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Immobilization of Keggin-type polyoxometalates in 
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ABSTRACT: Immobilization of polyoxometalates (POMs) in organic materials by electrostatic 

attraction has emerged as one of the most effective methods to design robust and efficient 

heterogeneous catalysts. However, alternative strategies based on other weak supramolecular 

interactions, such as molecular recognition, remain less explored. In the present work, we 

investigate the adsorption capacity of insoluble -cyclodextrin (-CD) based polymers towards 

Keggin-type POMs driven by the chaotropic effect, to design supramolecular hybrid composites 

for oxidative catalysis. First, the polymeric host materials were synthesized by crosslinking -CD 

with epichlorohydrin (EPI) and fully characterized by infrared spectroscopy, solid state NMR and 

thermal gravimetric analysis (TGA). Four POMs, [PW12O40]3-, [PVVW11O40]4-, [PVIVW11O40]5-, and 

[H2W12O40]6-, with different ionic charges and chemical compositions, were studied to evaluate 

and compare their adsorption kinetics and equilibrium isotherms. The results show a fast and 

efficient adsorption process for all POMs, characterized by a pseudo-second order kinetics and a 

Langmuir isotherm model. The obtained POM@CD-EPI hybrids were then tested as 

heterogeneous catalysts in the oxidation reaction of benzyl alcohol. Excellent catalytic 

performances in terms of conversion (up to 100%), selectivity towards benzoic acid (up to 100%), 

and recyclability (up to 5 cycles) was achieved under mild conditions (60°C/24 h) using tertbutyl 

hydroperoxide as oxidizing agent. However, the use of H2O2 as an oxidant led to lower catalytic 

performance due to the rapid degradation of the POM-polymer composites under these 

conditions. It is then proposed that the POM-CD host-guest supramolecular arrangement plays a 

key role in both catalyst stability and the selective oxidation mechanism. 
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Introduction
Polyoxometalates (POMs) represent a class of water-soluble ionocovalent oxides built from 

group V and VI transition metals of high oxidation states such as VIV/V, MoV/VI or WV/VI.1 Vanadium-

containing mixed POMs are attracting attention because of their outstanding performance in 

homogeneous and heterogeneous oxidation catalysis for the conversion of organic substrates.2–

5 Keggin or Dawson-type vanadotungstate structures are generally obtained from an aqueous 

solution by selective addition of vanadium centers onto vacant POMs containing tetrahedron 

heteroatoms, such as PV. Association of POMs with organic units has attracted growing interest 

in recent years for the added value these hybrids provide, notably synergistic effects between 

organic and inorganic moieties in catalysis applications.6–10 

Heterogeneous catalysis with POMs is preferred for practical reasons, in particular to 

facilitate catalyst recycling.11 In the past few decades, many supports have been examined for 

the immobilization of POMs, e.g., silica, ion-exchange resins, polymers, ionic-liquids, and metal-

organic frameworks (MOFs).12–16 Encapsulation of POMs in various polymer materials, such as 

microgels, ionogels or biopolymers, can be achieved through various physicochemical processes 

to obtain responsive multifunctional materials with improved optical, mechanical or magnetic 

properties.17–19 Incorporation of POM anions in these hosting matrices usually occurs via weak 

supramolecular interactions, such as hydrogen bonds, electrostatic attraction, and ion dipole 

supported by solvent effects.

POMs, particularly those with lower charge density, can form very stable host-guest 

complexes with organic macrocycles such as cyclodextrin (CD) via molecular recognition 

processes.20,21 Their supramolecular association with CD dramatically improves their hydrolytic 

stability and significantly alters their properties such as solubility, redox behavior, or reactivity.22–

24 In particular, improved catalytic performances are expected from these hybrids in terms of 

structural robustness against severe reactions conditions, such as temperature, pH, or corrosive 

environment.25 Native CDs have shown a remarkable ability to form MOF-type ordered extended 

networks with POMs exhibiting an enhanced capacity for capturing ionic species, e.g., lithium 

cations or polyiodides.26,27 CDs can also form polymeric structures when combined with 
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crosslinking agents owing to their numerous –OH groups. Such condensation processes lead to 

stable bonds with different crosslinking units, often resulting in polymers of varying water 

solubility and molecular weight.28 Among the most readily available CD crosslinkers are 

diisocyanates, active carbonyl compounds, and epichlorohydrin (EPI).29 Immobilization of POMs 

in CD-based polymers has only recently been achieved with  and type CDs using hexamethyl 

diisocyanate (HDI)21,30 and diphenyl carbonate,31 respectively. In these hybrids and other similar 

POM-containing biopolymers, the host-guest interaction often results from the interplay of 

several phenomena such as inclusion, hydrogen bonding, and the chaotropic effect as driving 

forces for the self-assembly process.32–34  

Herein, this study aims to prepare guest-host POM-CD composites as heterogeneous 

catalysts for the oxidative reaction of organic substrates. EPI-crosslinked –CD polymers were 

first synthesized to serve as extended host matrices for the capture and immobilization of 

archetypal Keggin-type POMs (Fig. 1). Polymerization of this large macrocyclic CD to obtain 

water-insoluble materials in high yield was found less efficient with the HDI crosslinker than the 

EPI crosslinker. Detailed adsorption kinetics and isotherms were then carried out to optimize 

composite synthesis. Finally, the catalytic performances of the resulting hybrid materials were 

evaluated in the benzyl alcohol (BnOH) oxidation reaction.

Fig. 1. Schematic representation of the immobilization of Keggin POM in a polymeric network of -CD 

copolymerized with epichlorohydrin.
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Results and Discussion
CD-EPI Polymer synthesis and characterization

Polymer synthesis procedure is described in the ESI†. Three CD-EPI(X) polymers were prepared 

by varying the molar ratio X = EPI/CD. The solid products CD-EPI(15) and CD-EPI(20) obtained with 

15 and 20 equivalents of EPI were found to be water-soluble, while synthesis with a larger 

amount of EPI (25 equivalents) gave a CD-EPI(25) polymer that was insoluble in water. This is 

consistent with the general trend that insoluble polymers are favored for higher EPI/CD, although 

many other synthesis parameters can also be taken into account, such as temperature, reaction 

time and base strength.35,36 The nature of the CD must also be considered, as their reactivity 

differs significantly depending on the size of the macrocycle. Most studies reported in the 

literature have focused on the use of -CD, and very little data are available on EPI-based 

polymers coupled to -CD. 

NMR spectroscopy is a technique of choice for characterizing CD-EPI polymers, as it can 

quantify the degree of co-condensation between the CD and EPI moieties, and hence the CD 

content.37,38 For soluble polymers, solution 1H NMR is preferred, while 13C MAS NMR is more 

useful for solid samples. The 1H NMR spectra of the two soluble polymers, CD-EPI(15) and CD-

EPI(20), are compared to the spectrum of the native -CD in Fig. S1, in the Electronic 

Supplementary Information (ESI†). Native -CD exhibits six magnetically different types of 

protons, denoted Hi, where i = 1 to 6 (see Fig. 2), whereas soluble polymers are characterized by 

much broader signals and poorly resolved spectra. These broadenings result from a wider 

distribution of local chemical environments in long chain molecules, but also from a significant 

decrease in the rotational correlation times due to larger, slower-moving molecules. Because of 

the lack of resolution, the signals from the polyglycerol chains representing the ‘EPI’ moieties 

could not be observed and are superimposed on the H2-H6 signals from the CD. However, their 

presence can be easily detected by integrating the signals in the range 3.2-4.2 ppm against the 

H1 signal, which is not involved in any overlap (see ESI† for details). 13C{1H} NMR spectra of the 

soluble and insoluble polymers are shown in Fig. 2. The solution 13C{1H} NMR spectrum of the 

soluble polymer reveals that each carbon atom in the six-atom unit has a distinct electronic 
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environment, but undergoes some line broadening due to its inclusion within polymeric matrix. 

We also note new features near signals C2 and C3 that could indicate that most of the 

condensation has occurred on the secondary rim of the macrocycle. Signals at ca. 62.5 ppm are 

observed and attributed to the glycerol functions due to EPI condensation. In the solid-state 

spectra, all resonances are broadened and partially or totally overlapped as those of polyglycerol 

moieties. The C1 carbon in the anomeric position is characterized by a deshielded signal at ca. 

103 ppm, and is therefore sufficiently resolved to be used to quantify the mass fraction of CD in 

the polymer (see Fig. S2, in the ESI† for details).

Fig. 2. 13C{1H} NMR spectra in (a and b) D2O solution and at (c-e) solid-state of the starting native -CD, the 

soluble CD-EPI(15), and the insoluble polymer CD-EPI(25).

The chemical composition of the polymers can therefore be deduced from these 

quantitative NMR data, and the results are summarized in Table 1. The EPI/CD molar ratio in the 

polymer is always lower than the nominal amounts used in the synthesis, meaning that only a 

fraction of EPI per CD has reacted. The amount of CD in polymer materials remains relatively 

high, ranging from 50 to 80 wt%, which indicates that these materials are CD-rich. Increasing the 

Page 5 of 34 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 4
:0

1:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5DT01317H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01317h


amount of EPI in the synthesis medium produced an insoluble polymer, consistent with previous 

results,36 probably favoring cross-linking with CD rather than self-polymerization into 

polyglycerol chains. Synthesis with a high amount of EPI should then favor multiple crosslinking 

with a single CD molecule. This may explain why the EPI/CD in the polymer is also steadily 

increasing linearly. These simultaneous reactions of several OH sites on a CD molecule promote 

rapid condensation and probably denser polymers. The comparison between solid-state 13C NMR 

and solution-state 1H NMR results on soluble polymers is remarkably consistent, validating the 

quantification methods, particularly by solid-state NMR for insoluble polymers. 

Table 1: Polymer composition from quantitative NMR in solution and solid-state.

method                 13C MAS              1H in D2O

Sample EPI/CD CD Wt% EPI/CD CD Wt%

CD-EPI(15)a 7 ± 2 76 ± 4 6 ± 1 80 ± 8

CD-EPI(20)a 15 ± 2 60 ± 4 19 ± 2 55 ± 6

CD-EPI(25)b 21 ± 7 53 ± 9 - -

a) Water-soluble polymer; b) insoluble polymer.

Fourier Transform Infrared Spectroscopy (FTIR) is also a valuable tool to provide information 

on the functional groups present in the polymers.39 In the IR spectra of the insoluble polymer and 

CD (see Fig. S3†), common bands were observed such as the stretching vibrations of O-H, C-H, 

and C-C or C-O bonds at 3282, 2923, and 1073 cm−1, respectively. Other bands can be observed 

at 1654 and 1429 cm−1, corresponding to the bending deformation of H-O-H and C-O-H bonds, 

respectively. The absorption band at 2872 cm-1 is present in the spectrum of CD-EPI polymer but 

absent in the spectrum of native CD, assigned to the CH/CH2 group from the glycerol units.

The thermal stability of the insoluble polymer was studied by thermogravimetric analysis 

(TGA). A careful examination of the thermogravimetric curve, shown in Fig. S4†, reveals that 

intensive washing of the polymer with an acidic buffer solution (see the experimental section in 
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the ESI†) removed almost all the sodium trapped in the polymer during its synthesis (R-ONa + H+ 

 R-OH + Na+). The washed insoluble polymer is stable up to 230 °C. Above this temperature, 

the sample begins to decompose in two stages of mass loss in the temperature range from 230 

to 470 °C. The first loss, observed at 100 °C, corresponds to the release of water molecules (8% 

H2O). The final thermal stage, in the temperature range from 230 to 470 °C, is attributed to the 

progressive degradation of the cyclodextrin-based polymeric structure.

Adsorption of POMs on CD-EPI polymer

Due to their multiple hydroxyl groups and ether linkages, water-insoluble CD-EPI composites 

swell when immersed, behaving like a hydrogel. This swelling could lead to the adsorption of 

POMs according to a process governed by the chaotropic effect taking place in solution where a 

large part of the polymer would be solvated. To verify this hypothesis, the ability of the 

synthesized insoluble polymer to adsorb POMs was tested and the optimum adsorption 

conditions for POM@CD-EPI composites were evaluated. All adsorption experiments, including 

adsorption kinetics and isotherms, were carried out at room temperature (25 ± 1 °C), using 75 

mg polymer in 5 mL POM solution at pH 1.0, under 500 rpm controlled stirring. Adsorption 

processes were monitored by UV-Vis spectroscopy for the colored POMs, [PVIVW11O40]5- and 

[PVVW11O40]4-, and by TGA for colorless POMs [PW12O40]3- and [H2W12O40]6-. 

Vanadium substituted POM is yellow in its oxidized form [PVVW11O40]4-, and turns dark 

purple when reduced to one electron, [PVVIW11O40]5-. Initially, the CD-EPI parent polymer appears 

as a white powder, and takes on the color of the POM upon adsorption providing a qualitative 

indication of the efficiency of the adsorption process (Fig. S5†). The residual concentration of 

POM in solution was monitored by UV-Vis spectroscopy (Fig. S6†), following characteristic 

absorptions of the oxovanadium species observed at 424 nm ( = 1680 L cm-1 mol-1) for the 

oxidized species [PVVW11O40]4-, and at 510 nm ( = 600 L cm-1 mol-1) for the reduced derivative 

[PVIVW11O40]5-.40,41 

Fig. 3a and 3b show the continuous decrease in UV-Vis absorbance of a [PVVW11O40]4- and 

[PVIVW11O40]5- solution as a function of contact time with the CD-EPI(25) polymer. The decrease 
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in POM concentration in the solution reflects the adsorption process. Fig. 3c and 3d show the 

evolution of the adsorbed quantity qt (mol of POM per g of CD polymer) for the two POMs at 

different initial concentrations ranging from 0.05 to 3.2 mM (see section 1.3 in the ESI† for 

experimental details). It can be seen that increasing the concentration of POMs continuously 

increases the maximum equilibrium adsorption quantities qe for each concentration. This means 

that the adsorption capacity of the CD-EPI polymer towards these POMs is far reaching its 

maximum limit compared to our experimental adsorption conditions (room temperature, pH 1). 

Furthermore, we find that for low concentrations, adsorption is very fast, reaching equilibrium 

after only 10 min, and that for high concentrations the equilibrium time increases, but only 

slightly. Again, this is a strong indication of the high capacity of the CD-EPI(25) polymer to adsorb 

these POMs. Nevertheless, overall, we observe a slightly higher adsorption capacity for 

[PVVW11O40]4- than for [PVIVW11O40]5- at a given concentration. 

Fig. 3: a-b) Evolution of adsorption spectra of [PVVW11O40]4- and [PVIVW11O40]5- solution (0.8 mM) as a 

function of contact time with the insoluble polymer CD-EPI(25). c-d) Plots of adsorbed quantity qt (mol/g) 

of [PVVW11O40]4- and [PVIVW11O40]5- as a function of contact time t for different POM concentrations, and 

e-f) its corresponding pseudo-second order model (PSOM) kinetic curves. Experimental conditions: CD 

polymer amount = 75 mg, POM volume = 5 mL, POM concentration = 0.05-3.2 mM, contact time = 0-60 

min, stirring speed = 500 rpm, pH = 1, temperature = 25 °C. 
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The adsorption kinetic was evaluated considering various kinetic models, i.e., the pseudo-

first order model (PFOM), the pseudo-second order model (PSOM), and the interparticle diffusion 

model (IDM). The best fits of experimental data were obtained with the PSOM presented in Fig. 

3e-f when compared to the other two models shown in Fig. S7 and S8, in the ESI†. The plot of 

t/qt versus time t showed almost perfect straight lines over the entire measurement range, and 

the main parameters of the calculated curves are reported in Table 2. The two POMs, 

[PVVW11O40]4- and [PVIVW11O40]5-, behave similarly indicating no apparent major effect of the 

oxidation state of the V center on the adsorption process.

Table 2: PSOM kinetic parameters of adsorption of PVVW11O40
4- and PVIVW11VO40

5- on CD-EPI(25) polymer.

C0 (mM) K2 (g.mol-1min-1) qe calc (mol.g-1) qe exp (mol.g-1)a R2

PVVW11VO40
4-

0.0457 0.10  0.02 2.56  0.07 2.5 0.9957

0.0984 0.084  0.007 5.32  0.03 5.1 0.9998

0.176 0.028  0.004 10.0  0.1 9.5 0.9991

0.356 0.030  0.004 20.6  0.2 20.2 0.9995

0.713 0.007  0.003 38  1 39 0.9895

1.43 0.0019  0.0006 73  4 68 0.9870

2.84 0.0015  0.0003 97  4 86 0.9913

PVIVW11VO40
5-

0.0500 0.240  0.04 2.89  0.03 2.8 0.9996

0.104 0.07  0.01 6.29  0.08 6.06 0.9991

0.205 0.029  0.008 12.5  0.3 11.9 0.9971

0.435 0.013  0.004 24  1 23 0.9973

0.819 0.008  0.002 40  1 39 0.9948

1.69 0.0049  0.0009 61  1 58 0.9984

3.19 0.0024  0.0005 78  2 71 0.9958

a) Value of the last point in the kinetic experiment (i.e., contact time 60 min).
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The rapid decrease in adsorption rates with increasing POM concentration can be 

attributed to a drop in the number of available vacant sites due to the high affinity between POM 

and the CD-EPI polymer. Indeed, the pseudo second order kinetics observed seem to indicate 

adsorption dominated by chemical factors.41 POM molecules present in the adsorption medium 

can interact more readily with the interaction sites at lower concentrations, resulting in a higher 

rate constant. On the other hand, at higher concentrations, as saturation approaches, the rate 

constants of POM adsorption to the polymer drop due to increased competition for the 

remaining adsorption sites. These observations confirm that chemical forces, e.g., chemisorption, 

are the main causes of POM adsorption here, as opposed to physical forces, e.g., diffusion.42,43 

Adsorption therefore takes place on specific active sites, probably the central cavity of CD moiety 

to form inclusion complexes through hydrogen bonds or other driving forces related to the 

solvent effect. These results are consistent with the assertion that the rate constant of the 

pseudo-second-order model is a complex function of the initial solute concentration.31

Comparison between the results of the two POMs shows comparable orders of magnitude 

in adsorption rates, although adsorption is slightly faster with [PVVW11O40]5- than with 

[PVIVW11O40]4- at high concentrations. However, the equilibrium adsorption quantity qe was 

found to be slightly higher with [PVVW11O40]4- than with [PVIVW11O40]5- at high concentrations 

(see Table 2). This observation is consistent with the fact that a high POM loading decreases the 

adsorption rate, as previously observed. Also, the overall trend showed a slightly better 

adsorption performance with the less charged POM, as might be anticipated from the chaotropic 

effect.19

To evaluate the POM release capacity of the POM@CD-EPI composites, the samples 

obtained with 1.6 mM POM were treated in a pH 1 sulfate buffer solution under 500 rpm stirring 

for 1 h at 25 and 60 °C. UV-Vis (Fig. S9†) measurements of supernatants revealed a POM loading 

loss of only 1.5% and 8% for [PVVW11O40]4-, and 7% and 29% for [PVIVW11O40]5- at RT and 60 °C, 

respectively. However, in the case of [PVVW11O40]4-, we noticed the reduction of POM after its 

release at 60 °C, with the appearance of the absorption band at 510 nm. This is probably due to 

the oxidation of few OH groups on the CDs by the POM. These results, confirm that the 

adsorption is very strong, mainly chemisorption, and that physisorbed POMs, if any, are negligible. 
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Two other Keggin POMs, [PW12O40]3- and [H2W12O40]6-, carrying different negative charges 

were also studied for comparison. Adsorption equilibrium is reached when the quantity of POM 

adsorbed no longer changes over time. At this point, the amount of adsorbed POM inside the 

polymer is in a dynamic equilibrium with the amount of POM desorbed. This equilibrium is 

reached after 1 h of contact, as previously observed with the other POMs. The adsorption is 

quantitatively evaluated by TGA, and Fig. 4 presents the results obtained. We note the difference 

in the thermal decomposition behavior, while with [PW12O40]@CD-POM the weight loss takes 

place in three stages and up to 650 °C, with [H2W12O40]@CD-EPI the process is complete at a 

lower temperature (500 °C) involving only two steps. This may reflect a difference in the thermal 

stability of the POMs, which is higher for [PW12O40]3- than for [H2W12O40]6-. The solid residue 

obtained at 700 °C corresponds to the elemental oxides which result from the thermal 

decomposition of the POM, e.g., WO3, Na2O, Rb2O, or P2O5. Here, we calculate the quantity of 

POM adsorbed in the solid, we then deduce by subtraction the quantity qe resulting from the 

heterogenous equilibrium between the solid and the solution.

Fig. 4: Evolution of TGA curves of POM@CD-EPI composites obtained upon adsorption of 5 mL of a) 

[H2W12O40]6- or b) [PW12O40]3- solutions of varied concentrations on 75 mg of insoluble polymer CD-EPI(25). 

Experimental conditions: CD polymer amount = 75 mg, POM volume = 5 mL, POM concentration = 0-3.2 

mM, contact time = 60 min, stirring speed = 500 rpm, pH = 1, temperature = 25 °C.
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To better understand the adsorption equilibrium, the adsorption isotherms are analyzed 

with the Langmuir model (see 1.3 section of the ESI†). The calculated curves are shown in Fig. 5. 

The parameters extracted from fitting of the experimental data are collected in Table 3. 

Extrapolation of the calculated models allowed to estimate maximum adsorption capacity qmax. 

The highest value of 135 μmol.g-1 was found for [PW12O40]3-, well above the values obtained for 

[PVIVW11O40]5- and [H2W12O40]6- in the 75-90 μmol.g-1 range. This observation is in line with the 

general trend that follows the negative charge of POM, i.e., the lower the charge, the higher the 

adsorption capacity. The affinity for complexation at the molecular level between the -CD and 

Keggin-type POMs in aqueous solution is known to be mainly governed by the chaotropic 

character of the POM which directly depends on the charge density of the nanoion.17,20 These 

values also indicate that the POM/CD molar ratio decreases from 0.33, to 0.25, to ca. 0.2 when 

decreasing the charge from 3-, to 4-, to -5/6, clearly showing that only small fraction of CD are 

accessible to POM. Both thermodynamic and RL values indicate a favorable and spontaneous 

adsorption process. The RL parameter varying from 0 to 1 across the studied POM concentration 

range, 0.05-3.2 mM, is consistent with favorable adsorption.39,44 Consequently, the G 

associated with adsorption process is negative, and falls in all cases in common values between 

-27 and -26 kJ.mol-1. These results demonstrate comparable strong affinity of the CD-EPI polymer 

towards Keggin POMs.

Fig. 5: Langmuir isotherm curves for adsorption of [PW12O40]3-, [PVVW11O40]4-, [PVIVW11O40]5-, and 

[H2W12O40]6- on insoluble polymer CD-EPI(25). Experimental conditions: CD polymer amount = 75 mg, POM 

volume = 5 mL, POM concentration = 0-3.2 mM, contact time = 60 min, stirring speed = 500 rpm, pH = 1, 

temperature = 25 °C. 
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Table 3: Adsorption isotherm parameters from fitting curves of Fig. 5a with Langmuir model (𝑞𝑒 =  
𝐾𝐿
𝑎𝐿

 𝐶𝑒
1

𝑎𝐿
 + 𝐶𝑒

), and deduced maximum POMmax/CD capacity in CD-EPI(25) composite

POM KL

(L.g-1)

qmax

(mol.g-1)b

aL

(L.mol-1)

G°

(kJ.mol-1)c

RL d POMmax

per CDe

[PW12O40]3- 0.28  0.03 135  9 0.0020  0.0003 -26.5  0.2 0.113 - 0.907 0.33

[PVVW11O40]4- 0.43  0.04 102  4 0.0042  0.0005 -27.4  0.2 0.078 - 0.840 0.25

[PVIVW11O40]5- 0.38  0.04 75  3 0.0050  0.0008 -27.1  0.3 0.059 - 0.800 0.18

[H2W12O40]6- 0.23  0.03 90  10 0.0025  0.0006 -26.0  0.3 0.111 - 0.889 0.22

a) Determination coefficient R2 in the range of 0.97-0.99. b) qmax = KL/aL ; c) G° = -RT ln(MwPOMCH2OKL). 
d) RL = 1/(1+aLC0) for POM concentration range C0 0.05-3.2 mM. e) Calculated from qmax and 53 wt% CD.

Characterization of POM@CD-EPI composites

The final composites obtained by adsorption of a 3.2 mM POM solution onto the insoluble CD-

EPI(25) polymer were subjected to further characterization by various techniques, including TGA, 

elemental analysis, FT-IR, and solid-state NMR spectroscopy. The main objective of these 

analyzes is to identify and verify the chemical structure and composition of the POM and its 

interaction with its local environment.   

The TGA of [PVW11O40]4-/5-@CD-EPI composites (Fig. S10† and S11†) showed final plateau 

with a difference of 17 and 21 wt% with respect to the plateau of the parent polymer, 

corresponding to POM residues of [PVIVW11O40]5- and [PVVW11O40]4-, respectively. These amounts 

correspond to 70 and 91 mol POM per 1 g of polymer, in perfect agreement with the values 

obtained by UV-Vis spectroscopy of 71 and 86 μmol.g-1 observed with [PVIVW11O40]5- and 

[PVVW11O40]4-, respectively. Quantitative elemental analyzes were carried out to calculate the 

amount of POM adsorbed in the polymer (Tables S1† and S2†). ICP analyzes tend to 

underestimate the P and V contents, while EDS measurement overestimates the P content. 

However, the observed P/V and W/V molar ratio of 1 and 11, respectively, match the expected 

values for an intact POM structure. The amounts of cation (Na and K) in the composites were 
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found to be too low (ca. 30 μmol.g-1) to compensate for the negative charge of the POM. This 

content is very similar that initially present in the parent polymer CD-EPI(25), indicating that the 

adsorbed POMs are rather in their protonic forms, i.e., heteropolyacids. Thus, the chemical 

formula of the inorganic part in the composites based on ICP analyses is NaxHn-x[PVW11O40], with 

x = 0.4-0.5 and n = 4 or 5 (for both reduced and oxidized POMs). 

The functional groups of the polymer that are responsible for interactions with the POMs 

could be determined by FT-IR. Fig. S3† shows the FT-IR spectra of the POM@polymer composites 

compared to that of the POM used K5[PVIVW11O40].16H2O, K4[PVVW11O40].9H2O, the parent 

polymer CD-EPI(25), and the native -CD. The absorption band at 2870 cm-1, corresponding to 

the vibrations of the new carbon skeleton linked to the cyclodextrin rings after copolymerization 

with the epichlorohydrin,39 is present in all composite materials. Characteristic POM bands at 960 

and 880 cm-1, attributed to W=O stretching and vibrational frequency of W-Ob-W (Ob = corner-

sharing O),45 respectively, are observed in all composite samples. In addition, we observe a slight 

shift in W-Oc-W vibrations (Oc = edge-sharing O), from 760 to 800 cm-1, which could be attributed 

to an inclusion effect of POM in the polymer. Similar high-frequency shifts have been observed 

when POMs are incorporated into mesoporous MOFs.46,47

Further analyses were carried out using solid-sate NMR, as shown in Fig. 6. The 31P MAS 

NMR spectra of the POM@CD-EPI composites are compared with the spectra of the 

corresponding original POM compounds, K5[PVIVW11O40].16H2O, K4[PVIVW11O40].9H2O, in Fig. 6a. 

The 31P NMR spectrum of the [PVIVW11O40]5- species shows a very broad signal as a result of the 

paramagnetic nature of the VIV centers, while that of the diamagnetic [PVVW11O40]4- contains a 

very narrow signal due to its highly symmetrical environment in the central cavity of the Keggin 

structure. The similarity of the spectra of composites with those of their starting POM 

counterparts, indicates the successful adsorption of POM into the polymer without degradation 

or redox change of the initial POM. 51V NMR is only possible for the diamagnetic POM 

[PVVW11O40]4-. The 51V MAS spectra of K4[PVVW11O40].9H2O and [PVVW11O40]4-@CD-EPI shown in 

Fig. 6b are dominated by strong chemical shift anisotropy (CSA), while quadrupolar coupling 

constants are moderate, of the order of 1 MHz.48 Spectra recorded at various MAS rates were 

simulated using the DMfit program49 to extract isotropic and anisotropic chemical shift 
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parameters, iso, CSA, and CSA (Fig. S13† and S14†). For the POM compound K4[PVVW11O40].9H2O, 

the spectrum shows a composite signal consisting of a main resonance with a small shoulder. The 

dominant resonance has an isotropic chemical shift δiso of –565.4 ± 0.3 ppm, an axial tensor ΔCSA 

of -153 ± 4 kHz, an asymmetry parameter ηCSA of 0.77 ± 0.06, and a full width at half-maximum 

(fwhm) of 1.0 kHz. The single resonance with its MAS sidebands observed in the composite 

[PVVW11O40]4-@CD-EPI is characterized by slightly different parameters, i.e., δiso = –553.8 ± 0.3 

ppm, ΔCSA = -80 ± 10 kHz, ηCSA = 0.7 ± 0.1, and fwhm = 2.1 kHz. It is particularly interesting to note 

that the significant line broadening and the lower anisotropy of chemical shift should indicate 

greater disorder and dispersion at the molecular level of the POM units in the polymer matrix. 

This comparison clearly shows that there is a wider distribution in the local chemical environment 

and more structural disorder around the POM in the [PVVW11O40]4-@CD-EPI composite than in 

the ionic salt K4[PVVW11O40].9H2O. 

Fig. 6: a) 31P MAS NMR spectra of POM@CD-EPI composites compared with spectra of the original POMs 

studied K5[PVIVW11O40].16 H2O, and K4[PVVW11O40].9 H2O. b) 51V MAS NMR spectrum of POM@CD-EPI 

composite compared with the spectrum of the original POM compound K4[PVVW11O40].9H2O.
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Comparison of POM adsorption performance with literature

Most previous studies on Keggin-type POM adsorption have been carried out on porous catalyst 

supports such activated carbon and MOFs,50–52 while, to our knowledge, no data can be found in 

the literature on polymeric materials. Wu et al. have studied in detail the adsorption properties 

of phospho- and silico-molybdate and -tungstate polyacids with the Keggin structure on various 

activated carbons and other porous materials.52,53 More recently, MOFs have been shown as 

potential host materials to encapsulate POMs for a variety of purposes, such as catalysis, energy 

conversion or environmental remediation.15,54–60 However, there are very few detailed 

quantitative adsorption studies on adsorption properties with these types of support, such as 

adsorption isotherms and kinetics. Table 4 presents a comprehensive comparison and analysis of 

available qmax values for numerous adsorbents and Keggin-type POMs, including our results 

obtained with the CD-EPI polymer. The most effective adsorbent materials were porous activated 

carbons and bentonite, with exceptional loading capacity in the range of ca. 400-800 μmol.g-

1.52,61–63 It should be mentioned, however, that this outstanding performance is achieved with 

phosphomolybdate POM and that tungsten POM counterparts have always shown much lower 

values (ca. 300 μmol.g-1).50 Our results with the CD-EPI polymer range from 75 to 135 μmol.g-1, 

which is comparable to the adsorption performance of Keggin phosphotungstate on mesoporous 

MOF compounds showing values between 95 and 165 μmol.g-1.60,64 However, for the same 

phosphotungstate POM family, our CD-EPI polymer showed a lower adsorption capacity than 

activated carbons, i.e., 330 μmol.g-1,50 but much higher than that of aluminosilicate bentonite 

clay (53 μmol.g-1).52 These comparisons demonstrate the excellent adsorption performance of 

our cyclodextrin-based polymer similar to meso- and micro-porous solids such as MOFs or 

layered oxides. This suggests that the copolymerization of EPI with CD may generate 

mesoporosity within the polymeric network in conjunction with the preformed ring-shaped CD 

building blocks that would constitute local cavities for adsorption sites. The influence of POM 

negative charge on adsorption capacity can also be significant considering the chaotropic effect 

could contribute to encapsulation process. Indeed, the general tendency shows that adsorption 

with [PM12O40]3- is always superior to that with [SiM12O40]4-, and the same is true for [PVM11O40]4- 

compared to [PVM11O40]5- (M = Mo or W).

Page 16 of 34Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 4
:0

1:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5DT01317H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01317h


Table 4: Efficiency of different adsorbents towards Keggin-type POMs

POM Adsorbent qmax (mol.g-1) Reference

H3[PMo12O40] titania 5 65

silica 11 65

carbon 11 65

alumina 15-130 51,65 

bentonite 48 52

MIL-101(Cr) 285 46

activated C 355-800 61–63

H3[PW12O40] bentonite 53 52

Zr6-TCPP-Fe-120 95 64

MIL-101(Fe) 139 60

Zr6-TCPP-120 165 64

activated C 330 50

H4[SiMo12O40] silica 33 66

bentonite 33 52

carbon 36 66

MIL-101(Cr) 279 46

activated C 285 53

H4[SiW12O40] diatomite 3 52

titania 9 52

bentonite 37 52

alumina 139 52

activated C 200 52

H4[PVVMo11O40] MIL-101(Cr) 259 46

(NH4)5[PVIVMo11O40] MIL-101(Cr) 210 46

Na3[PW12O40] CD-EPI polymer 135 This work

K4[PVVW11O40] CD-EPI polymer 102 This work

K5[PVIVW11O40] CD-EPI polymer 75 This work

NaRb5[H2W12O40] CD-EPI polymer 90 This work
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Catalytic performance of the POM@CD-EPI composites

The catalytic activity of POM@CD-EPI composites was tested in the oxidation of BnOH to BzOH, 

using hydrogen peroxide (H2O2) or tert-butyl hydroperoxide (t-BuOOH) as the oxidizing agent 

(Table 5). The presence of an oxidizing agent in conjunction with a catalyst is necessary to observe 

a decent conversion (Table 5, entries 16 and 17). Catalysis with POM-only systems (Table 5, 

entries 8-11) showed comparable conversion in the range 40-50% and selectivity for BzOH 

around 60%, irrespective of the oxidizing agent or the initial oxidation state of V center (VV or VIV) 

in POM. The situation is different for composites, and contrasting results have been obtained 

depending on the oxidizing agent used and the nature of the POM in the polymer. With H2O2, the 

best performance was achieved with {PW12}3-@CD-EPI, showing full conversion and selectivity 

(Table 5, entry 1), but reaction in this medium led to catalyst degradation and POM release. 

Indeed, the coloration of the collected product (yellow/brown) and the 31P and 51V NMR analyses 

clearly indicate the leaching of POM (see Fig. S15†). In the case of t-BuOOH, the products 

obtained were always colorless and no catalyst degradation was observed. Surprisingly, the 

catalytic activity of composites was reversed with this oxidant, i.e., {PW12}3-@CD-EPI becomes 

inactive (Table 5, entry 4), and vanadium-containing POM composites {PVW11}4/5-@CD-EPI highly 

efficient (Table 5, entries 5 and 6). These results seem to indicate that oxidation with H2O2 leads 

to degradation of the composites, while reaction with t-BuOOH preserves its integrity. 

Consequently, the system with t-BuOOH is preferred over that with H2O2. Moreover, with 

composites, separation of the catalyst from the products is easy, offering the possibility of 

recycling, which is not possible in homogeneous POM-only catalysis. We also note the same 

performance of both POMs regardless their charge (4- or 5-) in the composite, as was observed 

with POM catalyst alone. This means that the large excess of oxidizing agent continuously 

regenerates the oxidized POM during the catalytic process, whether starting from the oxidized 

or reduced form. No special precautions are therefore necessary to protect the catalysts from 

ambient oxidation. Regrading the effect of cyclodextrin, further experiments were carried with 

physical mixture of catalyst K5[PVIVW11O40] and free -CD up to 5 eq. (Table 5, entries 12-15). In 

these cases, the catalysis is no longer homogeneous, as the cyclodextrin was not soluble in these 

reaction mixtures. Part of the POM remains in the liquid phase as indicated by its color. In the 
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presence of one eq. of CD relative to POM, excellent performance in terms of conversion and 

selectivity was observed with t-BuOOH, but not with H2O2. However, increasing the amount of 

CD led to a decrease in catalytic performance. Clearly, a large excess of CD inhibits POM activity 

in these molecular systems, probably due to screening effect. It can be noticed that for POM-

polymer even with the CD/POM molar ratio close to 5, the catalytic activity is high, demonstrating 

the importance of the dispersion of CD inside the polymer. 

Table 5: Oxidation of BnOH into BzH and BzOH with POM and POM@CD-EPI compositesa

Entry Oxidizing agent Catalyst Conversion (%)b
BzH

yield (%)c

BzOH

yield (%)c

BzOH

selectivity (%)d

1 H2O2 {PW12}3-@CD-EPIe 99 1 98 99

2 H2O2 {PVVW11}4-@CD-EPIe 30 9 21 70

3 H2O2 {PVIVW11}5-@CD-EPIe 26 7 19 73

4 t-BuOOH {PW12}3-@CD-EPI 4 1 3 75

5 t-BuOOH {PVVW11}4-@CD-EPI 95 5 90 95

6 t-BuOOH {PVIVW11}5-@CD-EPI 100 1 99 99

7 t-BuOOH {H2W12}6-@CD-EPI 58 15 43 74

8 H2O2 K4[PVVW11O40] 43 17 26 60

9 t-BuOOH K4[PVVW11O40] 49 18 31 63

10 H2O2 K5[PVIVW11O40] 46 17 29 63

11 t-BuOOH K5[PVIVW11O40] 86 9 77 90

12 H2O2 K5[PVIVW11O40]+ 1 eq. CD 58 9 48 84

13 t-BuOOH K5[PVIVW11O40]+ 1 eq. CD 99 1 98 99

14 t-BuOOH K5[PVIVW11O40] + 2 eq. CD 66 20 46 70

15 t-BuOOH K5[PVIVW11O40] + 5 eq. CD 21 13 8 38

16 no oxidant {PVIVW11}5-@CD-EPI 1 1 0 0

17 t-BuOOH no catalyst 4 4 0 0

a) Reaction conditions: 2 mmol substrate (BnOH), 12.5 mmol oxidizing agent (H2O2 or t-BuOOH), 
0.01 mmol catalyst (POM), 60 °C, 24 h. b) C (%) = (1 – fBnOH) x 100. c) Yproduct (%) = fproduct x 100. d) 
SBzOH (%) = fBzOH x 100 / (fBzOH + fBzH) ; f = molar fraction. e) POM leaching/catalyst degradation.
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These initial results show that the best catalytic system is the tandem {PVW11}4/5-@CD-EPI 

composites and t-BuOOH as catalyst and oxidizing agent, respectively. Therefore, we focused on 

the {PVIVW11}5-@CD-EPI / t-BuOOH system to study and optimize experimental conditions. Fig. 7 

summarizes the results obtained from investigations into the effects of temperature, solvent, 

and substrate quantity, as well as kinetics and recyclability studies. Although the catalytic 

performance obtained at 60 °C / 24 h is quite good, we attempted to reduce the reaction time 

by increasing the temperature. However, we observed that increasing the reaction temperature 

is accompanied by catalyst degradation, manifested by POM release and polymer disintegration. 

Fig. 7a shows the best catalytic performance just before catalyst degradation for different 

temperatures. The higher the temperature, the shorter the reaction time and the lower 

conversion and selectivity. We conclude that 60 °C / 24 h is the optimum reaction condition 

without catalyst degradation. Fig. 7b shows the results of adding extra solvent (1 mL) to the 

reaction medium. Performance is significantly lower in the presence of acetonitrile, and even 

poorer with additional water. By varying the amount of the substrate from 1 to 3 mmol, we can 

see from Fig. 7c that the lower the amount, the higher the catalytic performance, achieving full 

conversion and selectivity at 1.5 mmol BnOH. The kinetic study is therefore carried out with this 

optimal amount of substrate and illustrated in Fig. 7d. The reaction gets off to a slow start since 

it is only after 7 h of reaction that significant conversion is recorded with very low selectivity (< 

50%), meaning that the prominent product at this stage is benzaldehyde. This proves that the 

oxidation to benzoic acid is a two-step process via benzaldehyde. Finally, tests on the recyclability 

of the catalyst recovered by simple separation of the reaction mixture by centrifugation are 

shown in Fig. 7e and 7f. The same starting catalyst was successfully used up to five runs. During 

the first three cycles there is no apparent degradation of the catalyst, the liquid part of the 

reaction medium was colorless and there was no weight loss of the recovered solid (Fig. 7f). 

Nevertheless, there is a slight, steady decline in performance. After the fourth run, we observe a 

significant drop in conversion and selectivity as a result of catalyst degradation, observed by a 20% 

weight loss and the yellow product coloring (see Fig. 8f and next section). After the five runs, only 

15% of the initial catalyst is recovered due to advanced oxidation of the polymer backbone, 

despite the preservation of a certain catalytic performance. 
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Fig. 7: Oxidation of benzyl alcohol to benzoic acid with {PVIVW11}5-@CD-EPI using t-BuOOH as oxidizing 

agent: a) temperature effect, b) solvent effect, c) substrate amount effect, d) kinetic study, and e-f) 

recyclability study. Reaction conditions when not indicated: 2.5 mmol substrate in a) and b) or 1.5 mmol 

substrate in d) and e-f), 12.5 mmol oxidizing agent, 0.01 mmol POM, 1 mL solvent, 60 °C, 24 h.

In summary, our {PVIVW11}5-@CD-EPI composite exhibits excellent catalytic activity for the 

oxidation of benzyl alcohol to benzoic acid with t-BuOOH and can be compared with other 

reported tungsten-POM based catalysts (Table 6). In comparison with the literature, only two 

systems showed such good results for benzoic acid as the final product. The former is a silver-

containing POM framework effective under aerobic conditions in photocatalysis,67 while the 

latter is a supramolecular complex with -CD {3CD@SiW12} used in H2O2.25 The TON and TOF 

values of 125 and 5 h-1, respectively, for our {PVIVW11}5-@CD-EPI catalyst are within the typical 

ranges reported. Most other work on this catalysis has reported rather high selectivity for 

benzaldehyde.68–74 We also note that H2O2 is the oxidizing agent most commonly used for this 

reaction, and that the temperature is generally high, between 85 and 110 °C. Although the most 

widely used tungsten-based Keggin catalysts are phosphododecatungstate {PW12}, a few 
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examples of mixed vanadotungstate POMs have also been reported in the catalytic oxidation of 

benzyl alcohol.75–78 In all these studies, selectivity was once again exclusive to benzaldehyde.

Table 6: Comparison with the literature of the performance of the {PVIVW11}5-@CD-EPI catalyst in the 

oxidation of benzyl alcohol (BnOH) to benzoic acid (BzOH)

Catalyst Oxidant T (°C)/t (h) Conversion Selectivity TONa TOFb Reference
(%) BzOH (%) (h-1)

{PVIVW11}5-@CD-EPI t-BuOOH 60 °C/24 h 99 100 124 5 This work
[Ag3L2(OH)]{PW12}c  365 nmg RT /12 h 99 99 10 1 67

{3CD@SiW12} H2O2 85 °C/24 h 96 97 233 10 25

[L]7{PW11}d H2O2 85 °C/7 h 99 58 72 10 79

{NiSiW12} H2O2 90 °C/3.5 h 34 38 37 10 69

{PW12}@MCe H2O2 95 °C/5 h 92 31 36 7 70

Ce0.66H{PW12} H2O2 110 °C/4 h 96 26 173 43 73

MimAM(H)-{PW12}f H2O2 90 °C/0.5 h 100 17 53 106 72

{BW11} H2O2 90 °C/6 h 98 16 10 2 68

Py3{PW12} H2O2 90 °C/2 h 33 19 21 10 71

H3{PW12} H2O2 90 °C/15 h 96 10 19 1 74

a) TON = moles of BzOH produced/moles of POM, b) TOF = TON / t (h), c) L = 1,4-di(4H-1,2,4-
triazol-4-yl, d) L = N(C18H37)2(CH3)2, e) MC = mesoporous carbon, f) MimAM = 1-aminoethyl-3-
methylimidazolium, g) photocatalysis.

Stability of POM@CD-EPI composites during catalysis

To gain further insights into the stability of the composite after catalysis, NMR analyses of the 

catalyst and the reaction medium were performed after successive cycles, as shown in Fig. 8. 

Solid state NMR spectra (51V and 31P) of the catalyst before and after one and five uses showed 

identical spectra indicating the preservation of the integrity of the POM structure in the 

composite throughout the five catalytic cycles. In 13C NMR, we also observe the same resonances 

of the starting polymer, again indicating no major deterioration of the polymer matrix. We 

observe, however, small additional resonances due to the presence of residual reactants and 

products still absorbed, e.g., t-BuOOH/t-BuOH, BnOH, BzOH. This may explain the slight increase 

in recovered catalyst weight in some cases exceeding 100% recovery (Fig. 7f). These results 

confirm the relative robustness of the composite and its resistance to the catalysis conditions 
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studied (t-BuOOH, 60 °C / 24 h). In the liquid phase no signals were detected in 51V or 31P NMR 

up to three cycles (Fig. 8d and 8e), but the POM {PVVW11}4- resonances start to appear in the 

fourth cycle and continue to increase in the fifth cycle. ICP analyses are also consistent with POM 

leaching only after four catalytic cycles (see Table S3, ESI†). This is consistent with the yellowish 

color of the products observed beyond the fourth cycle (Fig. 8f) and also with the previous 

catalytic results (Fig. 7f and 7e). This means that the detoriation results from leaching of the POM 

units, most likely following the degradation of the polymer backbone which also contains alcohol 

functions (from cyclodextrin and glycerol moieties) and is therefore subject to oxidative attack. 

It is worth noting that, when using H2O2 or POM as a catalyst instead of composite, the POM is 

degraded and other species are formed (see Fig. S15c and S15d, ESI†).

Fig. 8: Solid state a) 51V MAS, b) 31P MAS, and c) 13C{1H} CPMAS NMR spectra of catalyst before ({PVVW11}4-

@CD-EPI) and after catalysis ({PVIVW11}5-@CD-EPI). Liquid state d) 51V and e) 31P NMR spectra of liquid part 

of reaction medium in CD3CN compared to spectra of starting POM K4[PVVW11O40] in D2O. f) photographs 

of the NMR tubes of d) and f). Reaction conditions of one cycle: 1.5 mmol substrate, 12.5 mmol oxidizing 

agent t-BuOOH, 0.01 mmol POM in catalyst, 60 °C, 24 h.
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Mechanisms and reaction pathways

On the basis of the experimental results and observations made above, we propose in Fig. 9 

mechanisms based on the unique host-guest supramolecular property of CD to explain the 

remarkable catalytic activity of our POM@CD-EPI composite with the oxidizing agent t-BuOOH 

regarding i) its structural stability and integrity, and ii) its selectivity for the oxidation of benzyl 

alcohol to benzoic acid. The key point here is the hydrophobic bulky character of the tert-butyl 

moiety of the oxidizing agent. First concerning the stability of the composite (Fig. 9a), in the 

presence of CD-based polymer, t-BuOOH should be adsorbed specifically into the CD cavity 

governed by a hydrophobic attraction driving force. 13C NMR (Fig. 8c) showed indeed the 

adsorption of some t-BuOOH/t-BuOH in the catalyst. The CD/POM molar ratio is about five, 

suggesting that the composite should contain many free CDs as potential interaction sites. 

Moreover, the hydrophobic character of t-BuOOH can prevent its approach to the organic part 

(polymer backbone) of the composite, while this is not the case of the smaller and hydrophilic 

H2O2. The oxidative attack of the latter of the numerous hydroxyl groups of the glycerol 

fragments then becomes very favorable, thus weakening the polymer matrix of the composite 

and therefore the fixation of the POM. Therefore, the use of a weak oxidant like t-BuOOH 

becomes advantageous here to avoid overoxidation of the polymer.

Fig. 9: Proposed mechanisms based on the host-guest supramolecular effect of CD to a) avoid degradation 

of the polymer backbone and to b) drive oxidation process of BnOH selectively to BzOH. 
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Once adsorbed, t-BuOOH must be sufficiently close to the POM deeply embedded in the 

polymer matrix, thus facilitating its activation. For that t-BuOOH needs to diffuse into the polymer 

matrix of the composite, which explains the induction time of 2-4 h observed in the kinetic study 

(Fig. 7d). In addition, solid-state NMR of the recovered catalyst, shown in Fig. 8c, also indicates 

the presence of occluded t-BuOOH/t-BuOH species despite intensive washing. Fig. 9b 

schematically shows the catalytic cycle taking place inside the POM-polymer composite. It is well 

established that vanadium plays a key role in the activation of POM by increasing its redox 

potentials.78 The postulated active species is therefore a vanadoperoxo complex that provides 

active oxygen.80,81 Because cyclodextrins constitute the anchoring sites of the POM species but 

also the oxidizing agent, the catalytic process is governed as a whole by supramolecular chemistry 

and reactions in confined environment. Indeed, the diffusion and molecular approach of the 

substrate should occur through its hydrophobic part, i.e., its aromatic ring, to form host-guest 

complexes with the central cavity of CDs without dissociating the POMs from the polymer host. 

The simultaneous process of complexation and oxidation of substrates taking place inside the 

POM-polymer composite in a confined environment is expected to be much more efficient than 

catalysis with separately free CD and POM molecular constituents. This may explain why a second 

consecutive oxidation occurs immediately after the first one to produce the final benzoic acid 

product. Confined reactions have several advantages, including i) acceleration of the catalytic 

process by favorizing molecular contact and, more interestingly, ii) promotion of cascade 

reactions through steric effect which improves selectivity. It appears that the beneficial role of 

CD lies in its ability to promote supramolecular complexation not only with organic molecules (t-

BuOOH and substrate) through its well-known hydrophobic effect, but also with inorganic POM 

through its newly discovered chaotropic effect. 

Conclusions
In this research, we present a detailed quantitative study of the adsorption process of 

polyoxometalates on a -CD-based polymer, including adsorption isotherms and kinetics. The 

polymer resulting from the copolymerization of -CD with EPI showed high affinity towards POMs 

Page 25 of 34 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 4
:0

1:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5DT01317H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01317h


of the Keggin structure. The integrity of the POM structure and the preservation of its chemical 

composition in the hybrids were verified using solid-state NMR, FT-IR spectroscopy and 

elemental analyses. The maximum adsorption capacity (qmax) was estimated between 75 to 135 

μmol.g-1, depending on the negative charge of the POM, i.e., the lower the charge, the higher the 

qmax. Such a trend suggests an adsorption mechanism driven by the chaotropic effect, where the 

solvation properties of POM depend strongly on the charge density at its surface. These qmax 

values match the typical adsorption performance observed with mesoporous such as MOFs. The 

potential of CD-EPI polymers as alternative supports for POM heterogenization is evaluated in 

the selective oxidation of benzyl alcohol. The bulky and hydrophobic oxidizing agent t-BuOOH 

was found to be the best partner of {PVW11}5/4-@CD-EPI to form an efficient catalyst tandem for 

the oxidation of benzyl alcohol to benzoic acid. The host-guest supramolecular properties of CD 

are key parameters not only to improve the catalyst stability but also the catalytic performances 

through reactions in a confined environment. With these promising results, our team is now 

focusing on using the -CD-based polymer as a hosting matrix to entrap complementary 

functional building units to design photo-catalytic systems or tandem catalysis.  
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