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ABSTRACT: Ligands in ligand-protected metal clusters play a crucial role, not only because of their
interaction with the metal core, but also because of the functionality they provide to the cluster.
Here, we report the utilization of secondary phosphine oxide (SPO), as a new family of functional
ligands, for the preparation of an undecagold cluster Aul1-SPO. Different from the common used
phosphine ligand (i.e. triphenylphosphine, TPP), the SPOs in Aul1-SPO work as electron-withdrawing
anionic ligands. While coordinating to gold via the phosphorus atom, the SPO ligand keeps its O atom
available to act as a nucleophile. Upon photoexcitation, the clusters are found to inject holes into p-
type semiconductors (here bismuth oxide is used as a model), sensitizing the p-type semiconductor
in a different way compared to the photosensitization of a n-type semiconductor. Furthermore, the
Aul1-SPO/Bi,0; photocathode exhibits a much higher activity towards the hydrogenation of
benzaldehyde than a TPP-protected Au,;, sensitized Bi,O; photocathode. Control experiments and
density functional theory studies point to the crucial role of the cooperation between gold and the
SPO ligands on the selectivity towards the hydrogenation of the C=0 group in benzaldehyde.

Catalysis by gold clusters in the nanometric and sub-nanometric regime has drawn enormous
attentions since the seminal works by Haruta and Hutchings in the 1980s."* Both bare gold clusters
formed in gas-phase and ligand-protected gold clusters prepared by wet chemistry methods are
widely utilized in catalysis and they exhibit promising activities.”** For example, the well-known
Auss(PPhs)1,Clg, first reported by Schmid in 1981, exhibits good stability against oxidation, and its
derived catalyst supported on SiO, can effectively and selectively catalyze the oxidation of styrene by
atomic oxygen.>® Mass-selected Aug clusters, deposited on MgO, can oxidize CO at a low
temperature.” While the application of gold catalysts in oxidation reactions has been extensively
explored, there are only few reports on gold catalysts for hydrogenation reactions, largely due to the
inferior capacity of gold to dissociate hydrogen, compared to other noble metals such as Pt and Pd."*
'8 Recently, Secondary phosphine oxide (SPO) stabilized gold nanoparticles have shown good activity
and high selectivity for aldehyde hydrogenation.”®® The Au-P-O moieties on the surface of the
nanoparticles serve as frustrated Lewis pairs and are proposed to have special ability to cleave H,.*
Such kind of functionalized ligand has not been described as stabilizing agent in magic-number gold
clusters. The structural determination of SPO protected gold clusters is vital as they could provide an
ideal platform for a deeper understanding of structure-activity correlation of gold clusters.



Besides the catalytic activities, gold clusters also exhibit good light absorption abilities due to their
discrete energy levels.””?* Thiolate-protected gold clusters have been employed as photosensitizers
in photocatalytic systems.”>? The sensitization of large band gap semiconductor, such as TiO,, with
gold clusters has extended the photo response of TiO,, enabling visible-light-driven hydrogen
evolution.””?* These seminal studies mainly focus on the injection of electrons from the excited
states of the clusters to the n-type semiconductors. On the other hand, it is unclear that would
happen if the clusters are deposited on a p-type semiconductor. Moreover, mechanistic studies
devoted to the elucidation of the role of gold clusters in photocatalysis are still scarce and are
needed especially because of the dual role, as catalyst and photosensitizer, they can cover.

Herein, we report the first example of SPO-stabilized gold cluster. Au;,(PPh,0)4, (denoted as Aull-
SPO) clusters with ten functional SPO ligands have been prepared, and structurally characterized.
Different from the common used phosphine ligands, the SPOs serve as anionic ligands. The
deposition of Aul1-SPO onto p-type bismuth oxide extends the photoresponse of bismuth oxide in
the visible region, suggesting the successful photosensitization. Furthermore, the as-prepared
photocathode can readily reduce benzaldehyde to benzyl alcohol without additional H, supply, which
further verifies the catalytic role of Aul1-SPO clusters.

The preparation of Aull-SPO started with the reduction of gold precursor by NaBH,; in THF
solution (See supporting information for details). X-ray crystallographic analysis revealed that Aull-
SPO was crystallized in the monoclinic space groups P2, (Table S1 and Figure S1). As illustrated in
Figure 1, the core of Aull-SPO can be described as a bicapped, vertex-sharing, bi-triangular-
bipyramid. For clarity, triangular-bipyramids and capped gold atoms are highlighted in orange and
green, respectively. The arrangement of gold atoms in Aull-SPO is different from that in the
triphenylphosphine-protected Au;,(PPhs)sCl, (denoted as Aull-TPP), which is a substructure of
icosahedral Au;3.*> The mean Au-Au bond length amounts to 2.8103 A, which is in good agreement
with the report data in literature for similar clusters.®*>® Except the sharing vertex gold, all the other
ten gold atoms in Aul1-SPO bind to ten SPO ligands, forming Au-PPh,0 coordination modes. The
average length of P-O bond is 1.55 A, indicating the double bond between P and O atoms.*
Attenuated total reflection-infrared (ATR-IR) spectroscopic study showed that the P-H stretching
absorption in free SPO was absent in Aull-SPO (Figure 2a). Thus, the SPO here works as anionic
ligand, which is different from the phosphine and N-heterocyclic carbene ligands in previously
reported gold nanoclusters.”*°** The O atom on SPO can readily serve as nucleophile, making Au11-
SPO a functionalized cluster.”> The accessibility of Au sites in the cluster was evaluated by the
hydrogenation of 4-nitrophenol, and the results indicate that small molecules can readily access the
Au sites (Figure S2).

Since no unambiguous counter ions were identified in the single crystal of Aul1l-SPO, we tried to
carry out mass spectrometry measurements to evaluate the charge state of Aul1-SPO. Unfortunately,
only fragments of the cluster were found. The charge state of Aull-SPO was confirmed by
comparing the UV-Vis spectra to time-dependent density functional theory (TD-DFT) calculations.
Three closed-shell Aul1-SPO models that carry +1, +3 and -1 charges respectively, were considered.
As shown in Figure 2b, the experimental UV-Vis spectrum of Aul1-SPO shows two peaks at 416 and
557 nm. Comparison of the computed spectra for Aul1l-SPO carrying +1, +3 and -1 charges to the
experimental spectrum reveals that the calculated spectrum for the mono-cationic Aul1-SPO is in
good agreement with the experimental one, even though slight shifts in the peak positions are
observed (Figures 2b and S3). Furthermore, the average Au-Au distance in the optimized mono-
cationic Aul1-SPO corresponded much better to the experimental value as compared to the other
two (Table S2). The results indicate that the stable Aul1-SPO cluster should carry a +1 charge.



a-Bi,03 was used as a model support for the deposition of Aul1-SPO (Figure S4). The good light-
absorption ability and p-type property make Bi,O; a promising photocathode material, where
photoexcited electrons stay for reduction reactions.”* The UV-Vis spectrum of Aul1-SPO/Bi,O;
showed enhanced absorption in the visible region, indicating the successful deposition of Au11-SPO
(Figure S5). Photoelectron spectroscopy was conducted to assess the electronic properties of the
Aul1-SPO/Bi,0; composite (Figure S6). The secondary electron cutoffs (SECOs), before and after the
deposition of Aull-SPO, were determined as 4.2 eV and 3.6 eV, respectively. The valence band
maximum (VBM) of Bi,0; and the highest occupied molecular orbital (HOMO) of Au11-SPO are 1.23
and 1.86 eV, respectively, with respect to the Fermi level (E;).* The energy level diagram indicates a
staggered structure at the interface (Figure 3a). Our previous study demonstrated that atomically
precise metal nanoclusters with distinct HOMO-LUMO (lowest unoccupied molecular orbital) gap can
be treated as small band-gap semiconductors.*”® Here, a type Il photosystem was built upon the
deposition of Aull-SPO onto Bi,O;. As shown in Figure 3b, when both Bi,O; and Aull-SPO are
excited, the photoinduced electrons in the conduction band (CB) of Bi,O; will transfer to the LUMO of
Aul1-SPO and, simultaneously, holes in the HOMO of Aul1-SPO will inject into the valence band (VB)
of Bi,0s. This process is expected to reduce the resistance to charge transfer and improve the
efficiency of the charge separation.

Photoelectrochemical measurements were carried out to verify the charge transfers at the
interface. The photocurrent response of Aull-SPO/Bi,O; under on-off cycles of 565 nm light
illumination is shown in Figure S7. As pristine Bi,O; doesn’t respond to the most part of visible light
due to its relatively large band gap, the photoresponse can be attributed to the Aul1l-SPO only
(Figure S5b). This suggests that Aul1-SPO can act as the photosensitizer in a p-type semiconductor
based system. It should be noted that the charge transfer pathway here is different from that of the
previously reported n-type semiconductor based systems (Figure S8b).2*® Under visible light, only
the electrons-hole pairs in Aul1-SPO are excited. As the energy level of the HOMO is lower than the
VB of Bi,03, the holes in the clusters are transferred to Bi,03, collected and transferred through the
external circuit to the counter electrode to induce the oxidation reactions. The photoinduced
electrons, at the same time, assemble at the photocathode for reduction reactions.

Given the good catalytic properties of gold nanoparticles and the readily accessible Au sites in
Aull-SPO, we further explored the possibility of using Aull-SPO/Bi,O; photocathode in a
photoelectrochemical cell for the coupling of water oxidation and benzaldehyde hydrogenation.
Figure 4a depicts the conversion of benzaldehyde by pristine Bi,O; photocathode (blue curve) and
Aul1-SPO/Bi,0O;(red curve) with a bias range from 0 to -0.5 V versus Ag/AgCl. While pristine Bi,0;
showed poor activity, the Aull-SPO/Bi,O; photocathode showed very high activities at all bias
employed, indicating the importance of the Aul1-SPO clusters.

The role of Aul1l-SPO in the catalytic hydrogenation of ben-zaldehyde was then investigated by
DFT calculations. Hydrogenated species are generally considered as the intermediate in
photoelectrochemical hydrogen evolution.”” The hydrogenated Au11-SPO species were thus used as
the starting reagent for the benzaldehyde hydrogenation, as well as the hydrogen evolution. As
shown in Figure 4c, two different hydrogenated Aull-SPO intermediates were considered, where
two heterolytic hydrogens bonded to Au and O atoms respectively (LM1), or two homolytic
hydrogens both bonded to Au atoms (LM2). Our calculations showed that the heterolytic
hydrogenated Aul1-SPO species is much more favorable than the homolytic hydrogenated one (LM1
vs LM2: 0.0 vs 34.6 kcal/mol), suggesting that the heterolytic hydrogenated Aul1-SPO species should
exist as the predominant hydrogenated intermediate. The heterolytic hydrogenated Aull-SPO
species showed a kinetic selectivity towards benzaldehyde hydrogenation against hydrogen
evolution (TS1 vs TS1’: 22.0 vs 25.6 kcal/mol), indicating the high activity for a couple of heterolytic

3



hydrogens in polar C=0 bond reduction. In contrast, the homolytic hydrogenated Aul1-SPO species
displayed an obvious kinetic advantage towards hydrogen evolution (free energy barriers of TS2 vs
TS2’: 2.2 vs 26.5 kcal/mol). These findings clearly indicates that the cooperation between the Au and
SPO ligand plays a key role for the generation of the heterolytic hydrogenated species, promoting the
selectivity towards polar C=0 bond reduction. Whereas in absence of the SPO ligand, homolytic
hydrogenated species are generated instead, selectivity would thus tend to hydrogen evolution.

To verify the important role of the SPO ligand, the Aull-TPP sensitized Bi,O; photocathode was
prepared and tested. In the absence of benzaldehyde, the photocurrents generated by Aull-
TPP/Bi,0; and Aull-SPO/Bi,O; were comparable, indicating the similar sensitization abilities of
Aull-TPP and Aull-SPO (Figure S9). In the presence of benzaldehyde, Aull-TPP/Bi,O; showed a
much lower activity for benzaldehyde hydrogenation than Aull-SPO/Bi,O; at all bias employed
(Figures 4a, magenta curve). Instead of catalyzing benzaldehyde hydrogenation, Aull-TPP/Bi,0;
exhibited good hydrogen production ability (Figure S10). As there was no big difference on the
sensitization ability and stability between Aul1l-SPO and Aull-TPP (Figures 4b and S9), the higher
selectivity towards benzaldehyde hydrogenation by Aul1-SPO/Bi,0;was attributed to the functional
SPO ligand and its cooperation with Au, which is in good agreement with the DFT calculated results.

In summary, secondary phosphine oxide ligands were successfully employed as anionic protecting
agents for gold nanoclusters. The obtained Aull-SPO is structurally characterized and a bicapped,
vertex-sharing, bi-triangular-bipyramid metal core is revealed. Upon photoexcitation, Aul1-SPO
injects holes to the VB of Bi,0;, sensitizing the p-type semiconductor in a different way compared to
n-type semiconductors. The catalytic role of Aul1-SPO is confirmed by the photoelectrochemical
hydrogenation of benzaldehyde. The superior performance of Aul1-SPO/Bi,0; compared to Aull-
TPP/Bi,0;is attributed to the Au-P-O moieties. These observations suggest that SPO are promising
functional ligands for cluster stabilization. We expect that this work will stimulate more research
interests on the preparation of functionalized metal nanoclusters, the study of catalytic cooperative
effects and their applications in photoelectrocatalysis.
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Figure 1. (a) The crystal structure, (b) the gold core and (c) the Au-SPO moiety of Aul1-SPO. Color
legend: orange sphere, Au; green sphere, capping Au; purple sphere, P; red sphere, O; grey sphere, C.
All hydrogen atoms are omitted for clarity.
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Figure 3. (a) Schematic energy level diagram after the deposition of Aull-SPO onto Bi,0;. (b)
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Figure 4. (a) Catalytic activities of Bi,O;(Blue), Aul1l-TPP/Bi,O; (Magenta) and Aul1-SPO/Bi,0O; (Red)
photocathodes for the hydrogenation of benzaldehyde at varying bias potentials. Condition: 0.1 mM
benzaldehyde in phosphate saline buffer (pH = 7); simulated solar light; 0.5 h duration. (b)
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Recyclability of Aull-TPP/Bi,O; (Magenta) and Aull-SPO/Bi,O; (Red). (c) DFT calculated reaction
kinetics for benzaldehyde hydrogenation as well as hydrogen evolution from different hydrogenated
Aull-SPO intermediates.



