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Electronic state modulation of Ag30 nanoclusters within a ring-
shaped polyoxometalate
Daiki Yanai,a Kentaro Yonesato,*a Soichi Kikkawa,b Seiji Yamazoe,b Kazuya Yamaguchi,a and Kosuke 
Suzuki *a

Atomically precise Ag nanoclusters display distinctive properties that are dictated by their structures and electronic states. 
However, manipulating the electronic states of Ag nanoclusters is challenging owing to their inherent instability and 
susceptibility to undesired structural changes, decomposition, and aggregation. Recently, we reported the synthesis of a 
body-centered cubic {Ag30}22+ nanocluster encapsulated within a ring-shaped polyoxometalate (POM) [P8W48O184]40− by 
reacting 16 Ag+-containing [P8W48O184]40− with Ag+ using N,N-dimethylformamide (DMF) as a mild reducing agent. This led 
to a redox-induced structural transformation into a face-centered cubic {Ag30}16+ nanocluster. In this study, we 
demonstrated the modulation of the electronic states of Ag30 nanoclusters within the ring-shaped POM through two 
different approaches. A face-centered cubic {Ag30}18+ nanocluster, featuring distinct oxidation states compared to 
previously reported {Ag30}22+ and {Ag30}16+ nanoclusters, was synthesized using tetra-n-butylammonium borohydride, a 
stronger reducing agent than DMF, in the reaction of 16 Ag+-containing [P8W48O184]40− and Ag+. Additionally, by leveraging 
the acid–base properties of POMs, we demonstrated the reversible, stepwise modulation of the charge distribution in the 
Ag30 nanocluster through controlling protonation states of the ring-shaped POM ligand. These results highlight the 
potential of engineering POM-stabilized Ag nanoclusters with diverse structures and electronic states, thereby facilitating 
the exploration of novel properties and applications utilizing the unique characteristics of the POM ligands.

Introduction
Atomically precise metal nanoclusters of group 10 and 11 
elements, such as Au, Ag, Cu, Pd, and Pt, have attracted 
increasing interest in various fields, including catalysis, 
magnetic devices, pharmaceuticals, optical materials, and 
sensors.1 This interest stems from their unique properties, 
which are intrinsically linked to their structures and electronic 
states. To date, substantial advancements in the synthesis of 
metal nanoclusters have enabled extensive structural tuning of 
their constituent metal elements, stabilizing ligands, and sizes, 
leading to the successful construction of these metal 
nanoclusters.

Recent studies on Au and Au-alloy nanoclusters, 
particularly [Au25(SR)18]q nanoclusters (where q = −1, 0, and 
+1),2 have highlighted the profound effect of their oxidation 
states on the physicochemical properties of metal 
nanoclusters. These properties include stability,3 magnetic 
characteristics,4 optical behaviors,5 and catalytic activity.6 
Moreover, metal nanoclusters with identical structures and 
oxidation states exhibit varying physicochemical properties 

influenced by the electron-donating abilities of stabilizing 
ligands.7 These studies highlight the importance of controlling 
metal nanoclusters’ electronic states, including oxidation 
states and electron donation from stabilizing ligands, to 
develop novel properties and applications. However, 
modifying the electronic states of metal nanoclusters is 
typically difficult, and often leads to undesirable aggregation 
or decomposition. In particular, Ag nanoclusters are generally 
unstable and prone to structural changes, limiting the 
successful modification of their electronic states to only a few 
reports.8

Polyoxometalates (POMs) are anionic metal oxide clusters 
known for their diverse, well-defined structures and unique 
properties, including acid–base, redox, and optical 
characteristics.9 POMs have been employed as attractive 
inorganic ligands for Ag nanoclusters owing to their oxygen-
enriched molecular surfaces and variable properties.10,11 

Recently, we developed a synthetic method for Ag 
nanoclusters stabilized by lacunary POMs. These act as 
inorganic multidentate ligands with highly reactive oxygen 
atoms at vacant sites.12,13 In particular, using a ring-shaped 
POM [P8W48O184]40− (P8W48), consisting of a tetramer of 
hexavacant lacunary Dawson-type {P2W12} units,14,15 we 
synthesized surface-exposed Ag30 nanoclusters via a stepwise 
reduction method (Figs. 1, S1a).13 The reaction involving 16 
Ag+-containing P8W48 ([Ag16P8W48O184]24−, denoted as Ag16) 
and additional Ag+ in N,N-dimethylformamide (DMF), acting as 
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a mild reducing agent, led to the formation of an {Ag30}22+ 
nanocluster within P8W48 (denoted as Ag30). This {Ag30}22+ 
nanocluster underwent further reduction upon reaction with 
tetra-n-butylammonium borohydride (TBABH4), resulting in an 
{Ag30}16+ nanocluster (denoted as I). Importantly, P8W48 
served as an effective stabilizing ligand for Ag nanoclusters 
with varying structures and oxidation states: the {Ag30}22+ 
nanocluster featured a body-centered cubic (bcc) atom 
arrangement. In contrast, the {Ag30}16+ nanocluster exhibited a 
face-centered cubic (fcc) atom arrangement. Consequently, we 
expected that P8W48 could facilitate the formation of Ag 
nanoclusters with diverse electronic states, thus driving the 
advancement of novel applications for POM-stabilized Ag 
nanoclusters.

In this study, we demonstrated the modulation of 
electronic states in Ag30 nanoclusters within a ring-shaped 
POM through two distinct approaches (Fig. 1): (a) oxidation-
state modulation by changing the synthetic conditions and (b) 
charge-distribution modulation by changing the protonation 
states of P8W48. Specifically, we synthesized an {Ag30}18+ 
nanocluster (II) within P8W48 using a strong reducing reagent 
(TBABH4) in a reaction involving Ag16 and Ag+ ions. The 
{Ag30}18+ nanocluster in II exhibited structural similarity to the 
{Ag30}16+ nanocluster in I, maintaining an fcc metal 
arrangement despite the different oxidation states. 
Subsequently, by leveraging the acid–base properties of POMs, 
we demonstrated the ability to reversibly and stepwise control 
the charge distribution of Ag30 nanoclusters in II through the 
process of protonation and deprotonation of P8W48. These 
findings demonstrate that the electronic states of POM-
stabilized Ag nanoclusters can be manipulated through 
synthetic conditions and post-synthetic modulation via 
protonation states. This capability will expedite the 
advancement of their applications across diverse fields.

Fig. 1 Diagram illustrating the modulation of electronic states in Ag30 
nanoclusters within a ring-shaped POM. (a) Modulation of oxidation states in 
Ag30 nanoclusters through variations in synthetic conditions. (b) Modulation of 
charge distribution via protonation and deprotonation of the ring-shaped POM.

Results and discussion
The {Ag30}22+ nanocluster within P8W48 (i.e., Ag30) was 
synthesized by reacting 16 Ag+-containing P8W48 (i.e., Ag16) 
with silver acetate in DMF, which acted as a solvent and a mild 
reducing agent (Fig. 1a).13 As a result, 14 Ag+ were integrated 
into Ag16 through the partial reduction of Ag+ to Ag0, leading 
to the creation of the {Ag30}22+ nanocluster. We hypothesized 
that the electronic state of the Ag nanoclusters within P8W48 
could be further modulated using a strong reducing reagent. 
Upon addition of TBABH4 to the reaction solution of Ag16 and 
silver acetate (Fig. S1b; see ESI for details), the color of the 
solution rapidly shifted from light yellow to dark brown. The 
UV–vis spectrum of Ag30 in acetonitrile displayed no 
characteristic absorption in the visible light region. In contrast, 
the reaction solution exhibited an absorption band at 472 nm 
(Fig. S2a), indicating the formation of Ag nanoclusters with 
distinct structures and/or electronic states, which are different 
from those of Ag30. The introduction of ethyl acetate into the 
reaction solution produced dark brown block-shaped single 
crystals (II). Notably, the UV–vis spectrum of these crystals 
dissolved in acetonitrile showed no significant difference from 
that of the reaction solution, suggesting that II was the main 
product of the reaction (Fig. S2b).

Page 2 of 7Nanoscale



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

Fig. 2 (a) Crystal structure depicting the anion part of II. Green octahedra, {WO6}; 
purple tetrahedra, {PO4}; black spheres, Ag atoms; red spheres, O atoms. (b) Structure 
of an {Ag30}18+ nanocluster in II. (c) UV–vis spectra of I and II in acetonitrile (10 µM, 1 cm 
quartz cell). (d) XPS spectrum in the Ag 3d region of II (black dots) and the sum of the 
curve-fitting analysis (orange line) obtained through the linear combination of Ag0 (blue 
line) and Ag+ (red line) with an area ratio of Ag0/Ag+ = 12/18.

Elemental analysis and acid–base titration (Fig. S3) 
revealed that the formula of II was TBA17H5[Ag30P8W48O184], 
indicating the involvement of 30 Ag atoms within P8W48. 
Single-crystal X-ray structure analysis of II (Table S1, Fig. S4) 
showed distinct electron densities attributed to Ag atoms 
confined exclusively within the P8W48 cavity, resulting in the 
formation of an Ag30 nanocluster (Figs. 2a, 2b, and S5). In the 
crystal structure of II, 26 of the 30 Ag atoms were arranged in 
the fcc structure, while the remaining 4 Ag atoms were 
integrated into two hinge sites between adjacent {P2W12} 
units. The Ag30 nanocluster in II exhibited structural similarity 
to that of I (Tables S2, S3, Fig. S5). The bond valence sum 
values of P and W indicate the oxidation states of +5 and +6, 
respectively (Table S4). The UV–vis spectrum of II did not show 
strong absorption in the 600–800 nm range associated with 
W6+/W5+ intervalence charge transfer, indicating that W6+ 
maintained its oxidation state without being reduced to W5+ 
(Fig. 2c).

Although I and II exhibited similar structures, the UV–vis 
spectrum of II significantly differed from that of I (Fig. 2c). 
Considering that the absorption bands of I in the visible light 
region were attributed to charge transfer from the {Ag30}16+ 
nanocluster to the W atoms of P8W48, as well as intra-
electron excitation within the {Ag30}16+ nanocluster,13 this 
result suggests that II possesses a distinct electronic state 
compared to I. Considering the anion charge of P8W48 
([P8W48O184]40−) and the number of cations (17 TBA+ and 5 H+), 
the charge of the Ag30 nanocluster in II was determined to be 
+18. Analysis of the X-ray photoelectron spectroscopy (XPS) 
spectrum of II in the Ag 3d region revealed two peaks at 

367.6 eV (Ag 3d5/2) and 373.6 eV (Ag 3d3/2) (Fig. 2d). Through 
curve-fitting analysis, these peaks were deconvoluted into Ag+ 
(3d5/2 367.5 eV; 3d3/2 373.5 eV) and Ag0 (3d5/2 367.9 eV, 3d3/2 
373.9 eV) with an area ratio of Ag0/Ag+ = 12/18 (Table S5). 
These findings confirm the oxidation state of the {Ag30}18+ 
nanocluster in II, possessing 12 valence electrons, contrasting 
with the {Ag30}16+ nanocluster in I, which has 14 valence 
electrons. To further elucidate the electronic state of the Ag30 
nanocluster in II, we conducted solid-state Ag K-edge X-ray 
absorption fine structure (XAFS) spectroscopy measurements 
(Fig. 3). The X-ray absorption near-edge structure (XANES) 
spectrum of II was found to be more similar to that of I 
({Ag30}16+) than Ag30 ({Ag30}22+), corroborating the oxidation 
state of the {Ag30}18+ nanocluster in II (Figs. 3a, 3b). Additionally, 
with the introduction of TBABH4 into the acetonitrile solution 
of II, the UV–vis spectrum showed increased absorption bands 
around 420 and 380 nm, similar to those of I, suggesting the 
conversion of II into I through further reduction (Fig. S6). This 
finding further validates the successful synthesis of {Ag30}18+ 
nanoclusters, which possess fewer valence electrons than the 
{Ag30}16+ nanoclusters in I. Overall, we demonstrated the 
controllable modulation of the oxidation state and structure of 
Ag30 nanoclusters within P8W48 by selecting appropriate 
reducing reagents. Although there have been instances of Au 
or Au-metal alloy nanoclusters displaying multiple oxidation 
states,2,16 a pair of Ag nanoclusters sharing similar structures 
yet differing in oxidation states remains uncommon, largely 
owing to the inherent instability of Ag nanoclusters, which 
readily undergo structural change during the modification of 
oxidation states.17

The structure of the Ag30 nanocluster in II was further 
investigated using Ag K-edge extended X-ray absorption fine 
structure (EXAFS) analysis. The k-space EXAFS of II displayed an 
oscillation pattern similar to that of I (Fig. 3c), aligned with the 
crystallographic analysis, which revealed no significant 
structural disparities between the Ag30 nanoclusters in I and II. 
Conversely, the Fourier-transformed R-space EXAFS spectrum 
of II (Fig. 3d) exhibited an intense peak at a slightly longer R 
value than that of I, underscoring the structural differentiation 
between I and II. Curve-fitting analysis was conducted for the 
EXAFS spectra of I and II to elucidate the variance in the Ag–Ag 
bond length distribution between I and II, stemming from the 
subtle displacements of the Ag sites. The coordination number 
(CN) and Ag–Ag distance (R) of II (CN = 4.9 ± 0.3, R = 2.81 ± 
0.03 Å) exceeded those of I (CN = 3.9 ± 0.3, R = 2.77 ± 0.03 Å) 
(Table S6). This fitting analysis result was consistent with the 
expected CN and R values derived from crystallographic 
analysis (CN = 5.0, R = 2.82 Å), calculated based on the count 
and average bond length of Ag–Ag bonds below 2.88 Å. 
Conversely, EXAFS analysis did not reveal relatively long Ag–Ag 
bonds (> 2.88 Å), likely owing to interference from a broad 
bond length distribution. Thus, the fitting analysis of EXAFS, 
which indicated a larger CN for II than for I, demonstrated that 
the {Ag30}18+ nanocluster in II had a shorter Ag–Ag bond (< 2.88 
Å) than the {Ag30}16+ nanocluster in I.
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Fig. 3 Solid-state Ag K-edge XAFS measurements of II and I performed at −263°C. (a) 
Wide view and (b) enlarged view around the white line (E = ca. 25512 eV) of XANES 
spectra. (c) k3-weighted k-space EXAFS spectra and (d) Fourier-transformed R-space 
EXAFS spectra (k range, 3–16 Å).

We then attempted to manipulate the charge distribution 
in the Ag30 nanocluster by protonation and deprotonation of 
the P8W48 framework. Given the ability of POMs to reversibly 
store and release multiple protons in their frameworks owing 
to their unique acid–base properties, the negative charges of 
POM ligands can be adjusted by varying the number of protons 
on the POMs. Exploiting this characteristic, we recently 
demonstrated that electron donation from the [Si2W18O66]16− 
anion to the {Ag27}17+ nanocluster could be controlled by 
protonation and deprotonation of the [Si2W18O66]16− anion.12d 
When p-toluenesulfonic acid (TsOH, 0–4 equivalents relative to 
II) was added to the acetonitrile solution of II, the UV–vis 
spectra showed a slight increase in absorbance at λ = 472 nm 
and decrease at λ = 510 nm (Figs. 4a, S7). This result suggests 
that the electronic state of II can be adjusted by the addition 
of stoichiometric amounts of TsOH. Moreover, adding TsOH 
(8–12 equivalents relative to II) reduced the absorbance at λ = 
472 nm. After the reaction of II with TsOH, excess diethyl ether 
was added to isolate the product as a powder, and the peaks 
assignable to the C–H vibration of TBA cations (2800–3050 
cm−1) were significantly decreased in the IR spectrum (Fig. S8), 
indicating that the TBA cations of II were exchanged with 
protons upon the reaction with TsOH. On the other hands, 
when Na+ ions (sodium trifluoromethanesulfonate) were 
added to the acetonitrile solution of II instead of protons, no 
significant change was observed in the UV-vis spectra (Fig. S9). 
These findings imply that the structure and/or electronic state 
of the Ag nanocluster in P8W48 was changed by reacting with 
TsOH.

To further elucidate the structure and electronic state of 
the Ag30 nanocluster in II during the reaction with TsOH, 
solution-state Ag K-edge XAFS studies were performed. The 
XANES spectra and k-space EXAFS oscillation patterns of II 
showed no significant difference between the solid-state and 
acetonitrile solutions, indicating that the structure and 

electronic state of the Ag30 nanocluster in II remained 
unchanged in solution (Fig. S10). Moreover, both the k-space 
and Fourier-transformed R-space EXAFS spectra of the reaction 
solution of II and TsOH showed no significant changes, 
indicating the structural integrity of the Ag30 nanocluster in II 
during the reaction (Figs. S11 and S12). However, the XANES 
spectra of the reaction solution containing II and TsOH 
revealed an increasing white line (E = ca. 25512 eV) as the 
amount of TsOH increased (Figs. 4b, S13a, and S13b). This 
result suggests that the protonation of II reduces electron 
donation from the P8W48 ligand to the Ag30 nanocluster, 
resulting in changes in the UV–vis absorption. Furthermore, 
upon the addition of an equivalent amount of TBAOH relative 
to TsOH to the reaction solution of II and TsOH, the UV–vis and 
XANES spectra reverted to characteristics resembling those of 
the original II, indicating that the electronic state of the Ag30 
nanocluster in II can be controlled by adding stoichiometric 
amounts of acid and base (Figs. S14, S15a, and S15b).

Finally, density functional theory calculations were 
performed to analyze the natural charge population of the 
{Ag30}18+ nanocluster in II, considering different numbers of 
protons on the P8W48 ligand (see experimental details in the 
ESI; Fig. S16). The calculation with four protons on the 
[{Ag30}18+P8W48O184]22− anion showed that the natural charges 
of the Ag atoms at the center of the Ag30 nanocluster (i.e., Ag4, 
Ag6, and Ag7; Figs 4c, S17, Tables S7) ranged from −0.33 to 
−0.16, which were more negative than those of the other Ag 
atoms on the surface or adjacent to the P8W48 ligand (i.e., 
0.46–0.81 for Ag1, Ag2, Ag3, Ag5, and Ag8). The total natural 
charge of the Ag30 nanoclusters within the ring-shaped POM 
(i.e., [H4P8W48O184]36−) was +11.3, which is more negative than 
that of the Ag30 nanocluster without the POM ligand (+18.0) 
(Fig. S18). This suggests that the POM ligand acts as an 
electron-donating ligand. The total natural charges of the Ag30 
nanocluster with 4, 8, and 12 protons on the P8W48 ligand 
were +11.3, +11.6, and +11.8, respectively, indicating a 
decrease in the electron density of the Ag30 nanocluster with 
an increase in the number of protons on the P8W48 ligand. 
This observation aligns with the results of the Ag K-edge 
XANES analysis. With an increase in the number of protons on 
the P8W48 ligand from 4 to 8 (i.e., [H4P8W48O184]36− to 
[H8P8W48O184]32−), the natural charge of Ag4 became more 
negative, whereas those of Ag7 became more positive (Fig. 
4c). However, with the addition of 4 more protons (forming 
[H12P8W48O184]28−), the natural charge of Ag4 became more 
positive and that of Ag7 became more negative. Additionally, 
the Ag3, Ag4, and Ag6 sites showed a slight increase in natural 
charge by 0.02–0.04, indicating a reduction in electron 
donation from the P8W48 ligand, influencing the electronic 
state of the Ag30 nanocluster within P8W48. These findings 
suggest that the charge distribution of Ag nanoclusters can be 
controlled by the protonation states of the POM ligands. 
Additionally, given that the changes in the natural charge 
populations exhibited different trends depending on the 
number of protons, this computational study aligns with the 
multistep changes observed in the UV–vis spectra of the 
reaction solution when II was reacted with increasing amounts 
of TsOH. These results suggested that the positions of protons 
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added to P8W48 differ every 4 equivalents, resulting in a 
significant change in the UV-Vis spectra of II with the addition 
of 4, 8, and 12 equivalents of TsOH (Fig. S16).

Fig. 4 (a) UV–vis spectra of II after adding TsOH (4, 8, and 12 equivalents) in 
acetonitrile. (b) The enlarged view around the white line (E = ca. 25512 eV) of solution-
state Ag K-edge XANES spectra of II upon TsOH addition in acetonitrile. (c) Changes in 
the natural charge of the {Ag30}18+ nanocluster within a ring-shaped POM upon 
protonation. Change in the natural charge of each Ag atom after adding protons to a 
ring-shaped POM framework. Ag atoms are color-coded based on the changes in the 
natural charges.

Conclusions
In this study, we demonstrated the modulation of the 
electronic state of Ag30 nanoclusters within a ring-shaped POM 
([P8W48O184]40−, denoted as P8W48) using two approaches. An 
{Ag30}18+ nanocluster in P8W48 was synthesized by adding 
tetra-n-butylammonium borohydride as a reducing reagent to 
a reaction solution of 16 Ag+-containing P8W48 and Ag+ ions. 
The {Ag30}18+ nanocluster in P8W48 possessed an fcc-type 
structure similar to that of the previously reported {Ag30}16+ 
nanocluster13 despite the different oxidation states. Moreover, 
we demonstrated that the charge distribution of the {Ag30}18+ 
nanocluster could be modulated by leveraging the acid–base 
properties of the POMs. These findings suggest that POM-
stabilized Ag nanoclusters with different structures and 
electronic states can be obtained by controlling the synthetic 
conditions and post-synthetic modulation. This capability will 
accelerate the development of their applications and 

properties, including their catalytic activity, photochemical 
properties, adsorption, sensing, and medical applications.
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