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ABSTRACT. Identifying systems composed of earth-abundant elements capable of photoinduced 

electron-transfer represents a major breakthrough for the development of sustainable photocatalytic 



processes. Herein, we demonstrate that octahedral tungsten-halide clusters constitute a promising new 

class of robust photosensitizers, owing to their exceptional chemical stability, intense luminescence, 

and long-lived triplet excited states. Upon irradiation in aqueous solution, these species transfer an 

electron to polyoxometalates (POMs), well-known molecular catalysts capable of multi-electron 

redox chemistry. More specifically, we investigate the photophysical properties of supramolecular 

systems combining the cluster-based motif [{W6Ii
8}Cla

6]2- and a series of archetypal POMs 

([PW12O40]3-, [SiW12O40]4-, [BW12O40]5-, [P2W18O62]6-) as electron-acceptor units, in the presence of γ-

cyclodextrin (γ-CD), which acts as both a supramolecular assembly scaffold and a stabilizing agent. 

The photoinduced electron-transfer process was investigated using steady-state and time-resolved 

optical spectroscopy, complemented by spectro-electrochemical measurements, which 

unambiguously confirm electron transfer from the excited cluster to the POMs. Furthermore, we 

demonstrate that both the ionic charge of the POMs and the presence of γ-CD significantly influence 

the efficiency of the process. This work highlights the dual role of γ-CD, which facilitates the 

association of two negatively charged inorganic units and stabilizes the charge-separated state by 

maintaining an appropriate spatial arrangement within the supramolecular assembly. 

 

INTRODUCTION. 

 

Among the strategies explored to mitigate the energy crisis, artificial photosynthesis has emerged 

as a particularly promising direction.1–7 In that chemical process, photocatalytic materials absorb solar 

energy and mediate the conversion of water and carbon dioxide into useful fuel molecules.8–14 Such 

systems are frequently based on expensive metals (e.g., Ir(III), Ru(II), Pt(II), etc.), or on quantum 

dots containing toxic elements such as Cd or Pb. These materials combine high efficiency, robustness, 

and unique electronic properties, making them particularly appealing for specific photocatalytic 

reactions such as water splitting or CO2 reduction.15–22 However, their high cost, environmental 



impact, and scalability issues present significant challenges that hinder their widespread 

implementation.23,24 Recent efforts have therefore focused on developing alternative systems based 

on earth-abundant and non-toxic components. In this context, inorganic molecular systems, free of 

critical raw materials, have emerged as promising alternatives for sustainable photocatalysis. 

Octahedral metal atom clusters based on transition elements like molybdenum or tungsten, less 

expensive than noble metals, constitute a class of electron-rich species that exhibits a strong potential 

as photosensitizers.25 Metal atom clusters are formally defined as finite assemblies of metal atoms 

held together entirely, predominantly, or to a significant extent by metal-metal bonds, even though 

non-metal atoms may also be intimately associated with the cluster.26,27 Octahedral, nanometer-sized 

clusters of transition metals coordinate halogen or chalcogen ligands to give rise to two major 

structural families: edge-bridged [{M6Qi
12}Xa

6] units and face-capped [{M6Qi
8}Xa

6] units, where i and 

a denote inner and apical ligands, respectively. The intrinsic properties of these M6 clusters are 

governed by the nature of the metal, the number of valence electrons, and the identities of both the 

inner (Li) and apical (La) ligands. Within these families, the face-capped motifs [{M6Qi
8}Xa

6] (M = 

Re, Mo, W; Qi = S, Se, Te and/or Cl, Br, I; Xa = Cl, Br, I) are particularly noteworthy.27 They display 

attractive optical and redox characteristics and can generate reactive oxygen species, enabling their 

use in the design of nanomaterials and functional surfaces with potential applications in lighting, 

photocatalysis, and biomedical technologies.28–32,25,33 In particular, halide and mixed-halide face-

capped Mo6 and W6 clusters- typically formulated as [{M6Xi
8}Xa

6]2- and [{M6Xi
8}X’a

6]2- (M = Mo, W; 

X, X' = Cl, Br, I)- exhibit remarkable photophysical behavior, including broad and intense absorption 

in the UV-visible region, two photons absorption, strong red to near-infrared phosphorescence with 

quantum yields reaching up to 80%, and long-lived triplet excited states on the microsecond 

timescale.34–42  

However, W6- and Mo6-based halides often display hydrolytic instability, restricting their aqueous-

phase applications and sometimes affecting their physical properties.43–46 Upon dissolving the cluster 



salt in aqueous solution, a pH-dependent hydrolysis occurs, leading to the substitution of the apical 

ligands by water molecules and/or OH- groups. The reaction kinetics, however, strongly depend on 

the nature of the {M6Xi
8} core.45,47 We selected the [{W6Ii

8}Cla
6] motif because the Ii/Cla ligand 

combination endows the cluster with desirable photophysical properties, and tungsten halide clusters 

are generally less sensitive than their molybdenum analogues to substitution of apical ligands by 

water molecules. In particular, tungsten clusters exhibit enhanced stability in aqueous media, which 

motivated the choice of a tungsten-based octahedral halide cluster for this study.  Moreover, to 

enhance the stability of the cluster in aqueous solutions, encapsulation with g-cyclodextrin (g-CD) 

was implemented. g-CD is a water-soluble macrocycle that is characterized by crown-like hydrophilic 

outer portals and a hydrophobic internal cavity, making it highly suitable for forming stable inclusion 

complexes with chaotropic guest anions, like inorganic polyanions.48–50 Based on this strategy, the 

host-guest complex {[{W6Ii
8}Cl6]@(g-CD)2}2- 47 was investigated as a photosensitizing unit in 

aqueous solution to study the photoinduced electron transfer between [{W6Ii
8}Cla

6]2- and 

polyoxometalates (POMs), while preventing any apical ligand exchanges by water. 

POMs are typically described as molecular metal-oxide composed of early transition metals in their 

highest oxidation states, such as V5+, Mo6+, and W6+, coordinated with oxygen atoms to form a diverse 

range of atomically precise architectures.51–56 These metal oxo frameworks function as effective 

"electron reservoirs", facilitating various redox processes by accepting and donating electrons- a 

property that underpins their utility in numerous catalytic applications.55,57–61 As with the cluster 

component, the selection of the POM composition and structural archetype enables the pre-screening 

of species with targeted physicochemical properties, tailored to the desired chemical transformation 

or to the construction of specific supramolecular assemblies. Moreover, their tunable redox potentials 

can be precisely modulated by varying the POM structure and elemental composition.60,62,63 However, 

developing efficient POM-based systems without noble metals for water splitting under visible light 

remains a major challenge, primarily due to the weak absorption of POMs in the visible range. To 



address this limitation, we investigate here the photosensitizing and electron donating capability of 

the tungsten cluster-based halide [{W6Ii
8}Cla

6]2- (Scheme 1A) encapsulated within two g-CDs 

(Scheme 1D), in combination with several POMs. This includes Keggin-type anions [XW12O40]n- with 

X = P5+, Si4+, or B3+ (Scheme 1B), and the Dawson-type anion [P2W18O62]6- (Scheme 1C). 

 

Scheme 1. (A) Structural representation of the tungsten cluster-based halide. Black sphere: W, yellow 

sphere: I, green sphere: Cl. (B) and (C) Structural representations of the Keggin- and Dawson-type 

POMs. Blue octahedra: W, yellow tetrahedra: heteroelement X (P, Si or B). (D) Structure of g-CD.  

Using a combination of spectroscopic techniques, we demonstrate that the excited W6-based motif 

undergoes efficient photoinduced electron transfer to the POMs. We further assess how the POM 

charge and the presence of additional g-CD influence the charge-transfer efficiency. Building on our 

initial study in organic media,64 we extend here this investigation to aqueous solution, which reveals 

the beneficial role of γ-CD, as a supramolecular assembly agent, in modulating the efficiency of the 

electron-transfer process between the tungsten halide cluster and the POMs.  

 

EXPERIMENTAL SECTION 

Materials. Chemicals and solvents for all synthesis and characterization procedures were 

purchased from Sigma-Aldrich and TCI, and are used as it is. Na2{[{W6Ii
8}Cla

6]@(g-CD)2}, 

H3[PW12O40]·14H2O, H4[SiW12O40]·15H2O, H5[BW12O40]·10H2O and K6[P2W18O62]·15H2O were 



prepared according to literature procedures47,65–68 and checked by routine analyses (IR, TGA, EDX, 

and NMR).  

Methods. For photophysical measurements, all sample solutions were thoroughly deoxygenated 

by purging with argon for at least 20 min to prevent the oxygen-induced quenching of the 

{[{W6Ii
8}Cla

6]@(g-CD)2}2- cluster.  

Steady-state absorption and fluorescence spectroscopy. UV-visible steady-state absorption 

spectroscopy was performed using an Analytik Jena spectrophotometer. The sample concentrations 

for both absorption and emission measurements were in the micromolar range, and the spectra were 

recorded in standard quartz cuvettes with a 4 x 10 mm optical path length. Emission spectra were 

obtained using a Scientific Fluoromax PLUS (Horiba Jobin-Yvon) at room temperature in deaerated 

0.1 M HClO4 solution. The presented emission spectra were corrected for the response of both the 

monochromator and the detector. All samples were excited at 420 nm, with both excitation and 

emission slit bandpass of 5 nm. 

Time-resolved emission spectroscopy. The time-resolved emission measurements were 

performed using a mid-band (FWHM ~ 4-5 cm-1) optical parametric oscillator (OPO), which was 

pumped by the 3rd harmonic of a pulsed nanosecond Nd:YAG laser (EKSPLA), as the excitation 

source, delivering 4 ns pulses at a repetition rate of 10 Hz. After passing through the sample, the 

emitted light was directed to a spectrograph (SPEX 270M, Jobin-Yvon) via an optical fiber bundle 

for analysis. The spectrograph dispersed the light, which was then detected by an intensified charge-

coupled device (ICCD) camera, PIMAX-4 (Princeton Instrument). The emission kinetics were 

investigated within the 400 to 700 nm range. 

Transient absorption spectroscopy. Laser flash photolysis experiments were conducted using the 

same EKSPLA laser system described above. The pump laser operated at a repetition rate of 10 Hz, 

delivering pulses with a width of 4 ns and an energy range of 1-2 mJ per pulse. For transient 

absorption measurements, a nanosecond white light supercontinuum laser (STM-2-UV LEUKOS) 



with a temporal width of less than 1 ns was employed as the probe light. The probe laser was set to a 

repetition rate of 20 Hz. To monitor spectral energy distribution fluctuations, the probe beam was 

split by a beam splitter, directing one part of the beam to the sample cell and the other to a reference. 

The transmitted light from the sample entered the center of a round-to-linear optical fiber bundle, 

which guided the light to a spectrograph (SPEX 270M, Jobin-Yvon) for spectral analysis. The 

dispersed white light from the spectrograph was detected by an intensified charge-coupled device 

(ICCD) camera (PIMAX-4, Princeton Instrument), which was synchronized with both the pump and 

probe lasers. The spectrograph simultaneously recorded spectra from both the reference and the 

sample. 

Using Equation (1), difference absorption spectra can be recorded by varying the delay time 

between pump and probe: 

ΔA = 𝑙𝑜𝑔!" '
#!"#
$

#!"#
% 	×

#&'($)"
%

#&'($)"
$ *                      (1) 

where 𝑠$%&
'  and 𝑠$%&"  are reference spectra when the pump is on and off, respectively, while 𝑠#()'*%

'  

and 𝑠#()'*%"  are sample spectra when the pump is on and off, respectively. All measurements were 

taken with a quartz cuvette of 4 mm x 10 mm dimension. 

Electrochemical measurements. Cyclic voltammetry (CV) experiments were conducted using a 

compact PalmSens4 potentiostat, controlled by a computer via Nova software. All measurements 

were performed at room temperature in a single-compartment micro-cell. A glassy carbon (GC) 

electrode with a 2 mm diameter was employed as the working electrode, while a graphite electrode 

served as the auxiliary electrode. Potentials were quoted against an Ag wire reference electrode, and 

all values are referenced to the ferrocene/ferrocenium internal standard. Electrochemical 

measurements were carried out in 0.1 M HClO4, acting as the supporting electrolyte. Prior to the 

experiments, all solutions were purged with argon for at least 20 min to remove oxygen, and they 

were kept under a positive argon pressure throughout the experiment. The potentials determined from 



the CV ([PW12O40]3-: 0.1 V,  [SiW12O40]4-: -0.2 V, [BW12O40]5-: -0.4 V, [P2W18O62]6-: 0.1 V) were used 

to conduct chronoamperometry with the same working, reference and auxiliary electrodes of the 

previously described cell system. To ensure complete oxidation/reduction, the samples were 

quantitatively oxidized or reduced stepwise using controlled potential coulometry. Linear scan 

voltammetry measurements were performed at each coulometric step (before and after reduction) 

with a rotating disk electrode to confirm complete reduction/oxidation. The reduced POM solutions 

were subsequently analysed using a Perkin Elmer Lambda 750 UV-Vis-NIR spectrophotometer. 

 

RESULT and DISCUSSION.  

Steady-state absorption and emission measurements of {[{W6Ii
8}Cla

6]@(g-CD)2}2- cluster. The 

absorption and emission spectra of the host-guest complex {[{W6Ii
8}Cla

6]@(g-CD)2}2-  are presented 

in Fig. 1A. The host-guest complex displays an intense absorption band in the ultraviolet (UV) region 

centered around 326 nm, which extends into the visible range up to approximately 450 nm. The 

signature of the host-guest complex is dominated by the optical properties of [{W6Ii
8}Cla

6]2, which 

exhibit ligand-to-metal charge-transfer (LMCT) transitions in the near-ultraviolet region.69 

Upon excitation of {[{W6Ii
8}Cla

6]@(g-CD)2}2- at 420 nm in deaerated 0.1 M HClO4, a broad 

emission band centered near 670 nm is observed, with a quantum yield of 0.11 ± 0.01, in good 

agreement with the reported values.47 This emission spans the red and near-infrared regions and is 

similar to the behavior of [{W6Ii
8}Cla

6]2-
 in acetonitrile, as previously reported by Gray and 

coworkers.70 The emission intensity and spectral position suggest that the inclusion within the g-CD 

cavity does not significantly alter the emissive properties of [{W6Ii
8}Cla

6]2-, underscoring its chemical 

robustness and the preservation of its electronic structure upon encapsulation. On the other hand, 

POMs display either negligible or weak absorption in the visible region (Fig. 1B). Their characteristic 

LMCT bands, originating from oxygen-to-tungsten (O®W) transitions within tungsten-oxo 

frameworks, are predominantly observed in the UV region.71  



  

Figure 1. (A) Steady-state absorption (blue) and emission (red) spectra of 40 µM aqueous solution of 

{[{W6Ii
8}Cla

6]@(g-CD)2}2-, and (B) steady-state absorption of POMs in 0.1 M HClO4 

Time-resolved spectroscopic measurements of {[{W6Ii
8}Cla

6]@(g-CD)2}2- cluster. Time-

resolved emission measurements of the cluster were performed upon excitation at 420 nm. The 

excited-state lifetime was determined by mono-exponential fitting of the kinetic trace at 650 nm, 

yielding a value of 9.7 ± 0.6 µs (inset of Fig. 2A). This value aligns closely with the previously 

reported data by Gray et al. (10 µs),70 confirming the consistency of the photophysical behavior of 

the cluster. In aerated solutions, the excited-state lifetime decreased significantly to 4.0 ± 0.4 µs due 

to O2 induced quenching (Fig. 2B), confirming the triplet nature of the excited state. 

 

Figure 2. (A) Time-resolved emission spectra, (B) time-resolved emission decays, and (C) 

nanosecond transient absorption spectra of 200 µM of {[{W6Ii
8}Cla

6]@(g-CD)2}2- in 0.1 M HClO4. 

Pump fluence = 9 mJ/cm2 at λexc = 420 nm. 
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The transient absorption (TA) spectra (Fig. 2C) were recorded under identical excitation conditions. 

They reveal characteristic features of the triplet-excited state across the visible range, with a 

pronounced absorption maximum at approximately 400 nm. The triplet excited-state lifetime was 

determined by monoexponential global fitting of the TA kinetic traces, yielding a value of 9.5 ± 0.4 

µs, in excellent agreement with the emission lifetime. This concordance reinforces the reliability of 

the experimental approach used for the photophysical characterization of [{W6Ii
8}Cla

6]2-. 

Understanding the photophysical properties of this triplet state is essential for exploring the cluster’s 

potential in triplet-mediated photochemical applications. 

Quenching of {[{W6Ii
8}Cla

6]@(g-CD)2}2- by POMs. The quenching behavior of the excited state 

of {[{W6Ii
8}Cla

6]@(g-CD)2}2- by POMs as electron acceptors was systematically investigated to 

elucidate the dynamics of the photoinduced electron transfer (PET) reactions. Quenching rate 

constants were determined through steady-state and time-resolved emission measurements at varying 

POM concentrations in argon-saturated 0.1 M HClO4. The Stern-Volmer (SV) relationship was 

employed to analyse the quenching efficiency, using the equations τ0/τ = 1+ ksv[Q] or I0/I = 1 + ksv[Q], 

where τ0 and I0 are the emission lifetime and intensity in the absence of quencher, respectively, and 

[Q] is the quencher concentration. The quenching constant (kq) was determined using kq = ksv/τ0. Upon 

the addition of [PW12O40]3-, [SiW12O40]4-, [BW12O40]5-, and [P2W18O62]6-, a gradual decrease in both 

emission intensity and lifetime of [{W6Ii
8}Cla

6]2- was observed (Figures S1, S2, S3 and S4). Linear 

fitting of Stern-Volmer plots (Fig. S5) obtained for all POMs in both steady-state (I0/I) and time-

resolved (τ0/τ) measurements results in very similar Stern-Volmer constants, consistent with a 

dynamic quenching mechanism. The Stern-Volmer constants (ksv) and quenching rate constants 

(kq) for the interaction of [{W6Ii
8}Cla

6]2- with POMs obtained from time-resolved measurements 

are summarized in Table 1 and those from steady-state measurements are listed in Table S1. 

These parameters provide crucial quantitative metrics for evaluating the efficiency of the 

quenching process mediated by the POMs. 



Table 1. POM volume charge densitya (VCD) and standard reduction potentialb (Ered), and Stern-

Volmer and quenching rate constants (ksv and kq) determined from time-resolved emission lifetime 

decay by POM 

POMs 
VCDa 

(C.cm-3) 

Ered
b 

(V) 

ksv  

(M-1) 

kq x 109 

(M-1s-1) 

[PW12O40]3- 827 0.13 17989 1.93 

[P2W18O62]6- 1060 0.12 14860 1.60 

[SiW12O40]4- 1103 -0.10 13237 1.43 

[BW12O40]5- 1379 -0.36c 11516 1.24 

aVolume charge density estimated based on the volume of the POMs (581 Å3 for Keggin anions; 
907 Å3 for Dawson anion), bThe first standard potential of the POM (V vs. Fc/Fc+) measured by CV 
in 0.1 M HClO4, cmeasured in acetate buffer at pH = 5 (see Fig. S6, ESI). 

Among the studied POMs, [PW12O40]3- demonstrates the highest Stern-Volmer constant (ksv = 17989 

M-1) and bimolecular quenching rate constant (kq = 1.93×109 M-1s-1), which can be attributed to its 

highest redox potential (Ered = 0.13 V vs Fc/Fc+) and lowest volume charge density (VCD = 827 C.cm-

3). The first standard reduction potential (Ered) of POMs, determined using cyclic voltammetry (Fig. 

S6), reflects the POM’s ability to accept electrons. It plays a crucial role in determining quenching 

efficiency. A higher Ered increases the thermodynamic driving force for electron transfer from the 

excited state of the donor ([{W6Ii
8}Cla

6]2-) to the acceptor (POM). Furthermore, the low volume 

charge density minimizes the Coulombic repulsion between the POM and [{W6Ii
8}Cla

6]2-, which are 

both negatively charged, and thus facilitates dynamic quenching. In contrast, POMs with higher 

volume charge densities exhibit reduced quenching efficiencies following the trend [PW12O40]3- > 

[SiW12O40]4- > [BW12O40]5- among Keggin-type POMs. This tendency is consistent with the greater 

electrostatic repulsion between negatively charged POMs and [{W6Ii
8}Cla

6]2-, which hinders effective 

interaction. Interestingly, the Dawson-type POM [P2W18O62]6- demonstrates a higher quenching 

constant (kq = 1.60×109 M-1s-1) than [SiW12O40]4- (kq = 1.43×109 M-1s-1) despite having a similar charge 



density. This deviation may stem from the intrinsic electronic properties of [P2W18O62]6-, which is a 

stronger electron acceptor than [SiW12O40]4-, as evidenced by the more positive potential of its first 

redox wave. 

 Effect of g-CD concentration. To evaluate the effect of g-CD, known for its ability to assemble 

POMs and clusters into a single supramolecular entity referred to as a CLUSPOM,72,73 we further 

investigated the photophysical behavior of these systems as a function of g-CD concentration. 

Initially, the {[{W6Ii
8}Cla

6]@(g-CD)2}2- cluster-based inclusion complex was characterized alone by 

incrementally increasing the g-CD concentration (see Fig. S10). No significant changes in emission 

intensity or lifetime were observed, indicating that the host-guest assembly between [{W6Ii
8}Cla

6]2- 

and γ-CD is already optimized. This optimized assembly involves one [{W6Ii
8}Cla

6]2- unit deeply 

encapsulated by two g-CD molecules, as observed in the solid state, forming a 1:2 sandwich 

complex.47,50 Consequently, further addition of g-CD does not enhance the shielding of the cluster 

from the surrounding solvent environment.  

  

Figure 3. (A) Steady-state emission spectra, and (B) time-resolved emission decays of 40 µM of 

{[{W6Ii
8}Cla

6]@(g-CD)2}2- and 200 µM of [PW12O40]3- at increasing concentration of γ-CD in Ar-

saturated 0.1 M HClO4. (C) Ratio of the emission lifetime as a function of the g-CD concentration in 

the 40 µM {[{W6Ii
8}Cla

6]@(g-CD)2}2- and 200 µM POM system (see text for details). 
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solutions containing {[{W6Ii
8}Cla

6]@(g-CD)2}2--POM with varying g-CD concentrations. As shown 

in Fig. 3A and 3B, the addition of 5 equivalents of [PW12O40]3- to the 40 µM aqueous solution of 

{[{W6Ii
8}Cla

6]@(g-CD)2}2- led to a ~6-fold decrease in both emission intensity and lifetime. 

Subsequent addition of 50 equivalents of g-CD to this solution caused an increase in both emission 

intensity and lifetime. Further increases in g-CD concentration led to gradual recovery of intensity 

and lifetime, although full restoration was not achieved even at 300 equivalents of g-CD. Similar 

experiments with [SiW12O40]4-, [BW12O40]5- and [P2W18O62]6- (Figures S7, S8 and S9) showed 

consistent enhancement in both emission intensities and lifetimes, though the magnitude of the effect 

varied, suggesting differences in responsiveness to g-CD. These observations can be attributed to the 

interactions between the POMs and the hydrophobic cavities of g-CD,74,75 consistent with recent 

findings showing that such nanoconfinement significantly suppresses the ability of POMs to undergo 

intermolecular electron transfer.76 This likely increases the spatial separation between the cluster and 

the POM units, thereby reducing emission quenching. As g-CD concentration increases, POMs can 

form encapsulated complexes with g-CD at different stoichiometries, depending on the concentration 

of g-CD and their binding constants.75 

We further examined the correlation between the g-CD concentration and the emission lifetime 

ratio tF/t0,  where t0 is the emission lifetime of {[{W6Ii
8}Cla

6]@(g-CD)2}2- with 5 equivalents of POM, 

and tF is the lifetime after adding a given amount of g-CD. As shown in Fig. 3C, tF/t0 increases for all 

POMs, with the highest enhancement observed for [PW12O40]3− (ratio ~3.5 at 100-300 equivalents g-

CD) and the lowest for [BW12O40]5−, suggesting reduced sensitivity to g-CD. These trends are 

consistent with the previous study on the binding behavior of POM with g-CD, in which the global 

charge density of the polyanions was varied.75 The interaction between POM and g-CD occurs 

through various recognition modes, which are strongly influenced by the chaotropic effect of the 

POMs and correlate with their binding constants. The Keggin-type POM [BW12O40]5- with a high 



ionic charge exhibits only weak interactions with the outer surface of the g-CD without host-guest 

encapsulation (binding constant K1:1 = 600 M-1). Further reduction of the ionic charge to [SiW12O40]4- 

results in the formation of 1:1 and 1:2 inclusion complexes, accompanied by higher binding constants 

(K1:1 = 9500 M-1, K1:2 = 150 M-1).75 At the lowest ionic charge, [PW12O40]3− exhibits the strongest 

binding associations (K1:1 = 90000 M-1, K1:2 = 1500 M-1).75  The Dawson-type POM [P2W18O62]6- also 

exhibited a two-step complexation process without true encapsulation due to host-guest size 

mismatch, leading to only moderate binding constants (K1:1 = 3200 M-1, K1:2 = 370 M-1).77 As the 

chaotropic character of POM can be evaluated with respect to their ability to bind to γ-CD, and thus 

to the values of the binding constants, the screening effect of γ-CD should increase following the 

order: [BW12O40]5− < [P2W18O62]6− < [SiW12O40]4− < [PW12O40]3−. The stronger the affinity towards the 

g-CD, the greater the isolation of [{W6Ii
8}Cla

6]2- and POM units, and therefore the lower the emission 

quenching efficiency. Consequently, the electron transfer efficiency in cluster-POM tandems can also 

be tuned by varying the concentration of g-CD unit.  

Transient absorption spectroscopy of CLUSPOM systems. Nanosecond transient absorption 

spectroscopy was employed to gain a deeper understanding of the charge transfer and recombination 

dynamics of the {[{W6Ii
8}Cla

6]@(g-CD)2}2- cluster-based inclusion complex in the presence of POM, 

with varying concentrations of g-CD. Transient absorption spectra of {[{W6Ii
8}Cla

6]@(g-CD)2}2- in 

the presence of 5 equivalents of [P2W18O62]6- were recorded in an argon-saturated aqueous solution 

(Fig. 4A).  
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Figure 4. Nanosecond transient absorption spectra of 200 µM of {[{W6Ii
8}Cla

6]@(g-CD)2}2- in the 

presence of 5 equivalents of [P2W18O62]6- with A) 0, B) 50 and C) 100 equivalents of g-CD in argon-

saturated 0.1 M HClO4. Pump fluence = 9 mJ/cm2 at λexc = 420 nm. 

Upon excitation at 420 nm, a characteristic TA signal with maximum absorption at approximately 

400 nm, attributed to the excited state of the {[{W6Ii
8}Cla

6]2- motif, was observed at 100 ns. Beyond, 

the signal gradually decayed, accompanied by the emergence of a new broad transient band spanning 

the visible range, with an absorption maximum around 700 nm. Global fitting of the TA kinetic traces 

(Fig. S14A) revealed two time constants: 0.7 ± 0.1 µs, corresponding to the formation of the charge-

separated state, and 112.6 ± 5.8 µs, associated with charge recombination (see the decay-associated 

differential spectra (DADS) in Fig. S15A).  

The subsequent addition of 50 and 100 equivalents of g-CD to the 1:5 mixture of {[{W6Ii
8}Cla

6]@(g-

CD)2}2- and [P2W18O62]6- resulted in transient absorption features similar to those observed for the in 

the initial mixture (Figures 4B and 4C). However, global fitting of the kinetic traces revealed slightly 

modified time constants: 1.6 ± 0.1 µs and 130.4 ± 8.2 µs for 50 equivalents g-CD and 2.3 ± 0.2 µs 

and 158.5 ± 16.9 µs for 100 equivalents. The increase in the first time constant associated with the 

electron transfer process, suggests that increasing g-CD concentration hinders electron transfer, due 

to enhanced shielding or increased spatial separation between {[{W6Ii
8}Cla

6]2- and the POM by g-CD. 

Although the complexation of POMs by CDs is known to slightly shift their first reduction potential, 

making them more difficult to reduce,75 the spatial separation between the donor and the acceptor 

should also contribute to the increases in these characteristic times. Indeed, the increased time 

constant for charge recombination indicates a slower back-electron-transfer process.  



  

Figure 5. Absorption spectra of (A) parent and one-electron oxidized cluster and (B) parent and one-

electron reduced POM. Reference electrode: Ag wire; working electrode: porous carbon and auxiliary 

electrode: graphite carbon; electrolyte: 0.1 M HClO4. 

Similar experiments performed with the cluster-Keggin POM systems produced comparable 

nanosecond transient absorption spectra (see Figures S11, S12 and S13), and global fitting of their 

TA kinetic traces (Figures S14B to D) revealed time constants of the same order of magnitude, 

corresponding to the formation of the charge-separated state, followed by the charge recombination 

(DADS in Figures S15B to D). 
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Figure 6. Comparison of spectro-electrochemical spectra (black: sum of one-electron oxidized cluster 

and one-electron reduced POM spectra) with nanosecond transient absorption spectra (red) observed 

for the charge-separated state. 

To confirm the photoinduced electron transfer from {[{W6Ii
8}Cla

6]2- to the POMs, the spectro-

electrochemical behavior of the reduced polyoxometalates and the oxidized cluster was investigated 

in 0.1 M HClO4 by applying potentials determined via cyclic voltammetry ([PW12O40]3-: 0.1 V, 

[SiW12O40]4-: -0.2 V, [BW12O40]5-: -0.4 V, [P2W18O62]6-: 0.1 V and {[{W6Ii
8}Cla

6]2-: 1.2 V). All POMs  

were quantitatively reduced to yield one-electron reduced species (Fig. 5B and Fig. S16). The 

Keggin-type POMs used in this study exhibit a broad absorption band spanning the visible to near-

infrared region, characteristic of the intervalence charge transfer bands of reduced POMs. The 

oxidized {[{W6Ii
8}Cla

6]@(g-CD)2}- inclusion complex exhibits two prominent absorption bands at 

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 D
A

l(nm)

[BW12O40]6-

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2
N

om
al

iz
ed

 D
A

l(nm)

[PW12O40]4-

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
om

al
iz

ed
 D

A

l(nm)

[P2W18O62]7-

400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

[SiW12O40]5-

N
or

m
al

iz
ed

 D
A

l(nm)



approximately 500 and 680 nm, leading to a noticeable colour change from yellow to brown (Fig. 

5A).  

Photoinduced electron transfer was confirmed by comparing the TA spectra at the delay time 

corresponding to the maximum formation of the charge-separated state with the linear combination 

of the spectroelectrochemical spectra of the one-electron-oxidized cluster and one-electron-reduced 

POMs (Fig. 6). In all cases, we observe almost perfect correspondence between the transient 

absorption spectroscopic features and the linear combination of the spectro-electrochemical 

difference spectra of the oxidized cluster-based motif {[{W6Ii
8}Cla

6]- and reduced POM (Fig. 6). This 

result confirms that photoinduced electron transfer occurs from the triplet excited state of 

{[{W6Ii
8}Cla

6]@(g-CD)2}2- to the POMs. 

CONCLUSION 

In this study, we first investigated the quenching behavior in aqueous solution of the excited state of 

the tungsten halide cluster-based motif, namely [{W6Ii
8}Cla

6]2-, encapsulated with two cyclodextrins, 

forming the host-guest complex {[{W6Ii
8}Cla

6]@(g-CD)2}2-, in the presence of polyoxometalates with 

varying charges and redox potentials. The resulting quenching rate constants revealed a strong 

dependence on both the charge density and reduction potential of the POMs, which in turn modulate 

the rate of photoinduced electron transfer. To further explore the influence of host-guest interactions 

with cyclodextrin introduced to stabilize the charge-separated state, we examined the effect of g-CD 

concentration on electron transfer efficiency in cluster-POM solutions. The results suggest that the 

interaction between POM and g-CD occurs through various recognition modes, strongly modulated 

by the chaotropic character of the POMs, as reflected in their binding constants. These observations 

were also supported by transient absorption studies, which revealed systematic increases in both 

charge-separation formation and charge-recombination lifetimes upon g-CD addition. Overall, this 

work demonstrates that fine-tuning the electron transfer efficiency in CLUSPOM systems can be 

achieved by modulating the POM’s redox potential, charge density, and supramolecular environment. 



These insights not only deepen the understanding of charge-transfer processes in sophisticated 

supramolecular systems but also provide guidelines for the development of robust, earth-abundant 

photosensitizer-catalyst systems for sustainable energy conversion applications.  
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