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Enhances Singlet Oxygen Generation and Photo-Electrocatalytic CO2

Reduction
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Abstract: The synthesis of molecular host–guest com-
plexes with enhanced performance, relative to those of
their components, is a central theme in supramolecular
chemistry. Here we explore a host-guest system consist-
ing of an atomically precise gold nanocluster bound
inside a zinc porphyrin nanoring. UV/Vis absorption
and fluorescence titrations with different sized nanorings
revealed strong binding between a pyridinethiol-coated
Au25 nanocluster and a nanoring consisting of six zinc
porphyrin units, and complexation is confirmed by mass
spectrometry. Formation of this assembly enhances the
stability of the gold nanocluster. The host-guest complex
also exhibits remarkable activity and selectivity for
photochemical CO2 to CO conversion and singlet oxy-
gen generation.

Introduction

Ligand-protected metal nanoclusters have unique physical
and chemical properties owing to their intermediate size
between individual atoms and bulk materials.[1] Atomically
precise gold nanoclusters have rapidly emerged as nano-
materials with size-dependent molecular properties for a
broad spectrum of applications, especially in catalysis and
sustainable energy.[2] Au nanoclusters exhibit remarkable
photocatalytic activity,[3] offering a promising avenue for
generating singlet oxygen[4] – a species with applications in
various fields, including photodynamic therapy and environ-

mental remediation.[5] Au nanoclusters also show potential
for converting CO2 into valuable products during
illumination,[6] contributing to efforts in mitigating climate
change and presenting an innovative approach to sustainable
energy conversion. However, the tight ligand capping of Au
nanoclusters hinders adsorption of reactants, reducing their
catalytic activity.[6b] Moreover, Au nanoclusters typically
suffer from poor stability due to aggregation and coales-
cence, especially during photocatalytic reactions.[7] Here we
explore supramolecular encapsulation of the Au nano-
clusters as a strategy for enhancing their photochemistry and
hindering aggregation. π-Conjugated cyclic porphyrin
oligomers (also known as “porphyrin nanorings”) are
promising hosts, due to their photophysical properties,[8]

binding behavior[9] and structural/size diversity.[10] Porphyrin
nanorings have been synthesized with diameters of up to
more than 20 nm, making them large enough to encapsulate
a wide range of Au nanoclusters. Furthermore, Au nano-
clusters have previously been synthesized with pyridine-
functionalized thiol coats,[11] which makes them ideal for
coordinating inside the cavities of zinc porphyrin nanorings.
These nanorings exhibit high charge mobility and excited
state delocalization,[8,12] which could facilitate the transfer of
photogenerated electrons towards the active site and thus
promote catalytic activity.

Au25(SR)18 complexes are among the most well-studied
molecular gold nanoclusters.[13] They consist of a central
gold atom surrounded by an icosahedral Au12 shell, with 12
more Au atoms capping faces of the icosahedron, protected
by a coat of 18 thiolate ligands.[14] The anionic clusters
Au25(SR)18

� have closed-shell electronic configurations,
whereas neutral Au25(SR)18

0 clusters have unpaired elec-
trons. Here we report the host–guest complexation between
butadiyne-linked porphyrin nanorings (c-PN, N=6, 8, 10)
and an Au25 nanocluster functionalized with 18 flexible 4-
pyridylethylthiolate ligands: the anionic nanocluster
Au25PyET18

� (Figures 1 and S1–S4; PyET=4-pyridylethylth-
iolate). The application of these encapsulated nanoclusters
is demonstrated in the case of c-P6*Au25PyET18

� for both
singlet oxygen generation and photo-coupled electrocata-
lytic CO2 reduction. In both cases, the complex, c-
P6*Au25PyET18

� , performs better than either the pristine
Au25PyET18

� nanocluster or c-P6 alone.
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Results and Discussion

Design of the host-guest complex

We started this project by modelling different nanocluster-
nanoring combinations to identify a good match, in terms of
size and shape, between a pyridyl decorated gold nano-
cluster (the guest) and a porphyrin nanoring (the host). We
realized that the Au25 nanocluster with 4-pyridylethyl thiol
surface ligands (Au25PyET18

� ) might be a suitable guest for
c-P6. The X-ray crystal structure of Au25PyET18

� shows that
the distances of the 4-pyridyl nitrogen binding sites from the
center of the cluster are in the range 8.71� 10.77 Å (mean
9.85 Å; standard deviation 0.77 Å).[11] The ideal diameter of
a template for binding c-P6 can be calculated from the

Zn···Zn diameter of the empty nanoring (dZn-Zn =2.56 nm,
from DFT calculations[15]), taking account of the N-
(pyridine)� Zn(porphyrin) bond length (2.16 Å) and the
distance by which the zinc atom moves out of the plane of
the porphyrin when it becomes 5-coordinate (0.37 Å).[16]

Thus the ideal N···N template diameter for binding c-P6 is
dtemplate =dZn-Zn – 2×(0.216+0.037)=2.05 nm. The crystallo-
graphic N···N diameter of Au25PyET18

� is 1.97�0.15 nm,
which indicates a good size-match for c-P6. However, the
nitrogen binding sites around Au25PyET18

� are not in a
regular hexagonal arrangement. The ligand surface geome-
try of an Au25(SR)18 nanocluster implies that an 8-porphyrin
nanoring would be a better shape-match. The Au25(SR)18

nanocluster is essentially a three-dimensional scaffold that
can be broken into three orthogonal ligand planes, each
containing 8 ligands of which half are shared between
planes. We performed molecular mechanics modelling of
complexes c-P6*Au25PyET18

� and c-P8*Au25PyET18
� by

docking the Au25PyET18
� nanocluster into nanorings c-P6

(Figures 2 and S5) and c-P8 (Figure S6), respectively. As
anticipated, Au25PyET18

� is a considerably better fit to c-P6

Figure 1. Porphyrin nanorings (a) and gold nanoclusters (b) included in
this work. PyET=4-pyridylethylthiolate, PET=4-phenylethylthiolate.
The model of Au25PyET18

� is derived from the crystal structure of
Au25PyET18Na.[11]

Figure 2. Top (a) and side-view (b) of a MM+ minimized model (using
HyperChem) of the c-P6*Au25PyET18

� host-guest complex. Atoms
belonging to the core of the nanocluster (Au25S18) were frozen during
the minimization. Color codes for elements: N (blue), C of the
porphyrin ring (black), C of the gold nanocluster (green), S (orange),
Zn (red), and Au (yellow). Aryl side groups were replaced with
hydrogens to simplify the calculation.
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(dZn-Zn =2.56 nm) than c-P8 (dZn-Zn =3.43 nm) in terms of
size. However, in terms of symmetry, c-P8 has a better
complementarity to the ligand arrangement around the gold
cluster. The nanocluster fit to c-P8 could be improved by
adding longer ligating chains to the cluster, however, as we
aim to use the nanoring for protecting the gold cluster and
as a potential energy sensitizer, we opted for Au25PyET18

�

with shorter sidechains to minimize the nanocluster-to-
nanoring separation.

Formation of c-PN*Au25PyET18
� complexes

Encapsulation of the gold nanocluster Au25PyET18
� into 6-,

8-, or 10-porphyrin nanorings was tested by titrating the
nanocluster into a solution of nanoring in chloroform, while
monitoring the change in both absorption and fluorescence.
Because of the low solubility of Au25PyET18

� Na+ in chloro-
form, methanol was needed to dissolve the nanocluster and
as a result, a small volume-percentage of methanol was
present during these experiments (between 0 and 1%),
which is expected to cause some weakening of the binding
between Au25PyET18

� and the nanorings. A bathochromic
shift, together with a sharpening of the lowest energy
absorption band, is a distinctive feature of successful
template encapsulation into the nanorings, because the
template restricts the rotation of the porphyrin units around
the butadiyne links and locks the nanoring in a more
conjugated conformation. Gratifyingly, when
Au25PyET18

� Na+ was titrated into c-P6, a well-resolved
absorption band emerged with three maxima at 761, 799,
and 836 nm, which is characteristic of a bound c-P6 complex,
and hence formation of the c-P6*Au25PyET18

� complex
(Figure 3).[9,16] Likewise, the addition of Au25PyET18

� into
both c-P8[17,18] and c-P10,[18] also caused the appearance of
red-shifted and more structured absorption bands, implying
encapsulation of the gold nanocluster. The equilibrium
constant for formation of the complexes, Kf, were estimated
directly from the formation titrations. Fitting of the binding
curves to a 1 :1 isotherm for a two-state equilibria model
gave the formation constant for the three complexes,
log10Kf =7.04�0.04 (c-P6*Au25PyET18

� ), 7.49�0.05 (c-
P8*Au25PyET18

� ), and 6.69�0.02 (c-P10*Au25PyET18
� ).

Although these Kf values are high enough to achieve
complete complexation between nanocluster and nanorings
at the dilute concentrations used for UV/Vis titrations, they
are surprisingly low compared to the binding constants
measured previously for nanoring complexes of similar
sizes.[9] This could be due to the ligand arrangement in
Au25PyET18

� , which is not ideal for binding six porphyrins
equally spaced on a circle in c-P6. The presence of up to 1%
methanol in the solvent is also expected to reduce Kf. c-P8
makes a better match with the ligand arrangement of the
nanocluster, but the ligands in Au25PyET18

� are too short,
which reduces the binding affinity for c-P8 and c-P10.

Fluorescence titrations were carried out under identical
conditions to the UV/Vis-NIR absorption titrations.
Fluorescence originating primarily from the porphyrin
nanorings was monitored during formation of the complexes

through excitation into the porphyrin Soret band (λEx =

500 nm). When the hexa(4-(4-pyridyl)phenyl)benzene T6
template is bound to free c-P6 (ΦF =0.43%) its fluorescence
quantum yield drops by a factor of 4 due to rigidification of
the symmetric geometry.[16] When Au25PyET18

� was added
into c-P6, the porphyrin-based fluorescence intensity
dropped 29-fold (97% quenching efficiency), implying
efficient energy transfer from the nanoring to the gold
nanocluster or electron-hole pair separation (Figure 4).
Au25PyET18

� and c-P6 have almost the same HOMO–
LUMO gap (ca. 1.3 eV[16,19]) so energy transfer would be
energy-neutral. On the other hand, the oxidation potential
of Au25PET18

-is � 0.29 V[20] vs. Fc/Fc+ and the reduction
potential of c-P6 is � 1.29 V,[16] so photoinduced transfer of
an electron from Au25PyET18

� to c-P6 is expected to be
favorable by about 0.30 eV. (In contrast, photoinduced
electron transfer in the other direction, from c-P6 to
Au25PyET18

� , should be unfavorable by 0.94 eV, calculated
from the first reduction potential of Au25PET18

- at
� 1.91 V[20] and the first oxidation potential of c-P6 at
� 0.33 V.[16]) A similar fluorescence quenching effect, due to
the gold cluster acting as an excited state electron donor, has
been reported in pyrene-functionalized Au25 clusters.[21]

The porphyrin fluorescence was partially quenched upon
addition of Au25PyET18

� to c-P8 (91% quenching effi-
ciency), and c-P10 (80% quenching efficiency), however to

Figure 3. UV/Vis formation titrations between gold nanocluster
Au25PyET18

� and nanorings c-P6, c-P8, and c-P10 in CDCl3 at 25 °C.
Because Au25PyET18

� also absorbs between 600–950 nm, its absorption
contribution has been subtracted to show the change in porphyrin
nanoring absorption.
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a lesser extent than with c-P6 (Figures S7� S9), implying
that quenching is most efficient when the nanoring is at a
short distance from the nanocluster. When pyridine was
added to the complexes, c-PN*Au25PyET18

� (N=6, 8, 10),
fluorescence was recovered in all cases, showing that
pyridine acts as a competing ligand for the zinc metal sites
of the nanorings (Figure S10–13).

Negative mode mass spectrometry (MALDI-MS) con-
firmed the formation of a 1 :1 complex, c-P6*Au25PyET18

�

(Figure S15a). When c-P6 was mixed with Au25PyET18
� ,

new peaks appeared in the m/z range 12,000� 14,000,
matching well with the calculated masses (Figure S15b).
Specifically, the peaks at m/z=13942.8 and m/z=12602.3
can be attributed to c-P6*Au25PyET18

� and c-
P6*Au21PyET14

� (formed by loss of Au4PyET4), respec-
tively. Note that Au4SR4 (SR= thiolate) is a typical fragment
of Au25 and other clusters in mass spectrometry.[13] In control
experiments, we recorded UV/Vis spectra and mass spectra
of mixtures of c-P6 and Au25PET18 (PET=2-phenylethylth-
iolate) instead of Au25PyET18

� . Addition of the Au25PET18

nanocluster to c-P6 did not result in any shift in the UV/Vis
spectrum associated with a host–guest assembly (Fig-
ure S16a). Moreover, the MALDI mass spectrum of a 1 :1
mixture of Au25PET18 and c-P6 (Figure S16b), does not
show the characteristic peaks in the range of m/z=

12,000� 14,000 associated with the nanocluster-nanoring
assembly. These findings indicate that the assembly of Au
nanoclusters and c-P6 to form a 1 :1 complex results from
the interaction between the nitrogen atoms in the protecting
ligands of Au nanoclusters and c-P6, rather than solely from
trapping the nanoclusters inside the nanoring.

The stability of Au25PyET18
� was assessed both in its

pure form and after assembly of c-P6*Au25PyET18
� . This

evaluation is crucial given that the poor stability in Au
nanoclusters for long-term use or storage, especially in
solution, is a major obstacle for this class of materials.[22] The
UV/Vis spectra of a solution containing Au25PyET18

� in a
mixture of chloroform and methanol were compared over

time (in the dark at 298 K) with the same solution
containing the 1 :1 complex c-P6*Au25PyET18

� . As illus-
trated in Figure 5a, the UV/Vis spectra of Au25PyET18

�

underwent significant changes over time, resulting in the
gradual disappearance of characteristic peaks. After
18 hours, the broad band around 670 nm, due to the nano-
clusters, had nearly vanished, and after 120 hours, a new
absorption peak around 550 nm emerged, attributed to the
surface plasmon resonance, typically observed in larger Au
nanoparticles. In contrast, the UV/Vis spectra of the 1 :1
assembly (Figure 5b) remained almost unchanged even after
120 h. MALDI-MS analysis corroborated these findings.
Figure 5c illustrates the emergence of multiple new peaks in
Au25PyET18

� over time. Whereas, in c-P6*Au25PyET18
� the

characteristic peak of the nanocluster at m/z=6068.7 and
associated peaks of the assembly at m/z=13941.4 and m/z=

13835.6 remain clearly observable without significant
changes even after 120 hours (Figure 5d). These results
demonstrate that the host, c-P6, significantly improves the
stability of Au25PyET18

� through supramolecular encapsula-
tion.

Following the successful formation of c-P6*Au25PyET18
� ,

an investigation into the excited-state energy and charge
transfer between Au25PyET18

� and c-P6 was conducted. We
used time-resolved photoluminescence (PL) and electro-
chemical impedance spectroscopy (EIS) to examine the
energy and charge transfer process. As evident from the
results of Figure S17a, the average PL decay for c-
P6*Au25PyET18

� is faster compared to pure c-P6, which
could be due to efficient energy transfer or photoinduced
electron transfer between the nanoring and gold nanocluster
in the assembly. The results of EIS (Figure S17b) show that
the charge transfer resistance (Rct) significantly decreases to
5.63 ohms in the c-P6*Au25PyET18

� , compared to both
Au25PyET18

� (10.08 ohms) and c-P6 (32.41 ohms) under
dark conditions. The decrease in resistance and
enhancement in charge transfer for c-P6*Au25PyET18

� could
be due to the contribution of the conjugated structure of the
nanoring assembly with the Au nanocluster. Upon illumina-
tion, the EIS of c-P6*Au25PyET18

� decreased to 4.87 ohms,
implying that the photo-illumination could promote photo-
induced electron transfer between Au25PyET18

� and c-P6.[23]

These results indicate that encapsulation of the Au nano-
cluster inside the nanoring provides an efficient charge
transfer pathway.

Catalytic activity of the c-P6*Au25PyET18
� assembly

The observation that encapsulation of Au25PyET18
� by c-P6

can accelerate energy and/or charge transfer under light,
implies that the c-P6*Au25PyET18

� assembly possesses great
potential as a catalyst for both photocatalytic and photo-
electrocatalytic reactions. Therefore, we investigated the
efficiency of c-P6*Au25PyET18

� in photo-coupled electro-
catalytic CO2 conversion and photocatalytic singlet oxygen
generation.

In the first experiment, both electrocatalytic and photo-
coupled electrocatalytic CO2 reduction activities of c-

Figure 4. Fluorescence spectra of c-P6 (black) and c-P6*Au25PyET18
�

(red) in chloroform at 25 °C (λEx=500 nm).
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P6*Au25PyET18
� were evaluated in comparison with pristine

Au25PyET18
� and c-P6, in a CO2-saturated 0.5 M KHCO3

electrolyte using a three-electrode-based H-cell equipped
with a 300 W Xe lamp and water-cooling system (Fig-

Figure 5. Time dependent UV/Vis and MALDI-MS spectra of (a, c) Au25PyET18
� and (b, d) c-P6*Au25PyET18

� in chloroform/methanol (99.5 : 0.5) at
25 °C. The right side of the MALDI spectra (m/z: 13,500� 14,500) has been magnified.
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ure S18). The linear sweep voltammograms (LSVs) demon-
strate that c-P6*Au25PyET18

� exhibits higher current den-
sities in a CO2-saturated solution than those measured in the
corresponding N2-saturated electrolyte (Figure S19), verify-
ing that the activity from the CO2 reduction is predominant
over the hydrogen evolution reaction. Under illumination in
CO2-saturated solution, c-P6*Au25PyET18

� exhibits a more
positive onset potential and higher current density, which
can reach 43 mAcm� 2 at � 1.07 V vs RHE (Figure 6a). The
enhancement resulting from the use of light for the assembly
is stronger than that for Au25PyET18

� and c-P6. These
results suggest that the assembly of Au25PyET18

� and c-P6
effectively harvests photons and rapidly transfers the excited
electron from the cluster to the nanoring, thus assisting CO2

reduction.
To better study the photo-induced electron transfer

efficiency, the photocurrent response for c-P6*Au25PyET18
�

in comparison with pristine Au25PyET18
� and c-P6 at

� 0.67 V vs. RHE were investigated and the results are
shown in Figure 6b. It is evident that the light illumination
enhances the current density, especially for the assembly. c-
P6*Au25PyET18

� exhibits a photocurrent response of
~1.2 mA/cm2. This value is more than two times, and six
times, higher as compared to Au25PyET18

� (~0.5 mA/cm2),
and c-P6 (~0.2 mA/cm2), respectively, indicating a synergic
enhancement in light harvesting efficiency of the nanocluster
and nanoring on formation of the assembly.

The influence of light on the Faradaic efficiency of CO
(FECO), partial current density of CO (jCO), and turnover
frequencies (TOF) were also determined. The activity test
of these structures showed exclusive generation of CO and
H2 as products, with a total FE of approximately 100%
detected by online gas chromatography (GC). This finding is
in good agreement with 1H NMR measurement (Fig-
ure S20), which showed no sign of organic products
(CxHyOz). We conclude that no or very little organic
products are formed under these conditions. As shown in
the Figure 6c, when coupled with light, the FECO of c-
P6*Au25PyET18

� exceeds more than 90% in the range
between � 0.47 and � 0.67 V, reaching a maximum of 92.1%
at � 0.67 V vs RHE, which is higher compared to dark
settings (82.3% at � 0.67 V vs RHE). Notably, these values
are higher than those for pure Au25PyET18

� (79.4% and
79.1% at � 0.67 V vs RHE under light and dark conditions,
respectively), which is also evident from the raw GC traces
(see Figure S21 for exemplary GC traces). In contrast, with
pure c-P6, the amount of product was negligible and not
detectable below � 0.87 V vs RHE.

The partial current density of CO measured under dark
and light conditions for c-P6*Au25PyET18

� (Figure 6d) shows
that jCO could be significantly increased in a potential range
from � 0.47 V to � 0.67 V. Interestingly, these values are
almost twice as high over this potential range compared to
the pure Au nanocluster. The effect of the light is more
apparent with the increase of potential, so that the improve-
ment of CO partial current density is more obvious at higher
potentials. More specifically, under illumination, jCO in-
creases from 13.1 mA/cm2 (with TOF=3402 h� 1) to
19.3 mA/cm2 (with TOF=5013 h� 1) at � 0.87 V for c-

P6*Au25PyET18
� . This enhancement for Au25PyET18

� was
from 7.1 mA/cm2 (with TOF=981 h� 1) to 8.7 mA/cm2 (with
TOF=1202 h� 1) at � 0.87 V and from 0.5 mA/cm2 (with
TOF=60 h� 1) to 0.9 mA/cm2 (with TOF=109 h� 1) for c-P6
at the same potential, clearly showing the efficiency of the
assembly, especially under illumination.

In brief, upon light irradiation, while fixing other
reaction parameters, c-P6*Au25PyET18

� showed more pos-
itive onset potentials and higher FECO, jCO, and TOFs than
when measured in the dark. Moreover, these values were
higher than those for pure Au25PyET18

� and c-P6, especially
under illumination. These results indicate that the assembly
of Au25PyET18

� and c-P6 can synergistically enhance elec-
tron transfer to CO2 and improve the electrocatalytic and
photoelectrocatalytic activity of Au nanoclusters, which are
recognized as active catalysts for CO2 reduction.[24] These
results demonstrate some of the highest activity and
selectivity at lower potentials for CO2 conversion to CO
reported for Au-based catalysts (as shown in Table S2).

A possible explanation for the higher activity in the
assembly compared to the pure Au25PyET18

� and c-P6,
especially under light illumination may be that encapsulation
of the Au nanocluster by c-P6 provides an efficient
funneling of the excitation from c-P6 to Au25PyET18

� ,
thereby further promoting CO2 reduction upon illumination
in comparison to pristine Au25PyET18

� .
The catalytic kinetics were examined by computing Tafel

curves (Figure 6e), revealing a decrease in Tafel slopes from
356 mVdec� 1 to 312 mVdec� 1 for c-P6*Au25PyET18

� under
illumination. These values are smaller than that of
Au25PyET18

� (384 mVdec� 1 under dark and 370 mVdec� 1

under light conditions). This suggests that c-P6*Au25PyET18
�

exhibits favorable CO2 to CO kinetics, potentially owing to
its high initial electron transfer efficiency during the catalytic
process. The Tafel slopes are much larger than
118 mVdec� 1, which implies that the single electron transfer
to adsorbed CO2 (*CO2 +e-!*COO-) is the rate determin-
ing step.[25] Additionally, it implies that an external light field
can expedite electron transfer in the assembly compared to
the pristine nanocluster.

Stability is one of the most important parameters that
should be considered when designing catalysts. Indeed,
pristine Au nanoclusters suffer from poor stability under
light irradiation.[7,26] Therefore, the photo-coupled electro-
catalytic stability test for Au25PyET18

� and c-
P6*Au25PyET18

� was performed at � 0.67 V vs. RHE (Fig-
ure 6f). The stability test shows that both current density
and FECO for Au25PyET18

� are subject to a drop from
~5.6 mA/cm� 2 to ~3.1 mA/cm� 2 and from ~79% to ~73%,
respectively, after a 10-hour stability test. However, neither
considerable current density drop nor FECO decrease was
observed during the stability test for c-P6*Au25PyET18

� . The
excitation of Au nanoclusters upon illumination may cause
instability (e.g. loss of ligands) and finally aggregation and
formation of nanoparticles during light illumination.[7b] The
encapsulation of Au25PyET18

� with c-P6 can protect the
cluster from aggregation and prevent the formation of larger
nanoparticles. This hypothesis can provide us with a strategy
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to improve the stability of Au nanoclusters during photo-
catalytic reactions.

Figure 6. Electrocatalytic and photo-coupled electrocatalytic CO2 reduction performances. a) LSV curves, b) Photocurrent response at � 0.67 V vs.
RHE, c) FECO and d) jCO of c-P6, Au25PyET18

� and c-P6*Au25PyET18
� under dark and light conditions. e) Tafel plot under dark and light conditions

and f) Stability test at � 0.67 V vs. RHE under light illumination for Au25PyET18
� and c-P6*Au25PyET18

� .
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Singlet oxygen generation

To further investigate the efficiency of c-P6*Au25PyET18
� in

a catalytic reaction under illumination, the visible light-
driven 1O2 evolution activity of c-P6*Au25PyET18

� ,
Au25PyET18

� and c-P6 was screened using a photo-bleaching
experiment with the chemical trapping probe, 1,3-diphenyli-
sobenzofuran (DPBF), a commonly used compound for
trapping 1O2 in organic media.[27] Figure S22 depicts the
time-dependent behavior of different catalysts under the
illumination of an LED at 500 nm. The left panel captures
alterations in the absorption spectra, while the right panel
illustrates changes in the maximum absorbance of DPBF
exclusively. Furthermore, the upper right panel shows the fit
of the time-dependent model described in the Supporting
Information, along with the corresponding residuals.

Our results illustrate that the absorption band of DPBF
around 410 nm diminishes upon photoirradiation of c-
P6*Au25PyET18

� , Au25PyET18
� and c-P6 (Figure S23, S24).

This indicates reaction of DPBF with 1O2 generated upon
excitation of the corresponding photosensitizer. Notably, the
right panels highlight that the change in the maximum
absorbance of DPBF using the c-P6*Au25PyET18

� assembly
is more rapid than for pristine Au25PyET18

� and c-P6,
suggesting a more efficient visible light-driven singlet oxygen
generation with the assembly.

In order to quantify the singlet oxygen quantum yields
for c-P6*Au25PyET18

� , Au25PyET18
� and c-P6 we used Rose

Bengal as secondary standard, as described in the SI. The
1O2 quantum yield for c-P6*Au25PyET18

� was calculated to
be 48%, whereas the values for pristine Au25PyET18

� and c-
P6 were 18% and 12%, respectively. This outcome indicates
that the assembly between Au25PyET18

� and c-P6 signifi-
cantly enhances its efficiency for 1O2 generation.

Conclusions

In conclusion, we have investigated a host–guest system
formed by binding atomically precise Au nanoclusters inside
zinc porphyrin nanorings. The formation and improved
stability of the assembled structure, compared to pristine
nanoclusters, were confirmed through various analytical
techniques. Our results reveal the significant role of the
assembly between Au25PyET18

� and c-P6 in different
catalytic activities, ranging from CO2 reduction to 1O2

generation. EIS and time-resolved PL analyses demon-
strated enhanced energy or electron transfer efficiency in
the assembled configuration. Catalytic investigations un-
veiled the remarkable activity and selectivity for both CO2

to CO conversion and singlet oxygen generation. Impor-
tantly, the assembled structure exhibited superior stability
during prolonged catalytic testing, suggesting its potential
for enduring applications in diverse catalytic processes. This
work contributes to the understanding of host–guest inter-
actions involving metal nanoclusters and opens avenues for
designing efficient and stable nanocatalysts for various
applications.
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