studied reactions using Zn5_TE@NDC and Zn5_TE_AuNCs@NDC as catalysts. The
kinetic data for Zn_5TE@NDC and its hybrid with AuNCs in the case of this active epoxide are very
similar, with a slightly higher rate constant for Zn_5TE@NDC. It suggests that gold has no significant
influence on the reaction rate in catalysts. However, it is vital to note that for less active epoxides,
such as propylene oxide and styrene oxide, significantly higher conversions and yields (TON > 1000)
were obtained when catalysts containing gold nanostructures were employed (Table 4). The
synergistic effect between Zn and Au can presumably explain the superior catalytic performance of
these hybrid catalysts. Jiang and co-workers observed a similar phenomenon in the Zeolitic Imidazole
Framework (ZIF-8) containing Au and Zn ions during the coupling of CO2 to propylene oxide.[69]
Heterobimetallic Au/Zn-MOFs were obtained using an ion exchange process. The Kirkendall effect
on the ZIF-8 structure, constructed from Zn?* ions linked by 2-methylimidazole, resulted in hollow
nanostructures, enabling the production of propylene carbonate with a yield exceeding 90% and TOF
of 11.7 h" under 3 MPa CO:s. In contrast to our hybrid catalysts, the gold component was incorporated
in an ionic form (Au®) coordinated with the nitrogen atoms of the linker. Our catalytic material
enables us to observe this synergistic effect between these elements for the metallic form of Au at a
100 times lower concentration. We obtained the product with a similar yield using a significantly
lower amount of -catalysts, achieving a 9 times higher TOF for our system with
Zn_5TE_AuNCs@NDC. Table S1 presents a comparison of Zn 5TE_AuNCs@NDC with other
reported CP systems for styrene carbonate synthesis. Our system enables us to achieve higher
conversion and yield under significantly milder conditions, using a recyclable catalyst that requires
less energy. Thus, the proposed approach is more sustainable compared to what has been published
to date.

3. Materials and Methods

3.1. Materials

Zn(NO:s)206H20, ACS reagent, 298% (Merck), 1,4-naphtalene dicarboxylic acid (1,4-NDC), 98%
(AmBeed), HAuCls ® 3H20, ACS reagent, 249.0% Au basis (Merck), 1-octadecanethiol 298% (Merck),
tetraoctylammonium bromide [CHs(CHz)7sNBr TOAB, 98% (Merck), tetrabuthylammonium
bromide ([CH3(CHz)3]aNBr) TBAB, 98% (Merck), NaBHs, powder > 98% (Sigma Aldich), glycidol, 96%
(Thermo Scientific), Epichlorohydrine (EPI), 99% (Thermo Scientific), Epibromohydrine (EPI-Br),
99% (Thermo Scientific), Styrene oxide (St-O) 297% (Thermo Scientific), (+/-) Propylene oxide (Pr-
0), 299% (Thermo Scientific), dimethylformamide DMF (295%, Thermo Scientific),
dichloromethane (DCM, Thermo Scientific) 295%, ethyl acetate (= 95%, Thermo Scientific Chemicals),
toluene (295%, Thermo Scientific Chemicals), ethanol anhydrous (=99%, Thermo Scientific
Chemicals), 5-amino-1H-tetrazole (5-Atz), 95% (Angene), anisole (anhydrous, 99.7%), (Thermo
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Scientific Chemicals), propylene carbonate, anhydrous 99.7%, Merck, 4-(Hydroxymethyl)-1,3-
dioxolan-2-one, 298%, Merck, methanol anhydrous, 99% (Merck), PEI (hyperbranched Mw= 800 Da
by GPC, Sigma-Aldrich), L-Cysteine (97%, Merck), Triethylamine, anhydrous, 99% (Thermos
Scientific Chemicals), Ethanol absolute for analysis, 99.9 % (Merck), CO2 (compressed, Air Products).

3.2. Synthesis of Zn@NDC/Zn_5TE@NDC

I. Solvothermal method: 238 mg of Zn(NOs)206H20 (0.8 mmol), 34 mg (0.4 mmol) of 5-Atz (in
the case of Zn_S5TE@NDC), and 173 mg of 1,4-NDC (0.8 mmol) were added to 10 mL of DMF. The
solution was stirred for 10 minutes using a magnetic stirrer; it was transparent after this. Next, the
solution was transferred to a 35-mL Synthware pressure vessel, sealed with an O-ring PTFE screw
cap and heated in an oven for 72 hours at 110 °C. In the case of Zn@NDC, only Zn(NOs)3¢6H20 and
1,4-NDC were added in identical amounts but without the amine. Afterwards, the precipitated
crystals were filtered, thoroughly rinsed with methanol and dried in air. The dried crystals were
shaken with anhydrous methanol and exchanged three times (30 mL per step) using a lab shaker for
24 hours at 200 rpm. After this time, the mixture was centrifuged at 1500 rpm for 15 min, and the
supernatant was discarded. The solid was then dried in a vacuum oven for 4 h at 60°C (10 mbar) and
subsequently activated by heating in the oven under normal pressure at 165°C for 24 h. Zn@NDC
and Zn_5TE@NDC were obtained as beige-coloured powders (123 mg and 80.4 mg, respectively).
Yields: Zn@NDC 71%, Zn_5TE@NDC 39 %.

I1. Diffusion method: 238 mg of Zn(NOs)206H20 (0.8 mmol), 34 mg (0.4 mmol) of 5-Atz (in the
case of Zn_5TE@NDC), and 173 mg of 1,4-NDC (0.8 mmol) were placed in a vial and dissolved in 20
mL of anhydrous ethanol. The vial was covered with plastic foil, and four holes were made in this
foil using a needle. In the second vial, 5 mL of triethylamine (TEA) was dissolved in 15 mL of
anhydrous ethanol. The vial was then covered with plastic foil, and four holes were made in this foil
using a needle. The vials were placed in a beaker, and the vessel was tightly closed; then, it was left
for 48 hours. After this time, the precipitated solid in the mother solution was centrifuged, thoroughly
rinsed with methanol and dried in air. The dried crystals were shaken with anhydrous methanol and
exchanged three times (30 mL per step) using a lab shaker for 24 hours at 200 rpm. After this time,
the mixture was centrifuged at 1500 rpm for 15 min, and the supernatant was discarded. The solid
was then dried in a vacuum oven for 4 h at 60°C (10 mbar) and subsequently activated by heating in
the oven under normal pressure at 165°C for 24 h. Zn@NDC_D and Zn_5TE@NDC_D were obtained
as beige-coloured powders (23 mg and 18 mg, respectively). Yields: Zn@NDC_D 13 %,
Zn_5TE@NDC_D 9 %.

3.3. Synthesis of Zn_5TE_AuNPs@NDC/Zn_5TE_AuNCs@NDC

Ultra-small AuNPs with a diameter of approximately 3 nm (Figure S8), coated with 1-octane
thiol, were used to prepare composite materials. AuNPs were synthesised according to the procedure
described in our earlier paper [45] based on the Brust-Schiffrin approach.[70]

Gold nanoclusters (AuNCs) stabilised with L-cysteine and coated with polyethyleneimine (PEI)
were prepared using a procedure based on the protocol described by Abarghoei et al.[71] but
modified, among others, by adding PEI as an additional stabilisation agent. Briefly, 92 mg of
HAuCls:3H20 was dissolved in 80 mL of ultra-pure water, and 84 mg of L-cysteine was added. The
mixture was then stirred on a magnetic stirrer. The mixture, after the addition of cysteine, changed
from yellow to white. After 5 minutes, 160 mg of PEI was added, and the flask containing the mixture
was immersed in a thermostated oil bath set at 37°C and stirred for 24 hours. The temperature of the
oil bath was maintained at 37 + 2°C. Immediately after the PEI addition, a white solid was precipitated
and dissolved in a few minutes. The post-reaction mixture was opalescent and transparent, without
any precipitated solid. The fabricated AuNCs were separated by water evaporation using a rotary
vacuum evaporator and then dried in a vacuum oven (10 mbar, 40°C) for 24 hours. The product was
a sticky yellow gel (290 mg, yield 97% calculated by Au content). The selected TEM images of the
fabricated AuNPs and AuNCs are presented in the ESI (Figure S8).
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The synthesis of hybrid materials was similar to that of Zn-CPs (as described above), but 50 mg
of AuNPs or 25 mg of AuNCs was also added. We employed both solvothermal and diffusion
methods to fabricate hybrid materials. Thus, we applied the strategy of building the CPs framework
in the presence of nanoparticles, enabling it to encapsulate the nanoparticles within the network. In
the syntheses of Zn_5TE_AuNPs@NDC and Zn_5TE_AuNCs@NDC (from the solvothermal method),
125 mg and 134 mg were obtained with 49 % and 58 % yields, respectively.

3.4. Catalytic Assays

The reactions of cycloaddition with CO: in the presence of the fabricated catalysts were
performed in a pressure reactor constructed in our laboratory using commercially available stainless
steel elements. The reactor was equipped with a manometer and valve system to introduce CO: at
the proper pressure (Figure S11). Reagents were placed in a Teflon vessel inside the reactor, and CO:
was introduced from a cylinder to achieve a starting pressure of 2 MPa. The reactor was immersed
in a thermostated (+2°C) oil bath on a magnetic stirrer.

The reactions were performed in the following system:

In a Teflon vessel, 7 mg of catalyst and 50 mg TBAB (0.15 mmol) were placed; next, a proper
epoxide (from 14 to 25 mmol) was added. The vessel was closed in the reactor. Next, CO2 was
introduced to the reactor at a pressure of 2 MPa, and during the reaction, it was added to maintain a
pressure of 1.5 MPa. The reactor was immersed in a thermostated oil bath maintained at the proper
temperature and placed on a magnetic stirrer.

After a selected time, the reactor was cooled down using ice water and degassed. The post-
reaction mixture was diluted with 15 ml of dichloromethane (DCM) or 15 ml of THF in the case of
glycidol, for which weak solubility of the product in DCM was observed, and 300 pl of anisole
(internal reference for GC analysis) was added; the obtained suspension was filtrated using a syringe
filter (200 um) or, in the case of catalyst recycling experiments, the catalyst was centrifuged from the
post-reaction mixture (10 min, 10,000 rpm), allowing the catalyst to be reused. The recovered catalyst
was washed with methanol, dried at 60°C for 24 hours, and reused. The mixture obtained after
catalyst separation was analysed using gas chromatography (GC). Analyses of the substrate
conversion and product yields were performed using an internal standard procedure with anisole as
the internal standard added to the post-reaction mixture. For the selected post-reaction mixture (EPI,
EPI-Br), products were isolated, and their identity was confirmed by 'H NMR spectroscopy (see the
ESI). Products and unreacted reagents were isolated from the chosen post-reaction mixtures by
passing them through a silica gel column using a hexane fraction from petroleum with ethyl acetate
mixtures as the eluent.

For the catalysts obtained using solvothermal and diffusion methods, the results of the catalytic
assays were very similar, with higher yields obtained from the solvothermal method. Therefore, we
present results only for these catalytic materials from the solvothermal procedure.

3.5. Techniques

X-ray photoelectron spectroscopy (XPS) analysis was performed using a PHI 5000 VersaProbe II
Hybrid (Scanning ESCA Microprobe, ULVAC-PHI), equipped with an Al Ka source (1486.6 eV,
power 25 W). CasaXPS (version 2.3.19) software was used for the deconvolution of XPS signals. XPS
data were calibrated using the binding energy of C 1s = 285.0 eV (C-C bond) as the internal
standard.[72]

3.6. Scanning Electron Microscopy with Electron Dispersive Spectroscopy (SEM-EDS)

The morphology and elemental composition of the fabricated nanocatalysts were analysed using
the JEOL-JSM-5600 microscope with an OXFORD Link-ISIS-300 spectrometer. For imaging, the
samples were coated with a thin layer of Au-Pd alloy to improve conductivity.

3.7. Transmission Electron Microscopy (TEM)
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Transmission electron microscopy (TEM) observations were carried out using a JEM-1400 JEOL
Co. microscope at an acceleration voltage of 120 kV. The samples were obtained by casting an acetone
suspension of the materials onto a carbon-coated copper microgrid (200 mesh) and then air-drying.

3.8. Elemental Analyses

The elemental UNIcube apparatus was used to analyse the ZnCPs samples and hybrid materials
(G HN,S).

3.9. An Inductively Coupled Plasma Mass Spectrometry (ICP MS)

An inductively coupled plasma mass spectrometer (ICP-MS), NexION 300D (PerkinElmer,
USA), equipped with a quartz cyclonic spray chamber and Meinhard nebuliser, was used to
determine the Zn and Au content.

3.10. Surface Areas and Porosity (BET) Analyses

The adsorption-desorption isotherms of nitrogen (Nz) and carbon dioxide (CO:z) were measured,
and specific surface area and pore volume analyses were performed using Micrometrics ASAP 2020.
Before measuring, each sample was heated at 200°C for 6 hours; next, the pressure was decreased to
achieve a pressure of less than 1 umHg. The measurements of N2 adsorption were conducted at 77 K,
while the adsorption of CO:z was at 273 K. The Brunauer—-Emmett-Teller (BET) equation was used to
calculate the surface area. Density functional theory (DFT) methods were used to calculate the pore
volumes and their surfaces.

3.11. NMR Spectroscopy

TH NMR spectra of the fabricated ZnCPs and hybrids were recorded after decomposition in
deuterated sulphuric acid (100%) and after dissolving the products in DMSO-dé.

H NMR spectra of post-reaction mixtures were recorded in CHCls.

All spectra were recorded using the Bruker Corporation 500 MHz spectrometer.

The samples of MOFs with a mass of approximately 5 mg were first dissolved in 20 uL of D2504
(100%), and then 600 puL of DMSO-d6 was added. The suspension was sonicated for 15 minutes before
recording a spectrum.

Zn_5TE@NDC

TH NMR (500 MHz, d6-DMSO) 6=9.7 (s, COOH, 2H), 8.72-8.69 (m, CH, naphthalene ring 2H),
8.10 (s, CH, naphthalene ring, 2H), 8.05-7.93 (m, CH, naphthalene ring 2H), 7.67-7.64 (m, CH,
naphthalene ring 2H), 7.09-7.52 (m, NH, tetrazole, naphthalene ring), 3.54 (s, H20)
Zn_5TE_AuNPs@NDC/Zn_5TE_AuNCs@NDC

TH NMR (500 MHz, d6-DMSO) 6=9.7 (s, COOH, 2H), 8.72-8.69 (m, CH, naphthalene ring 2H),
8.07 (s, CH, naphthalene ring, 2H), 8.07-7.91 (m, CH, naphthalene ring 2H), 7.67-7.62 (m, CH,
naphthalene ring 2H), 7.02-6.8 (m, NH, tetrazole, naphthalene ring), 3.54 (s, H20)
3.12. Thermogravimetric Analyses (TGA)

TG analyses were conducted under an N2 atmosphere with a heating rate of 10 °C min from
30°C to 1000°C using a TA Instruments Q50 V20.10 Build 36 thermogravimetric analyser.
3.13. Gas Chromatography (GC)

GC analyses to determine yields and conversions of reactions with CO2 were performed using a
Shimadzu GC2010 Plus gas chromatograph equipped with a split-mode capillary injection system
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and a flame ionisation detector (FID), capillary column: HP-5 (30 m x 0.320 mm, 0.25 pm, Agilent
Technologies).

Chromatography conditions: carrier gas — nitrogen (~80 kPa); split ratio: 50; injector temperature
250 °C; detector temperature 280 °C.

GC analysis method for the reaction of styrene oxide or propylene oxide with COz:

Pressure: 80.9 kPa; Column flow: 2.43 ml/min; Oven temperature: Initial temp. 80°C hold for
2 min; ramp rate 40°C/min to 280 °C; final temp. 280 °C hold for 5 min (total of 12 min).

GC analysis method for the reaction of glycidol, epichlorohydrin and epibromohydrin with CO2:

Pressure: 77.3 kPa; Column flow: 2.54 ml/min; Oven temperature: Initial temp. 60°C hold for
2 min; ramp rate 40°C/min to 280 °C; final temp. 280 °C hold for 5 min (total 12.5 min).

3.14. Powder X-Ray Diffraction (PXRD)

Diffractograms were collected for CP samples deposited on <911>-oriented zero-background
silicon wafers using a D8 Discover powder X-ray diffractometer (Bruker Inc.) equipped with a
collimated Cu Ka radiation source (A = 0.154 nm). Measurements were performed in the 20 range of
3-60° in locked-coupled mode.

4. Conclusions

New coordination polymers were synthesised using two blocks: 2,4-NDC and 5-Atz with a
molar ratio of 1:1, resulting in a high content of N-doped centres. The hybrid materials of the
developed ZnCPs with gold nanoparticles and gold nanoclusters were fabricated using the "bottle
around the ship" strategy, which involves solvothermal and diffusion methods. The last was
performed at room temperature.

The designed nanomaterials were successfully applied as heterogeneous catalysts in the
selective conversion of CO:z into cyclic organic carbonates (COCs). 5-Atz in the structures yields
significantly better catalytic performance than the material constructed only from 1,4-NDC. Due to
the high activity of nitrogen-rich moieties, this framework can play additional nucleophilic roles in
the epoxide ring-opening process during CO: fixation.

The developed nanocatalysts enable the synthesis of COCs under mild conditions (80°C, 1.5 MPa
CO, solvent-free) with excellent yields (up to 96%) and selectivities (up to 100%), accompanied by
high turnover frequencies (TOFs) of up to 408 h-1. Among the tested nanocatalysts,
Zn_5TE_AuNCs@NDC, which was prepared by encapsulating gold nanoclusters, yielded the best
results in catalytic assays with less active epoxides. The yield of propylene carbonate increased from
68 % to 90 %, and that of styrene carbonate rose from 69% to 94% when this hybrid catalyst was used,
compared with the Zn_5TE@NDC catalyst. The designed catalysts can be recycled and reused
without loss of activity.

The proposed approach contributes to the overall sustainability of the CO: utilisation process
using epoxides.

Supplementary Materials: Fig.S1 to Fig.518, Table S1. The information can be downloaded at: Preprints.org.
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