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Confining Ultrasmall Au Nanoclusters in an Ionic Ir(III)-Based Cage 
for Selective Photoreduction
Zhuolin Shi,a Fengyang Yu,b Jinguo Wu,a Yongai Yu*,a Hanshu Li,a Xing Zhao,a Rong Zhang,a Wenjing 
Jiang,c Yiwei Liu,a Jianwei Wei,d Xuezhao Li*,a and Cheng Hea

Balancing activity and stability in metal nanoclusters (NCs) for efficient catalysis remains challenging, particularly in tuning 
their surrounding microenvironment to control selectivity. Here, we report ultrasmall Au nanoclusters (0.73 ± 0.14 nm) 
confined within a photoactive dinuclear Ir(III)-based ionic cage, synergistically coupling spatial confinement with electronic 
cooperativity for selective photoreduction. The ionic cage enables controlled synthesis of ultrasmall Au-NCs, ensures long-
term stability (> 6 months) and facilitates photoinduced electron transfer (PET) from Ir(III) photosensitizers to Au active sites. 
This multi-function design drives complete nitrobenzene-to-azobenzene conversion with > 98% selectivity under visible light 
(450 nm) at room temperature, avoiding aniline byproducts. Operando spectroscopy, kinetic studies, and DFT calculations 
reveal that substrate-sieving at cage windows directs the stepwise reduction pathway via azoxybenzene intermediates. The 
demonstrated integration of photoinduced electronic and steric microenvironment control of cage-encapsulated NC-based 
composites establishes a promising strategy for developing nanocatalysts with exceptional selectivity steering capability.
 

Introduction
Metal nanoclusters (NCs) — typically less than 2 nm in size — have 
garnered significant attention due to their molecule-like electronic 
structures and high surface-area-to-volume ratios, which collectively 
endow them with outstanding catalytic activity.1,2 However, their 
inherently high surface energy renders them thermodynamically 
unstable, often leading to aggregation into larger particles.3 To 
address this, effective stabilization strategies employing organic 
ligands, polymers, or porous frameworks (e.g., MOFs, COFs) have 
been explored.4-8 Nevertheless, these approaches may hinder efficient 
substrate-catalyst interactions, introduce diffusion limitations, and 
importantly lack precise control over the microenvironment around 
the active sites, which limits achievable selectivity.9 Therefore, the 
challenge remains to design a confined yet accessible 
microenvironment that not only stabilizes ultrasmall NCs but also 
exerts precise control over substrate access to govern catalytic 
selectivity.10

In natural systems, high catalytic activity and selectivity often arise 
from spatially confined microenvironments that regulate substrate 
access and reaction pathways, as exemplified by enzyme active-site 

pockets.11,12 Spatial confinement within well-defined nanocavities 
represents a powerful strategy for enhancing catalytic selectivity and 
steering reaction pathways.13-15 In this context, molecular cages (MCs) 
stand out as promising hosts for NCs. Their well-defined, processable 
cavities allow for precise spatial confinement of substrates and fine-
tuning of the catalytic microenvironment.16-29 Compared to extended 
porous frameworks, MCs offer modular and atomically precise 
control over structure and functionality, which enables simultaneous 
protection of NCs and substrate accessibility to catalytic sites.30-34 
Their capacity to organize multiple components within a confined 
volume mirrors the architecture of enzyme active pockets, facilitating 
cascade reactions and suppressing side pathways.35,36 Despite these 
advantages, most reported nanocatalysts based on purely organic 
molecular cages rely on flexible scaffolds that often lack sufficient 
structural rigidity and are prone to collapsing in solution.37-39 In 
addition, the integration of photoactive components into molecular 
cages to enable cooperative, light-driven catalysis with encapsulated 
metal NCs remains underexplored.40,41 

In this study, we report an advanced catalytic platform comprising 
ultrasmall Au nanoclusters (Au-NCs, 0.73 ± 0.14 nm) confined within 
a photoactive dinuclear Ir(III)-based ionic cage. The Ir(III) cage not 
only directs the formation of ultrasmall Au-NCs but also serves as a 
built-in photosensitizer, enabling efficient PET to the surface of Au-
NCs. This synergistic design enables complete photoreduction of 
nitrobenzene to azobenzene via azoxybenzene intermediates, 
achieving > 98% selectivity under 450 nm light irradiation at room 
temperature, while effectively suppressing over-reduction to aniline. 
Mechanistic insights derived from kinetic analyses, operando 
spectroscopy, and DFT calculations comprehensively elucidate the 
origins of the system’s high selectivity: size-exclusion effects at cage 
windows and the photoinduced formation of an electron-rich Au-NCs 
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Fig. 1 (a) Stepwise formation of the ionic Δ2R6-Hp by HCl-acidifying of the neutral amine-linked Δ2R6-Ha from the imine-linked Δ2R6-
Hi. (b) Partial 1H NMR and DOSY spectra of Δ2R6-Ha (400 MHz, DMSO-d6). (c) Partial 1H NMR and DOSY spectra of Δ2R6-Hp (400 
MHz, D2O). (d) HR-Q-TOF-MS spectra of Δ2R6-Ha. Magnified areas show the measured and calculated isotopic patterns. (e) The DFT 
structure model of Δ2R6-Hp. (f) Crystal structures of Δ2R6-Hi. Color code: C atom: grey, yellow (for DACH); N atom: blue, pink (for 
DACH in Δ2R6-Hp); Ir atom: cyan, Cl atom: green. Hydrogen atoms and solvate molecules have been omitted for clarity.

surface. Our results demonstrate the potential of integrating spatial 
confinement and photoactive functionality within a single cage 
skeleton to confine ultrasmall nanoclusters, creating advanced 
catalytic systems with specific selectivity.

Results and Discussion

Design, Synthesis, and Characterization of the Ionic Dinuclear 
Ir(III)-based Cage. 

We previously reported a pair of homochiral dinuclear Ir(III)-based 
cages, Δ2R6-Hi and Λ2S6-Hi, constructed from three enantiopure trans-
1,2-diaminocyclohexane (DACH, RR/SS-form) spacers and two fac-
Ir(ppy)3 (ppy = 2-phenylpyridine) vertices in either Δ- or Λ-
configurations, connected via imine linkages (Fig. S1-S3).42 Upon 
reduction of the imine bonds and subsequent acidification of the 
resulting neutral amine-linked cage, we envisioned that the resulting 
ionic Ir(III)-based cage could serve as an ideal host for ultrasmall 
NCs, owing to several distinct advantages:
1. The resulting cationic cage (+6) is highly water-soluble and 

stable. It can trap anionic metal precursors through electrostatic 
interactions while simultaneously preventing aggregation of the 
encapsulated NCs via coulombic repulsion—thus acting as a 
“cationic armor”.

2. The rigid fac-Ir(ppy)3 vertices define a confined internal cavity 
suitable for size-controlled NC growth. Meanwhile, their 

photoactive nature enables potential synergy with encapsulated 
NCs in photocatalytic processes.43

3. Crucially, the open cage windows are expected to allow for 
substrate diffusion and modulate interactions between the NC 
surface and incoming molecules, providing a spatially confined 
microenvironment conducive to selective transformations. 

To this end, we selected the Δ2R6-Hp cage as a model system. As 
illustrated in Fig. 1a, its synthesis involved two steps: (i) reduction of 
Δ2R6-Hi with NaBH4 to obtain the amine-linked neutral cage Δ2R6-
Ha, and (ii) subsequent protonation with dilute HCl to afford the final 
ionic cage Δ2R6-Hp. Both Δ2R6-Ha and Δ2R6-Hp were isolated in good 
yields and fully characterized by nuclear magnetic resonance (NMR) 
and high-resolution quadrupole time-of-flight mass spectrometry 
(HR-Q-TOF-MS) (Fig. S4-S33). In particular, the characteristic imine 
proton signals of Δ2R6-Hi disappeared, and new signals corresponding 
to NH (1.47 ppm) and methylene protons (3.18 and 3.50 ppm) 
appeared in the 1H NMR spectrum of Δ2R6-Ha (Fig. 1b). Moreover, 
diffusion-ordered NMR spectroscopy (1H DOSY) showed a single 
diffusion band (D = 7.94 × 10-11 m2 s-1), consistent with a single 
discrete species. Correspondingly, HR-Q-TOF-MS analysis of Δ2R6-
Ha revealed two dominant peaks at m/z = 863.3407 ([M + 2H]2⁺, calc. 
863.3415) and m/z = 575.8969 ([M + 3H]3⁺, calc. 575.8968), 
collectively confirming the complete conversion of imines to amines 
(Fig. 1d). Subsequent protonation of Δ2R6-Ha with dilute HCl (~0.12 
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Fig. 2 (a) Schematic illustration of the stepwise synthesis of Au@Δ2R6-Hp involving: (i) Electrostatic complexation encapsulates 
AuCl4- inclusion into the Δ2R6-Hp cavity; (ii) Base treatment isolates the precipitate of AuCl4-@Δ2R6-Ha to remove unencapsulated 
AuCl4-; (iii) In-situ NaBH4 reduction of AuCl4-@Δ2R6-Ha; (iv) Protonation of Au@Δ2R6-Ha to yield Au@Δ2R6-Hp. (b, c) Spherical 
aberration HAADF-STEM image and corresponding statistical size distribution histogram of encapsulated Au-NCs in Δ2R6-Hp. (d) 
Partial 1H NMR and DOSY spectra (400 MHz, D2O) of Δ2R6-Hp (gray) and Au@Δ2R6-Hp (pink).

M, 12 h, r.t.) afforded the water-soluble ionic cage Δ2R6-Hp. In D2O, 
1H NMR showed a single set of well-resolved signals, and 1H DOSY 
NMR displayed a consistent diffusion coefficient (D = 1.78 × 10-10 m2 
s-1) (Fig. 1c), indicating the formation of a uniform species. HR-Q-
TOF-MS confirmed the intact [M ‒ 4H ‒ 6Cl]2⁺ and [M ‒ 3H ‒ 6Cl]3⁺ 
species (Fig. S19). Furthermore, Δ2R6-Hp exhibits excellent aqueous 
solubility and thermal stability (Fig. S34), with no significant changes 
in the NMR spectra after heating at 90 ℃ for 48 h. Importantly, the 
protonation process was reversible: treatment with excess NaOH 
regenerated Δ2R6-Ha as a yellow precipitate, confirming that it is 
acid/base-switchable without compromising structural integrity.

Crystallization attempts for Δ2R6-Hp were unsuccessful, thus 
density functional theory (DFT) calculations were employed to model 
its structural properties. Notably, in contrast to many purely organic 
amine-linked cages that collapse after imine reduction due to 
backbone flexibility, the rigid Ir(III) modules in Δ2R6-Hp preserved 
the integrity of the cavity architecture.42 As illustrated in Fig. 1e, three 
RR-DACH spacers bridge two fac-Ir(ppy)3 vertices, both adopting the 
same Δ-configuration. The protonated -NH2

+- groups introduce 
electrostatic repulsion between them, which expands the transverse 
dimension of the cavity, resulting in a more open and near-spherical 
geometry compared to the imine-linked Δ2R6-Hi (Fig. 1f).42 
Correspondingly, the calculated average N···N distance increased to 
approximately 8.8 Å (from 8.1 Å), while the Ir···Ir distance decreased 

to 12.7 Å (from 13.3 Å). These robust and tunable structural features, 
combined with the enlarged internal cavity of Δ2R6-Hp, render it a 
promising platform for the encapsulation of ultrasmall Au-NCs. 

Encapsulation of Au-NCs in the Ionic Ir(III)-based Cage.

Encapsulation of ultrasmall Au nanoclusters (Au-NCs) within the 
molecular cage Δ2R6-Hp was achieved via a stepwise procedure 
involving electrostatic complexation followed by in situ chemical 
reduction (Fig. 2a).36 Specifically, AuCl4

- anions were introduced into 
an aqueous solution of Δ2R6-Hp, where the positively charged cages, 
individually dispersed due to electrostatic repulsion, attracted and 
trapped the negatively charged gold precursors. Zeta potential 
measurements revealed a decrease in surface charge from +34.6 to 
+22.3 mV upon complexation, confirming successful electrostatic 
loading (Fig. S44).36 The 1H NMR titration of Δ2R6-Hp with AuCl4

- 
revealed obvious chemical shift changes in aromatic and methylene 
protons, coupled with pronounced line broadening, demonstrating 
strong electrostatic binding of the anions within the cage pockets (Fig. 
S45).44 Subsequently, neutralization of the AuCl4

-/Δ2R6-Hp mixture 
generated a precipitate of AuCl4

-@Δ2R6-Ha, from which free AuCl4
- 

ions were removed. The encapsulated Au-NCs were then formed via 
in situ reduction using dropwise addition of NaBH4 (yielding 
Au@Δ2R6-Ha). The secondary amine groups in the cage were further
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Table 1. Catalytic performance for the reduction of NB.[a]

Seletivity/%Entry Variation from the “standard conditions” Conversion/%

AOB AB AN

1 None 100 - 98 2

2 Au@Λ2S6-Hp 100 - 98 2

3 No Catalyst 5.5 5.5 - -

4 No Light 0 - - -

5 Δ2R6-Hp 33 33 - -

6 AuCl4-/Δ2R6-Hp 20 88 12 -

7 Au/Δ2R6-Ha 100 57 29 14

8 EtOH replaces IPA 0 - - -

9 None (48 h) 100 - 98 2

10 None (72 h) 100 - 95 5

11 None (after five cycles) 100 17 83 -

[a] Reaction conditions: Au@Δ2R6-Hp (1 mol%), 0.1 mmol of NB, 2 mL of IPA, 0.3 M of NaOH, room temperature, Ar atmosphere, 450 nm 
LED, reaction time of 24 h. 

protonated to yield Au@Δ2R6-Hp—a water-soluble and stable 
nanocluster composite. X-ray photoelectron spectroscopy (XPS) 
displayed the peaks at 87.4 and 83.8 eV (Au 4f5/2 and 4f7/2), 
confirming the dominance of metallic Au0 species (Fig. S46).1 The 
morphology of Au@Δ2R6-Hp was visualized by aberration corrected 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM). The Au existed as ultrafine clusters 
with an average size of 0.73 ± 0.14 nm and a narrow size distribution 
(Fig. 2b, 2c), and such a small size distribution matches well with the 
cavity size of Δ2R6-Hp.30-34,36 Elemental mapping of Ir and Au further 
confirmed that the Au-NCs are spatially associated with the Ir-based 
cages, with no evidence of isolated Au aggregates (Fig. S47). 
Inductively coupled plasma optical emission spectrometry (ICP-OES) 
revealed a gold loading of 25.9 wt% (Fig. S48). 1H DOSY NMR 
experiments further showed that the diffusion coefficient of 
Au@Δ2R6-Hp (D = 1.99 × 10-10 m2 s-1) closely resembled that of the 
empty cage (D = 1.78 × 10-10 m2 s-1). This result indicated that 
Au@Δ2R6-Hp diffuses as a single cage-sized entity in solution, 
thereby excluding the possibility that the encapsulated NCs are 
stabilized by multiple cages (Fig. 2d).36 Additionally, the absence of 
diffraction peaks from metallic Au in PXRD patterns and the lack of 
surface plasmon resonance (SPR) features in the UV-vis absorption 
spectra confirmed the ultrasmall and non-aggregated nature of the 
clusters (Fig. S49, S50).30,33,45,46

The cationic skeleton of Δ2R6-Hp endows exceptional stability to 
the encapsulated Au-NCs in aqueous media via electrostatic 
repulsion, maintaining dispersion integrity without aggregation for 
over six months, as evidenced by consistent UV-vis spectra and 

HAADF-STEM imaging (Fig. S51). Importantly, employing Λ2S6-Hp 
as an alternative host also produced ultrasmall Au-NCs with 
comparable dimensions (Fig. S53), demonstrating the general 
applicability of these metallohelical cages as templates for nanocluster 
synthesis. In contrast, control experiments using Δ2R6-Ha, which 
lacks electrostatic trapping and stabilization abilities, yielded 
significantly larger nanoparticles (Au/Δ2R6-Ha, average size: 2.36 ± 
0.61 nm, Fig. S54), indicating that the particles formed outside the 
cage cavity and were merely surrounded by cages. The PXRD pattern 
of Au/Δ2R6-Ha showed multiple diffraction peaks in the 30-70° range, 
consistent with the presence of crystalline Au nanoparticles (Fig. 
S55).33 These results highlight the critical role of electrostatic 
interactions in achieving both ultrasmall cluster size and long-term 
stability.

Reaction Development of Photoreduction.

Azobenzene (AB), a key intermediate for dyes and pharmaceuticals, 
is typically synthesized by reducing nitrobenzene (NB).47,48 However, 
precise chemoselectivity control in this process remains challenging 
due to competing pathways involving intermediates that favor 
byproducts like azoxybenzene (AOB) and aniline (AN).49-51 We 
hypothesized that the unique structural design of Au@Δ2R6-Hp, in 
which ultrasmall Au-NCs are encapsulated by an ionic Ir(III)-based 
cage, provides a confined microenvironment that enable controlled 
substrate access and substrate-sieving functionality. These structural 
features position Au@Δ2R6-Hp as an ideal platform for controlling 
multistep selective NB reductions under visible-light-driven 
photocatalysis. Encouragingly, under optimized conditions, complete 
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Table 2: Substrate scope of nitroarenes.[a] 

3a, C=100%, S=98%, 24 h 3b, C=95%, S=90%, 24 h 3c, C=98%, S=92%, 24 h 3d, C=89%, S=52%, 24 h
2d, S=37%

3e, C=97%, S=91%, 36 h 3f, C=98%, S=96%, 24 h 3g, C=92%, S=93%,12 h 3h, C=99%, S=94%,12 h

3i, C=94%, S=98%, 24 h 3j, C=97%, S=94%, 36 h 3k, C=90%, S=92%, 36 h 3l, C=90%, S=37%, 24 h
2l, S=53%

[a] Reaction conditions: Au@Δ2R6-Hp (1 mol%), 0.1 mmol of substrate 1, 2 mL of IPA, 0.3 M of NaOH, room temperature, Ar atmosphere, 
450 nm LED, reaction time of 12 h, 24 h or 36 h. C for conversion, and S for selectivity.

NB conversion with an outstanding 98% selectivity toward AB was 
achieved (Table 1, Entries 1 and 2). Control experiments confirmed 
that this selectivity and activity were attributable to the synergistic 
interplay between the ultrasmall Au-NCs and the photoactive cage. In 
the absence of either the catalyst or light, negligible product formation 
was observed (Table 1, Entries 3 and 4). Replacing Au@Δ2R6-Hp 
with Δ2R6-Hp resulted in only 33% NB conversion (Table 1, Entry 5), 
demonstrating that the cage alone is insufficient to promote the 
reduction of AOB to AB. Control experiments using a mixture of 
Δ2R6-Hp and HAuCl4 resulted in limited conversion (20%), yielding 
AOB and AB in 88% and 12%, respectively (Table 1, Entry 6). 
Similarly, the large-sized Au/Δ2R6-Ha system showed poor 
chemoselectivity, yielding 57% AOB and only 29% AB (Table 1, 
Entry 7). Collectively, these results highlight the superior catalytic 
selectivity of the cage-encapsulated ultrasmall Au-NCs platform in 
the visible light-driven photocatalytic reduction of NB to AB. The 
proton donor properties of the solvent were also found to play a crucial 
role. Isopropanol (IPA) proved essential in donating protons during 
the reduction, while the addition of NaOH enhanced hydrogen 
abstraction from IPA, thereby accelerating the reaction rate.33,49,50 In 
contrast, ethanol (EtOH), a weaker proton donor, failed to promote the 
reaction, showing negligible activity (Table 1, Entry 8). Remarkably, 
the Au@Δ2R6-Hp catalyst maintained high selectivity (98% and 95%) 
toward AB even after prolonged reaction times of 48 and 72 h, 
respectively (Table 1, Entries 9 and 10). In addition, the catalyst 
retained high activity over five consecutive cycles, with a slight 
decrease in selectivity (Table 1, Entry 11). PXRD analysis after five 
catalytic cycles revealed no diffraction peaks attributable to large, 
crystalline Au nanoparticles, indicating that macroscopic aggregation 
does not occur during catalysis (Fig. S57).33 Consistently, HAADF-
STEM images collected after the catalytic cycles revealed a slight 
increase in the size of the Au-NCs (~0.89 nm, Fig. S58), potentially 
associated with the minor loss in selectivity. Removal of the catalyst 
by filtration after 4 h completely suppressed further conversion under 

continued irradiation (Fig. S59). ICP-OES analysis of the supernatant 
following catalyst removal showed negligible Au leaching, 
demonstrating the good stability of the encapsulated Au-NCs (Fig. 
S60).

The general applicability of Au@Δ2R6-Hp was evaluated in the 
selective photocatalytic coupling of various nitroarenes bearing 
diverse functional groups (Table 2). Halogenated nitroarenes, 
including F-, Cl-, and Br-substituted derivatives, were successfully 
reduced to their corresponding azobenzene products without any 
observable dehalogenation, affording high selectivity (3b-3f). 
Furthermore, substrates with para-substituents, whether electron-
deficient (3g-3i) or electron-donating (3j, 3k), also underwent smooth 
conversion to azobenzenes with similarly high selectivity. These 
results underscore the robustness and functional group tolerance of the 
Au@Δ2R6-Hp system.

The catalytic performance was further examined with substrates 
featuring different degrees of steric hindrance. For Cl-substituted 
nitroarenes, a general selectivity trend of para ≈ meta > ortho was 
observed (3b-3d). In particular, the ortho-Cl substituted substrate 1d 
exhibited a moderate conversion of 89%, but afforded the desired 
azobenzene product 3d in only 52% selectivity, alongside 37% 
selectivity for the intermediate 2d. This reduced selectivity likely 
arises from steric interference near the active site, which impedes the 
further transformation of 2d into 3d. Notably, the catalytic efficiency 
decreased markedly when bulkier substrates such as biphenyl 
nitroarenes were employed. For example, substrate 1l gave 
significantly lower selectivity toward the final azobenzene product 3l 
(only 37%), while the intermediate 2l dominated with 53% selectivity. 
This diminished performance is attributed to the increased steric 
repulsion introduced by the biphenyl group, which likely restricts 
substrate accommodation within the narrow windows of the cage 
cavity. Such steric effects highlight the spatial sensitivity of the cage-
confined catalytic environment.
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Fig. 3 (a) Luminescent emission spectra, (b) luminescence decay spectra and (c) photoluminescence quantum yields of complexes Δ2R6-Ha 
and Au@Δ2R6-Ha in DMSO (10 μM). (d) Representative photocurrent responses with the interval of 10 s and (e) electrochemical impedance 
spectroscopies of Δ2R6-Ha and Au@Δ2R6-Ha upon irradiation at 450 nm (100 mW/cm2). (f) CO-DRIFTS spectra for gaseous CO (gray curve), 
Au@Δ2R6-Ha (blue curve) and Au@Δ2R6-Ha of the in-situ irradiation at 450 nm (red curve). (g) In situ XPS spectra of Au 4f exhibit the peak 
shifts, indicating changes in the surface electronic structure after illumination. (h) EDD profiles revealing the electron transfer behavior 
between cage skeletons and Au-NCs. Color code: Ir atom: cyan; Au atom: yellow; C atom: grey; N atom: blue; H atom: white. Electron density: 
green and pink color represent the accumulation and reduction of electron density, respectively.

PET Mechanistic Investigation.

Under alkaline photocatalytic conditions, the ionized ammonium 
groups on Au@Δ2R6-Hp convert to neutral amines, forming 
Au@Δ2R6-Ha. We therefore used Au@Δ2R6-Ha as a model to 
systematically investigate the synergistic interaction between Au-NCs 
and the cage host in promoting photocatalytic NB reduction. 
Photophysical characterization revealed that Δ2R6-Ha displays a 
broad emission band centered at 529 nm under 405 nm excitation (Fig. 
3a), with a long-lived excited state (τ = 1513 ns, Fig. 3b) and a high 
photoluminescence quantum yield (PLQY = 70.6%, Fig. 3c). These 
properties resemble those of the commercial Ir(III) complex fac-
Ir(ppy)3, validating the cage’s intrinsic photoactivity derived from its 
Ir(III) corners.52 Upon encapsulation of Au-NCs, however, the 
emission intensity was significantly quenched by approximately 4-
fold, suggesting the occurrence of a PET process. This hypothesis was 

supported by a shortened excited-state lifetime (τ = 1211 ns) and 
reduced PLQY (ΦPL = 39.4%) observed for Au@Δ2R6-Ha (Fig. 3b, 
3c). Furthermore, transient photocurrent measurements under 450 nm 
LED illumination revealed a 6-fold enhancement in current response 
(Fig. 3d). Electrochemical impedance spectroscopy (EIS) showed a 
smaller Nyquist semicircle compared to Δ2R6-Ha alone (Fig. 3e), 
confirming improved charge separation and faster electron transport 
within the Au@Δ2R6-Ha.

To further probe the surface electronic environment of Au-NCs, 
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
was performed using CO as a probe molecule. As shown in Fig. 3f, 
two vibrational bands at 2171 cm-1 and 2117 cm-1 were observed after 
CO adsorption, characteristic of physisorbed CO on Au surfaces.53 
After argon purging, a new band at 2100 cm-1 emerged, attributed to 
CO binding on neutral Au0 sites.54 Upon in situ 450 nm LED 
irradiation, this band red-shifted by 6 cm-1 to 2094 cm-1, indicating
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Fig. 4 Kinetic variation of the (a) NB and (b) AOB reduction catalyzed by Au@Δ2R6-Ha. The fluorescence quenching of Au@Δ2R6-Ha (1.0 × 10-

5 M) titrated with (c) NB (0‒0.1 equiv.), (d) AOB (0‒1.0 equiv.), (e) AB (0‒1.0 equiv.) and (f) NB-ortho-2Cl (0‒10 equiv.) in IPA. Insert: the 
nonlinear fitting of the titration curves; F0 and F are the emission intensity in the absence and presence of substrate, respectively; [G] is the 
concentration of the substrate, K is the association constant.

increased electron density on Au due to light-induced electron transfer. 
Given that CO adsorption frequencies inversely correlate with metal 
electron density, this shift suggests photoexcitation leads to electron 
accumulation on the Au surface.55 In agreement, X-ray photoelectron 
spectroscopy (XPS) analysis revealed a 0.5 eV shift in the binding 
energies of Auδ+ peaks after visible light irradiation (from 89.6/85.9 
eV to 89.1/85.4 eV; Fig. 3g). This shift further corroborates light-
driven electron enrichment at Au-NCs.1 As shown in Fig. 3h, electron 
density distribution (EDD) analysis showed that photoexcitation 
causes significant electron redistribution: electron density 
accumulates around the encapsulated Au-NCs (green regions) while 
depleting from the cage skeleton (pink regions).36 This spatial charge 
separation confirms the directionality of PET from the Ir-based cage 
to the Au-NCs. These experimental results collectively demonstrate 
that the cage’s ability to donate electrons to the encapsulated Au-NCs 
under light irradiation enables the creation of electron-enriched 
catalytic centers for efficient substrate activation.

Substrate-sieving mechanistic investigation. 

Building upon the photocatalytic insights, we next carried out time-
dependent monitoring experiments to elucidate the kinetics of NB 
reduction. Interestingly, a distinct stepwise reaction pathway emerged 
(Fig. 4a, S62). In the initial stage (Stage I: 0-10 h), NB was gradually 
consumed, yielding 90% selectivity for AOB and 10% for AB when 
NB was fully depleted at 10 h. In the subsequent stage (Stage II: >10 
h), AOB rapidly converted to AB, increasing AB selectivity to 98%. 
Given that AOB serves as the intermediate, this two-stage behavior 
implies competitive adsorption between NB and AOB at the active 
sites of Au-NCs, where NB preferentially binds, thereby retarding 
AOB reduction. This stepwise reaction is supported by the kinetic 
analysis. A rate constant of k = 0.091 M-1 h-1 was obtained during the 
initial 0-4 h of NB reduction (Fig. S64a). After complete depletion of 
NB (10-14 h), AOB reduction proceeded with k = 0.278 h-1 (Fig. 
S64b). When AOB was used as the sole substrate (Fig. S63), it 
exhibited a similar kinetic profile (0-4 h) to the AOB-to-AB 
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Fig. 5 Time-dependent DRIFTS adsorption of NB (a), AOB (b) and AB (c) on Au@Δ2R6-Ha (d) The time-dependent adsorption kinetics of NB, 
AOB and AB on Au@Δ2R6-Ha, as monitored by peak area evolution (e) The time-dependent desorption kinetics of NB, AOB and AB on 
Au@Δ2R6-Ha, as monitored by peak area evolution. Peak areas: the difference between the integral of the peak areas and the integral of the 
initial peak areas. (f) Adsorption energies of NB, AOB and AB adsorptions on Au@Δ2R6-Ha by DFT simulations. (g) Models showing the 
microenvironment of NB, AOB and AB absorption on Au@Δ2R6-Ha.

conversion stage after NB depletion, but with a higher rate 
constant of k = 0.455 h-1 (Fig. 4b, S64c). Moreover, the initial 
rate of NB reduction showed a second-order dependence on NB 
concentration, supporting a mechanism involving two NB 
molecules in the rate-determining step (Fig. S65). The 
monitoring procedures were also conducted on the Au/Δ2R6-Ha 
catalyst (Fig. S66). With prolonged reaction time, NB was 
consumed while AOB, AB, and AN accumulated progressively 
with poor selectivity (Fig. S67). The observation that the near 
complete conversion of NB at 24 h yielded only 29% selectivity 
for AB is attributed to the large gold nanoparticles, which non-
selectively activated all intermediates and compromised the 
substrate sieving effect. These results collectively demonstrate 
that the confined microenvironment of Au@Δ2R6-Ha allows precise 
modulation of multistep reduction selectivity by favoring substrate 
discrimination.

To probe the molecular basis of this selective reduction, we 
hypothesized that substrate binding affinities, modulated by the 
metallocage’s sterically defined windows, determine access to the Au-
NCs catalytic surface. Luminescence titration studies revealed a clear 
affinity hierarchy: NB exhibited the strongest binding with a high 

association constant (KNB = 3.24 × 106 M-1) and achieved saturation 
at 10 nM (Fig. 4c). In contrast, AOB and AB required 10-fold higher 
concentrations to reach saturation, correlating with their significantly 
weaker binding constants (KAOB = 3.36 × 105 M-1; KAB = 3.13 × 105 
M-1) (Fig. 4d, e). Structural analysis of the cage suggests that its two 
bent DACH ligands and parallel ppy walls create a confined pocket 
with rhombic portal-like entrances, which can sieve substrates by 
steric exclusion. This structure explains why planar but bulky 
substrates like AB and AOB are likely to reside at the outer edge of 
the pocket due to steric hindrance, whereas compact NB can penetrate 
deeper for more efficient interactions. This steric exclusion 
mechanism was further corroborated by luminescence quenching 
assays using NB derivatives with increased bulk. For instance, ortho-
chlorinated NB (NB-ortho-2Cl, 1d) and biphenyl-type NB (NB-
2Phen, 1l) exhibited drastically reduced binding affinities (K ≈ 104 
M-1), two orders of magnitude lower than NB (Fig. 4f; S68a), which 
is consistent with their lower reduction reactivity. Consequently, the 
Stern-Volmer plots (Fig. S68b, c) confirmed that the interaction with 
NB was one to two orders of magnitude stronger than that with the 
other compounds (AOB, AB, NB-ortho-2Cl and NB-2Phen), 
demonstrating unequivocally that increased steric bulk hinders 
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effective binding. 
To validate the spatial confinement mechanism, we employed 

DRIFTS to monitor substrate adsorption dynamics. NB showed strong 
N=O vibrational bands at ~1348 and ~1525 cm-1, with intensities 
increasing continuously over 15 minutes (Fig. 5a), confirming strong 
adsorption via its nitro group, while the benzene ring remained non-
interacting.36 In contrast, AOB exhibited only weak peaks for C=C, 
N-O, and N=N bonds (Fig. 5b), likely due to steric repulsion at the 
cage windows.56 AB showed even weaker adsorption, with minimal 
spectral changes (Fig. 5c), and faster equilibrium was reached for both 
AOB and AB within 3 minutes, compared to over 15 minutes for NB 
(Fig. 5d). Desorption studies further revealed stronger retention of NB 
(10 min to reach equilibrium) versus AOB/AB (5 min), reinforcing 
the idea of preferential NB binding and rapid AB release (Fig. 5e, S69). 
To match the cage cavity dimensions and the experimentally observed 
cluster size (~0.73 nm), DFT calculations were performed using an 
icosahedral Au13 cluster (Fig. S71 and S72). As shown in Fig. 5g, NBs 
preferentially adsorb via their nitro groups in a vertical orientation 
within the pocket, achieving the strongest adsorption energy (−2.23 
eV, Fig. 5f), while the bulkier AOB and AB adopt parallel orientations 
and exhibit significantly weaker adsorption energies (−1.85 eV, −1.76 
eV). These findings confirm that the rhombic windows enable 
substrate sieving by favoring NB adsorption and AB desorption. 
Further DFT analysis revealed that NB reduction to AB proceeds with 
favorable stepwise energetics (Fig. S73), while the over-reduction of 
AB to 2AN faces a high activation barrier (3.62 eV), rendering it 
thermodynamically disfavored. Consequently, the spatially confined 
Au@Δ2R6-Ha system not only modulates adsorption and catalytic 
stages but also ensures product selectivity by blocking excessive 
hydrogenation.

Conclusions
In summary, by confining ultrasmall Au nanoclusters within a 
photoactive Ir(III)-based ionic cage, the complete nitrobenzene-to-
azobenzene conversion with > 98% selectivity was achieved under 
450 nm LED irradiation at room temperature via an interesting 
stepwise pathway involving azoxybenzene intermediates. The system 
operates through a synergistic dual-regulation mechanism by 
integrating the light-harvesting ability of the Ir(III) metallocage with 
the catalytic function of the Au nanoclusters: (1) PET from the excited 
cage to the embedded Au nanoclusters generates electron-rich active 
sites, facilitating substrate activation; (2) the size-selective windows 
of the cage provide substrate-sieving functionality, which governs 
reactant adsorption and ensures high chemoselectivity. This work 
exemplifies how the fusion of photocatalytic activity and molecular 
recognition within a single supramolecular cage-nanocluster platform 
can yield catalysts with tailored activity and selectivity. Furthermore, 
extending this design concept to other redox-active metal clusters and 
functional cages presents a promising strategy for the simultaneous 
stabilization, microenvironment engineering, and catalytic selectivity 
tuning of nanoclusters.
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The data generated in this study are provided in the article, Supplementary Information and 
from corresponding author(s) upon request. Details of synthesis, NMR and MS characterizations, 
photophysical measurements, photocatalytic experiments, and DFT studies provided in the 
Supplementary Information. 
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