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The interaction of dioxygen (O;) with inorganic nanomaterials is one of the most essential steps to
understanding the reaction mechanism of O,-related reactions. However, quantitative analyses for O,-
binding processes and subsequent oxidation reactions on the surface are still elusive, whereas the

reaction of O, with molecules such as transition metal complexes has been widely explored. Herein, we
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have quantitatively evaluated reaction processes of air-oxidation reactions of atomically precise thiolate-

protected Au,s nanoclusters ([Au,s(SR)1g]l™) as a model of O, activation by inorganic nanomaterials.
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Introduction

Dioxygen (O,) activation in O, reduction and aerobic oxidations
is one of the most fundamental and crucial reaction processes in
chemistry. So far, many catalysts for O, activation have been
developed by employing molecular catalysts' and inorganic
nanomaterials, including metal nanoparticles (MNPs)** and
metal nanoclusters (MNCs).”® An understanding of the reaction
mechanisms of O,-activation processes at the atomic level is
essential to develop more efficient catalysts. Hence, mechanistic
insights into O, activation have also been investigated.'"* For
molecular catalysts such as Fe, Co and Cu complexes or orga-
nocatalysts such as porphyrinoids, O,-activation processes,
including O,-binding and subsequent reduction to form reactive
O, species, were experimentally well-revealed through structural*
and kinetic'* analyses based on experimental evidence. In
contrast, because reaction systems with MNPs are relatively
complicated due to the distributions of size and composition of
MNPs, the understanding of the reaction mechanisms for the O,-
activation process at the atomic level is quite a difficult challenge.
Thus, estimations of such a reaction mechanism have mainly
relied on theoretical analysis until now.*
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Kinetic analyses on the air-oxidation reaction of [Au,s(SR)1g]” revealed a controlling factor for O,-
activation processes, which could be finely tunable by the protecting thiolate ligands.

Compared with MNPs, MNCs with sizes of less than 2 nm are
considered a desirable model to reveal detailed reaction
mechanisms at the atomic level owing to their atomically
precise structures.** Among various MNCs, gold nanoclusters
(AuNCs), such as thiolate-protected gold clusters (denoted as
Au,(SR),,, SR = thiolate), are appropriate candidates to perform
atomically precise analyses on O,-activation processes using
inorganic nanomaterials because of their tunable reactivities,
easy preparation and good stability.”*>'® For example, the
thiolate-protected Au,s cluster anion ([Au,s(SR)1s]”) exhibited
reactivity towards O,, as seen in the catalytic oxygen reduction
reaction (ORR)."” The catalytic activity of [Au,s(SR)g]™ in the
ORR could be tuned by the type of thiolate ligand*’* and hetero-
atom doping.'”” In addition, [Au,5(SR);5]~ which shows higher
reactivity than other AuNCs with different sizes'’*is a promising
material for practical use. Together with the ORR, the reactions
of [Au,5(SR);g]” with O, are also important in the reductive
activation of O, for substrate oxidation, which was seen in the
aerobic oxidation of thiolates to form disulfide in Au,s polymer
films.*® In both cases, the interaction of O, on the surface of the
Au,; cluster and reduction of O,, namely Au,s cluster oxida-
tion,'*° are proposed to be crucial processes as an initial step
for O, activation. However, whereas some reports demonstrated
the interaction between O, and [Au,5(SR);5]” using mass spec-
trometry* or theoretical analysis,****? experimental evidence
for the O, binding and/or activation by AuNCs is still limited. In
particular, the air-oxidation reaction of [Au,5(SR),s]” was ana-
lysed just qualitatively,”® but quantitative analysis for O, acti-
vation by AuNCs, which is important to systematically evaluate
the reactivities of AuNCs, has yet to be reported.

Herein, we report quantitative analyses of the air-oxidation
reactions of AuNCs based on kinetic analysis for the first
time. For a model of AuNCs, we chose [Au,5(SR);g]” because of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reaction scheme for air-oxidation reactions of
[Auzs(SR)18] ™ employed in this work. R groups were omitted for clarity.
Atom labels: grey: gold in the Au;z core, yellow: gold on the staple, and
green: sulfur.

its reversible redox properties®* and a variety of choices for
protecting ligands.**** The Au,s cluster anions are composed of
an Auy;°" core surrounded by six [Au,(SR);]” units, and the
oxidation reactions of the gold cluster occur in the Au,; core
rather than in staple moieties.’” Evaluations of the reactivities
of [Au,5(SR);g]” with O, were conducted in the presence of
protons (Scheme 1). The addition of protons can promote the
electron transfer reaction to reduce O, through proton-coupled
electron transfer (PCET)** and this reaction system has a big
advantage of facile quantitative analysis of the reactivity, as seen
in the mechanistic analysis of O, reduction by organic mole-
cules®*** or transition metal complexes.>® We have controlled
redox potentials and O,-affinities of [Au,5(SR),5]” by changing
the thiolate (SR) ligands and revealed controlling factors in air-
oxidation reactions of [Au,s(SR)1g] to form neutral
[Auns(SR)15]°.

Results and discussion

Synthesis and characterisation of thiolate-protected Au,;
cluster anions

Synthesis of the phenylethanethiolate-protected Au,s cluster
anion (TOA'[Au,5(SC,Ph);5]”, TOA" = tetraoctylammonium)
was conducted through the reduction of Au(i)-thiolate
complexes according to the previous report.”” Other Au,s clus-
ters (TOA'[Au,5(SR)g] ") with different thiolate ligands (phe-
nylmethanethiol (PhC;SH), thiophenol (PhSH) and 4-
methoxythiophenol (MeOPhSH)) were synthesized using ligand-
exchange reactions. Phenylmethanethiolate-protected Au,s
cluster anions (TOA'Au,5(SC,Ph),5]”) were successfully
synthesized through the ligand-exchange reaction of
TOA[Au,5(SC,Ph),5]~ with excess amounts of PhC;SH in
CH,Cl,. TOA[Au,5(SPh);5]~ and TOA'[Au,5(SPhOMe),5]~ were
prepared by the ligand-exchange reaction of the
cyclohexanethiolate-protected Au,; cluster (TOA[Au,5(SCy)16]
SCy = cyclohexanethiolate) with PhSH or MeOPhSH (see the
ESIT for detailed synthetic methods).>® A series of thiolate-
protected Au,s cluster anions were characterised using UV-vis

absorption spectroscopy, 'H NMR, ESI-MS and X-ray
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Fig. 1 UV-vis spectra of TOA*[Au,s5(SR)1g]~ (0.010 mM) in THF. SR =
SC,Ph (black), SC4Ph (green), SPh (blue) and SPhOMe (red).

absorption fine structure (XAFS) measurements (Fig. 1 and
S1-S61). In negative-mode ESI-MS spectra (Fig. S1f) of
TOA[Au,5(SR)15], peaks from [Au,s(SR);5]” were clearly
observed as well as the results of "H NMR spectroscopy (Fig. S2—
S5t), supporting the high purity of the products. UV-vis
absorption spectra of all products in tetrahydrofuran (THF)
showed similar spectral features with a thiolate-protected Au,s
cluster anion,* that is, the absorption bands at around 400 nm
and 700 nm and a shoulder peak at ca. 800 nm (Fig. 1). The
absorption peak at around 700 nm, which is mainly derived
from a Auyz core-to-core transition,* was slightly red-shifted
from TOA'[Au,5(SC,Ph);g]” (682 nm) to TOA[Au,5(SPh)yg]™
(702 nm). These shifts of absorption bands were caused by the
differences in the electronic effects of thiolate ligands.** By
contrast, the shape of absorption bands in the higher energy
region was clearly different depending on the SR ligands
because of the direct contribution of protecting ligands to the
electronic transitions.” The structural features of a series of
Au,; cluster anions were compared using Au-L; edge XAFS
measurements at 10 K with transmission mode (Fig. S6 and
Table S1t). Extended XAFS (EXAFS) analysis showed that
structures of all Au,s cluster anions employed in this work
showed similar structural parameters (Table S1}). Moreover,

Fig. 2 A thermal ellipsoid plot (50% probability) of TOA*[Auys(-
SPh)g] . The TOA cation, solvent molecules, and hydrogen atoms
were omitted for clarity. Atom labels: grey: gold in the Au;z core,
yellow: gold on the staple, green: sulfur, and light grey: carbon.
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the solid-state structure of TOA'[Au,;(SPh),g]~ was clarified
using single-crystal X-ray crystallographic analysis (Fig. 2 and
S77). The anionic part in TOA*[Au,5(SPh);5]~ has a Au,; icosa-
hedral core (Auy5°") with six dimeric staple moieties
([Au,(SR);]7), which are typical components for the Au,; cluster
anion. The average Au-Au and Au-S bond lengths, summarized
in Table S2,T were comparable to those of previously reported
TOA[Au,s5(SC,Ph), 5] .1

To determine the redox potentials of Au,s clusters, cyclic
voltammetry (CV) and differential pulse voltammetry on a series
of Au,s cluster anions were performed in THF containing
TBAPF; as an electrolyte (Fig. S87). The cyclic voltammogram of
TOA[Au,5(SC,Ph),5]~ showed two reversible redox waves at Ey,
=+0.06 V and +0.41 V vs. SCE (Fig. S8at). These two redox waves
could be assigned to the redox couples of Au,s /Au,s® and
Au,s’/Au,s’, respectively.” The first E;,, values were positively
shifted with decreasing electron-donating abilities of thiolate
ligands;* for TOA[Au,5(SC,Ph),5] 7, the first oxidation wave was
observed at +0.16 V vs. SCE owing to the weaker electron-
donating ability of SC;Ph than that of SC,Ph. The largest shift
of Ey (=+0.26 V vs. SCE) was seen for TOA'[Au,5(SPh),g]~
(Fig. S8df) with the weakest electron-donating ligands in this
work. It should be noted that the E;, value in the redox couple
of Auys /Au,s’ for TOA[Au,s(SPhOMe) 5]~ (Eyn = +0.17 V vs.
SCE) is almost the same as that for TOA"[Au,5(SC,Ph);5] ™ (Table
1 and Fig. S8b, c}). As well as the redox properties of
[Au,5(SR)45] 7, the affinity with O, should be one of the essential
factors to determine reactivities with O,. The O,-affinities of
inorganic nanomaterials would be affected by surface environ-
ments including structures of protecting ligands. Thus, the two
kinds of [Au,5(SR);5]”, with the same redox potentials but
different surface ligands, could provide meaningful insights
into the correlation between the O,-affinity and the reactivities
of Au,s clusters.

Air-oxidation reactions of thiolate-protected Au,; clusters

Air-oxidation reactions of TOA'[Au,5(SR);s]~ were monitored by
UV-vis spectroscopic measurements. First, we evaluated the
stability of TOA*[Au,5(SR),5]~ (0.010 mM) in air-saturated THF
at 298 K for 24 h (Fig. S91). The lack of spectroscopic changes
indicates that all TOA'[Au,5(SR);s]” are highly stable in the
absence of any proton sources. Jin and co-workers reported
photo-mediated oxidation reactions of [Au,5(SC,Ph);g]” under
ambient light exposure,**? but such oxidation reactions were not
observed in our reaction system. Thus, the light irradiation
from the UV-vis spectroscopic device could not induce the

Table 1 Summary of redox potentials of TOA*[Au,s(SR)1g]™ in THF
containing 0.1 M TBAPFg under Ar

SR Evjs (Aups /AU,5°) V, vs. SCE  Eyj (Aups/Auys™) V, vs. SCE
SC,Ph +0.06 +0.41
SC,Ph +0.16 +0.50
SPhOMe  +0.17 +0.41
SPh +0.26 +0.54
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photo-induced oxidation reaction and we have excluded the
light-mediated effect from our reaction system. By contrast, in
the presence of a Brensted acid like trifluoroacetic acid (TFA,
0.25 mM), the absorption at 445 nm and around 800 nm of
TOA'[Au,5(SC,Ph), 5]~ slightly decreased and a new absorption
band at around 630 nm appeared (Fig. 3a). In addition, the
absorption peak at around 400 nm became sharper. Such
spectral change was also observed even in the presence of
a small amount of TFA (0.050 mM, Fig. S107). The UV-vis
absorption feature of the final product indicates the forma-
tion of [Au,5(SC,Ph);g]’, a one-electron oxidized product of
[Au,5(SC,Ph) 5]~ (eqn (1)).2% The formation of [Au,s5(SC,Ph)s]°
was also confirmed by 'H NMR (Fig. S111) and CV measure-
ments of [Au,5(SC,Ph);s]™ (Fig. S127). In the "H NMR spectrum,
air-oxidation of TOA'Au,5(SC,Ph),5]” in THF-dg gave a new
peak at 5.17 ppm (Fig. S11a and b¥), which was in good agree-
ment with that from [Au,s(SC,Ph),5]° (Fig. S11ct), supporting
the formation of an one-electron-oxidized Au,s cluster. In the
electrochemical measurements on TOA'[Au,5(SC,Ph),5]™, the
open circuit potential (OCP) was determined to be —0.03 V vs.
SCE in the absence of TFA, which was more negative than E;,
(Aups /Auys®) of [Au,s(SC,Ph) 5]~ (+0.06 V vs. SCE). Upon addi-
tion of TFA, OCP shifted to +0.21 V vs. SCE, which was posi-
tioned between E;;, (Auys /AUys’) and Eipn (Auys’/Auys’).
Moreover, the negative potential sweep from +0.21 V showed
a clear reduction wave assigned with the reduction of
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Fig.3 (a) UV-vis spectral change of TOA*[Au,5(SC,Ph)1g]~ (0.010 mM)
in air-saturated THF containing TFA (0.25 mM) at 298 K. Inset: the time
profile of absorbance at 600 nm. (b) [TFA] dependence of kqps in the
air-oxidation reaction of TOA*[Au,5(SR)1g] ™ in air-saturated THF at 298
K. SR = SC,Ph (black), SC,Ph (green), SPhOMe (red) and SPh (blue).
[O5] =22 mM3t

© 2024 The Author(s). Published by the Royal Society of Chemistry
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[Au,s5(SCoPh);5]° to [Au,s(SC,Ph);g] . This electrochemical
evidence strongly supports the formation of the neutral Au,s
cluster. The resulting [Au,s5(SC,Ph);5]° formed under UV-vis
spectroscopic conditions could be reduced to [Au,5(SC,Ph); 5]~
quantitatively (Fig. S131) by reductants such as sodium boro-
hydride (NaBH,). The reversible behaviour of Au,; /Au,s’
conversion was also observed even at a high TFA concentration
(10 mM, Fig. S147). This complete reversibility indicates that no
side reactions such as decompositions of Au,s clusters occur,
suggesting that [Au,5(SC,Ph),g] ™ is desirable as a highly durable
redox catalyst.

[A“ZS(SR)ls] £, [AUZS (SR)ls]O (1)

0,, HF

d[Au,s(SR)sl/df = kops[[Aus(SR)18] 7]
= k[TFA][Au,5(SR);5] ] (2)

To perform the kinetic analysis in the formation of [Au,s(-
SC,Ph);5]°, the pseudo-first-order rate constant (keps) Was
determined to be (1.6 + 0.1) x 10 s™* at 298 K from the time
course of the UV-vis spectral change at 600 nm (Fig. 3a, inset). A
linear correlation was observed between the TFA concentration
and k.ps (Fig. 3b, black), indicating that only one proton was
involved in the oxidation reaction. The second-order rate
constant (kin eqn (1) and (2)) could be determined to be (5.65 +
0.06) M~ s7! from the slope. It should be noted that no
oxidation reaction of [Au,5(SC,Ph)g]” occurred in deaerated
THF (Fig. S157). Therefore, O, should be an oxidant for [Au,s(-
SC,Ph),g] in this reaction system. In addition, no change in
optical properties of [Au,5(SC,Ph):g]” upon addition of TFA
under the degassed conditions suggests no interaction between
the Au,; cluster and TFA (Fig. S151). Therefore, TFA should play
a role in acceleration of Au,s cluster air-oxidation, namely O,
reduction through PCET, in which an electron transfer from
[Au,5(SC,Ph),5] to O, and a proton comes from a Brensted
acid.?* Other TOA"[Au,5(SR);5]™ (SR = SC,Ph, SPh and SPhOMe)
were also oxidized to form corresponding neutral [Au,s5(SR);5]°
in air-saturated THF containing TFA, as observed by the UV-vis
spectral change (Fig. S161). In addition, each [Au,5(SR);5]° could
be fully recovered to the corresponding anionic species by the
addition of NaBH,, indicating high durability of these Au,s /
Au,;° redox reaction systems (Fig. $171). Kinetic analyses were
performed to determine k values (Fig. 3b), which are

Table 2 Summary of rate constants (k and k) and equilibrium
constants (K) in the air oxidation of TOA*[Au,5(SR)15]~ in THF in the
presence of TFA®

SR kMt sT! ko, st K, mM™!

SC,Ph 5.65 + 0.06 9.9 +0.3 0.20 + 0.01
SC,Ph 2.93 + 0.08 4.2 4 0.1 0.26 + 0.03
SPhOMe 3.19 + 0.01 3.67 £ 0.03 0.34 + 0.01
SPh 1.51 + 0.02 1.35 4 0.01 0.55 + 0.01

@ At 298 K. [Au5(SR)15] = 0.010 mM.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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summarized in Table 2. The oxidation reaction of [Au,5(SC,-
Ph),s]” with the lowest one-electron oxidation potential (+0.06 V
vs. SCE, Table 1) showed the highest k value, whereas the lowest
k value was confirmed in TOA'[Au,5(SPh),s]” with the highest
Ey;, among TOA'[Au,s5(SR).5]  in this work. The reactivities of
TOA'[Au,5(SC;,Ph), 5]~ and TOA'[Au,5(SPhOMe), 5]~ were almost
the same despite the different types of SR moieties (benzylic and
aromatic thiolate, respectively). Considering the similar E,,
values between TOA[Au,5(SC,Ph);g]” and TOAAu,s(-
SPhOMe), 5]~ (Table 1), the redox potential of TOA*[Au,5(SR);5]~
should be one of the main controlling factors to determine the
reactivities with O,.

_ K _
[Aus(SR) ;5] + 0,2 [0y Aups(SR) ]

I;—: [Auss(SR) )" ©)
_ kKI[O,]
kobs - H’T[()zl (4)

Hakkinen and co-workers demonstrated that small mole-
cules such as O, were able to access the surface of ligand-
protected AuNCs, which would play an important role in
small molecule activation.?> Then, to examine the interaction of
the surface of [Au,5(SR)g]” with O, during air-oxidation reac-
tions, kinetic analyses were performed by changing the
concentration of O, in THF (Fig. 4). The pseudo-first-order rate
constants (k.ps) of the air-oxidation reaction of TOA'[Au,s(-
SR);s]” showed saturation behaviour on increasing the
concentration of O,, suggesting the existence of a pre-
equilibrium between TOA'Au,5(SR)15]” and O, (eqn (3)).
Based on eqn (4),** pre-equilibrium constants (K), namely O,
binding constants with Au,s cluster anions, and second-order
rate constants (k,) were determined and are summarized in
Table 2. In the case of TOA"[Au,5(SC,Ph);5] , k, and K were (9.9
+ 0.3) s7' and (0.20 £ 0.01) mM ' at [TFA] = 0.50 mM,
respectively. When changing the concentration of TFA to
2.0 mM, the K value was retained (0.18 4 0.04 mM '), whereas
the k, value increased ((44 + 4) s~ ') (Fig. S187). No influence of

8
°
- or °
" .
(?
2 af
é ° 8
21 o &
'Y L ]
°
O 1 1 1 1 1
0 2 4 6 8 10 12
[O;], mM
Fig. 4 [O,] dependence of kqps in oxidation reactions of

TOA*[Au,5(SR)1g]~ in THF ([TFA] = 0.50 mM) at 298 K. SR = SC,Ph
(black), SC1Ph (green), SPhOMe (red) and SPh (blue).
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the acid concentration on the O, binding constant suggests that
protons are not involved in the pre-equilibrium between the
Auy;s cluster and O, (eqn (3)). The highest O, binding constant
(0.55 + 0.01 mM ') was observed in the air-oxidation reaction of
TOA'[Au,5(SPh), 5], whereas TOA [Au,5(SC,Ph),5] showed the
lowest O,-binding properties (0.20 + 0.01 mM ‘). In other
words, Au,s cluster anions protected by rigid aromatic thiolate
ligands showed higher O, binding constants than those with
flexible aliphatic thiolate ligands. The affinity of O, would be
regulated by the electronic effects and/or the steric effects of R
moieties of thiolate ligands. In mononuclear metal complexes,
more electron-donating ligands increased the O,-binding
constants,* whereas an opposite tendency was observed in our
system, in that more electron-donating ligands such as SC,Ph
gave reduced K values. This difference between MNCs and
transition metal complexes would be caused by the binding
position of O,: in mononuclear metal complexes, because both
the O,-binding and the redox reactions generally take place at
the same sites, namely the metal centres (Fig. 5a), the affinity of
O, should be affected by the electronic states of metal centres.
Although experimental evidence for O, binding sites is insuffi-
cient due to the weak electronic interaction between O, and
AuNCs* and further spectral and structural analyses for O,-
bound Au,s clusters are needed, some theoretical reports dis-
cussed that O, would bind with the gold atom of staple Au,(SR)3
moieties of [Au,5(SR),g]” in an end-on coordinating fashion
rather than the Au,; icosahedral core.*®'’? It should be noted
that the one-electron oxidation of [Au,s5(SR):5]” occurs at the
Au,; core, not at the staple Au,(SR); units.*”” Therefore, we
could think that the O,-binding and the redox sites are different
in the ligand-protected MNCs, suggesting almost no electronic
effects on the O, affinity (Fig. 5b). To evaluate the steric effects
of protecting ligands, ligand flexibility such as free rotation of
alkyl chains should also be considered.* We compared the half
cone angles (6) of [Au,5(SC,Ph);5]” and [Au,5(SPh),5]™ based on
the atomic structures revealed by X-ray analysis. The ¢ value is
defined as the averaged C-Au-S angle, where C is the carbon
atom at the ortho-position of the phenyl ring of SC,Ph or SPh
ligands (Fig. S19t). The 6 (63.2°) for [Au,5(SC,Ph),5] is larger

(@) (b)
H\
0,
(0]
e‘( |
MfH-
Binding and Redox site S [Au,SR,]-
9 core Z

Redox site Binding site

Fig. 5 Schematic illustrations of the interaction and reduction of O,
with (a) transition metal complexes and (b) [Au,s(SR)1gl™ through
PCET. In (b), only one staple moiety (Au,SRz unit) is shown for clarity.
Atom labels: grey: gold in the Au;s core, yellow: gold on the staple, and
green: sulfur.
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than that for [Au,s(SPh);g]” (50.3°), indicating the sterically
more crowded environment on the surface of [Au,5(SC,Ph),5] -
Based on the above discussion, it would be reasonable to
explain that the steric effects of thiolate moieties, their bulki-
ness or flexibility, are dominant factors in determining the O,-
affinity with a Au,s cluster anion. This conclusion suggests that
0O, would be favourably bound at a less steric gold(i) ion at the
staple moiety rather than at sterically crowded metal-core gold
atoms, which does not contradict with the theoretical
analysis."?**7¢

Finally, we considered the controlling factors in determining
the reactivities of Au,s clusters. As seen in the comparison of the
kinetic parameters (K and k,) of [Au,5(SC,Ph),s]” with those of
[Au,5(SPh),g] ™ (Table 2), the electronic effects of Au,s clusters,
evaluated using redox potentials (E;,,), are a dominant factor in
regulating the reaction with O,. Indeed, a linear relationship
was observed between k, values and Ey, (Au,s /Au,s°), as shown
in Fig. S20.1 However, interestingly, a different aspect could be
seen when the influences of O, affinity on the reactivities were
extracted from the kinetic parameters of TOA[Au,5(SC,Ph);g]~
and TOA'[Au,5(SPhOMe),5] : a higher K value (0.34 £ 0.01
mM ') was observed in TOA"[Au,5(SPhOMe),5]~, whereas the k,
value of TOA'[Au,5(SPhOMe), 5] (3.67 + 0.03 s~ ') was slightly
lower than that of TOA'[Au,s(SC;Ph)is]” (4.2 £ 0.1 s 1),
resulting in comparable reactivities of these two Au,s clusters.
Thus, the steric effects of protecting ligands could also
contribute to tuning the reactivities of the Au,s clusters against
O,. For ca. 3 nm gold nanoparticles, the reactivities with O, were
simply correlated with O,-binding constants in pre-equili-
brium,"* which were regulated using the accessibility to active
sites. In contrast, the oxidation reactivities of [Au,5(SR);]~ with
O, could be controlled over both steric and electronic effects.
This dual effect on the reactivity enables us to construct finely
tunable reaction systems by protecting ligand design, which
should be important for precisely controlled catalytic systems
based on inorganic nanomaterials.

Conclusions

We have compared the air-oxidation reactivities of a series of
thiolate-protected Au,s nanoclusters bearing different ligands.
Kinetic analysis for the oxidation of Au,s~ to Au,s° has quan-
titatively revealed that the O,-affinity was regulated by the
accessibility of surface gold atoms surrounded by protecting
ligands, similar to other inorganic nanomaterials. On the other
hand, the total reactivities with O, can also be tuned by the
electronic states of Au,s; clusters such as transition metal
complexes. This duality in controlling factors for reactivities
allows us to construct precisely controlled reaction systems
based on metal nanoclusters, which can be achieved by the
rational design of protecting ligands. These results shed new
light on ligand-protected MNCs with sizes of less than 2 nm to
construct finely tunable reaction systems, in contrast to the case
of reaction systems based on larger MNPs. Ligand designs,
considering ligand-ligand or ligand-substrate interactions,
should be effective for more precise control over the reactivities
of MNCs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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