Open Access Article. Published on 05 September 2024. Downloaded on 1/20/2026 7:33:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical
Science

W) Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 15849

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd March 2024
Accepted 1st September 2024

DOI: 10.1039/d4sc01949k

I ROYAL SOCIETY
PPN OF CHEMISTRY

Nanoconfinement of polyoxometalates in
cyclodextrin: computational inspections of the
binding affinity and experimental demonstrations
of reactivity modulationt

Mireia Segado-Centellas, 2 $*@ Clément Falaise, &2 $** Nathalie Leclerc,”

Gabrielle Mpacko Priso,” Mohamed Haouas, {2 ®* Emmanuel Cadot® and Carles Bo (2?2

Chaotropic polyoxometalates (POMs) form robust host—guest complexes with y-cyclodextrin (y-CD),
offering promising applications in catalysis, electrochemical energy storage, and nanotechnology. In this
article, we provide the first computational insights on the supramolecular binding mechanisms using
density-functional theory and classical molecular dynamics simulations. Focusing on the encapsulation
of archetypal Keggin-type POMs (PW;5040°", SiW15040%" and BW;,040°7), our findings reveal that the
lowest-charged POM, namely PW;,040°~ spontaneously confines within the wider rim of y-CD, but
BW1,040°~ does not exhibit this behaviour. This striking affinity for the hydrophobic pocket of yv-CD
originates from the structural characteristics of water molecules surrounding PW;5040%". Moreover,
through validation using >'P NMR spectroscopy, we demonstrate that this nanoconfinement regulates
drastically the POM reactivity, including its capability to undergo electron transfer and intermolecular
metalate Mo/W exchanges. Finally, we exploit this nanoconfinement strategy to isolate the elusive mixed

rsc.li/chemical-science addenda POM PW;;MoQ,0°".

Introduction

Polyoxometalates (POMs) represent an extensive class of
anionic metal-oxo clusters built from early transition metals in
their highest oxidation states."* Although many POM structures
have been reported,** only a few are used in practical appli-
cations. Among them, the Keggin-type phosphometalates
formulated PM;,04,°>~ (M = Mo®" or W®*) are widely studied in
fundamental and applied research and have found real-life
applications in catalysis, analysis, or histology.> These Keggin-
type POMs are very popular and have been manipulated by
several generations of chemists, however, their ability to
interact with non-ionic organic matter in aqueous solution was
largely underestimated until the publication of two articles in
2015.%” One reported that the PMo0,,0,,°~ anion forms robust
host-guest complexes with organic macrocycles in water® and
the other one shows that the POM PW,,0,,>~ anion tends to be
adsorbed at the surface of micelles.” The origins of these self-
assembly processes were debated.® Today, the community
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agrees on the fact that the strong affinity between organic
substances and POMs having a low charge density, such as the
Keggin-type phosphometalates, is mainly due to their striking
hydration shell, classifying POMs as (super)chaotropic ions.**

It has become increasingly evident that water transcends its
role as merely a “solvent” and can be seen as a matrix that
actively connects and interacts closely with ions. The structure
and dynamics of the hydration shell around ions appear to
influence the behaviour of both the ions and the water mole-
cules, creating an interplay between the two entities. Recent
insights show conceptual similarity between large ions and
weakly solvated ions in the Hofmeister series, categorized as
chaotropic.'® The name comes from the idea that these ions
disrupt the structure of water, a notion currently subject to
controversy."** POMs exhibiting behaviour akin to chaotropic
ions but with heightened intensity, are labelled as (super)cha-
otropic.”** Since the first mention of the chaotropicity of POMs
by Thouvenot in 1978,*> the terms “high energy water” or
“disordered water” are usually used to describe the water
surrounding POMs. This description remains quite vague and
unsatisfying however probing experimentally the water struc-
ture at solute/liquid interfaces is extremely challenging.>**¢ In
context, using theoretical tools appears as an efficient strategy
to investigate the origin of the chaotropic effect. In recent
literature, the study of the chaotropic system's effects has
emerged as a topic of growing interest. This is underscored by
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the recent publication of two computational studies—one
classifying nano-ions within the Hofmeister series and the
other investigating the water's ordering in salt solutions.**” In
both cases, very simple spherical models were used to describe
the nano-ions. The chaotropicity of POMs and the related
phenomena are unexplored, indeed previous simulations about
the solution behaviour of POMs were mostly focused on ion-
pairing effects.”®*3* Actually, the only molecular dynamics
studies of POMs performed under the prism of the chaotropic
effect were conducted to link the potential affinity of POMs with
hen egg-white lysozyme, although these studies were not sup-
ported by experimental data.>>>¢

The complexation of Keggin-type POMs with y-cyclodextrin
(notated y-CD), a natural oligosaccharide made up of eight glu-
copyranose units, represents certainly one of the most significant
chaotropically-driven systems reported so far since it leads to
potential applications in catalysis, energy storage, iodine capture,
or nanotechnologies.*””** The adequate size matching between -
CD cavity and the Keggin-type POM leads to a wide variety of
host-guest complexes.**>** As observed, the global charge
density of the Keggin-type POMs dramatically influences both the
binding constant and the nature of the aggregates.">** For
instance, solution investigations using NMR evidenced that both
primary and secondary faces contribute to the POM's complexa-
tion." Calorimetric studies revealed that this process is orthog-
onal to the classical hydrophobic effect since it is enthalpically
driven accompanied by an entropic penalty.” It is worth noting
that this embedment within the hydrophobic cavity can be viewed
as a nanoconfinement similar to those observed in Mo-storage
proteins, in which the protein binding pocket acts not only as
a template and nucleation site for polynuclear Mo-based entities
but also offers a protecting barrier again hydrolytic attacks.***’ In
biological systems, nanoconfinement represents a widely used
strategy to ensure vital functions such as oxygen transport in the
blood or enzyme catalysis. In context, the supramolecular asso-
ciation between Keggin-type POMs and y-CD represents
appealing models for studying the chemical reactivity of POMs
entrapped in a hydrophobic pocket.

In this article, we first report the computational inspection of
the supramolecular binding process of three archetypal Keggin-
type POM (PW;,040° ", SiW;,04" and BW,0,4,° ) with y-CD
using Density-Functional Theory (DFT) and classical Molecular
Dynamics (MD) simulations. This theoretical study shows that
the super-chaotropic character of PW,,0,,>~ is responsible for its
strong affinity with y-CD host. Then, we demonstrate experi-
mentally using >'P NMR studies that the nanoconfinement of
PW,;,0,4,°~ provides a way to control its chemical reactivity,
allowing tuning of the intermolecular electron-transfer rates and
the exchange of metalate ions between Keggin-type POMs.
Finally, we employ this strategy to prepare the elusive mixed-
metal Keggin anion PW;;M0O,,>~ with high purity.

Results and discussion
Theoretical studies of the encapsulation process

To gain insight into the forces that govern the association
process between Keggin-type POM and the y-CD, we first
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performed theoretical investigations using DFT and MD simu-
lations. Geometries of three POMs (PW,0,,° ", SiW;,0,4," ", and
BW,,04,°7), Y-CD, and their 1: 1 supramolecular adducts were
fully optimized using DFT and an implicit solvent model.
Various types of assemblies that have been previously observed
in crystal structures were found, including the host-guest
associations with the primary, secondary face, and external
interaction.™** Additionally, two other aggregates, named side-
primary and side-secondary assemblies (see Fig. 1), were iden-
tified. To compare the optimized structures with X-ray struc-
tures, we focused on the distances between y-CD and POMs. All
these distances fall within the range of O-H distances observed
in X-ray crystal structures.’'>* (for more details see Section 2.a
of ESI¥).

To computationally determine preferential configurations
along the series, two factors were investigated using DFT
methods: the POM size and host-guest interaction energies.
The computed molecular surface area for PWi,04°,
SiW,,040* ", and BW;,0,,°~ is 1687.53, 1679.82 and 1662.71 A2
respectively. Considering the insignificant differences in their
molecular area, we confirm that size is not the determining
factor for diverse preferential configurations observed experi-
mentally. To determine the host-guest binding energies
between POM and y-CD in water solution, we dissected the
binding process using a standard thermodynamic cycle:
AGEM = AGHRY + AGgey whereas AGgoy = "M PAGo —
POMAGory — TOPAG,,1 (for more details see Section 1.a of ESIT).
The DFT Gibbs solvation and binding energies are reported in
Table 1. This indicates the POM-CD binding is an enthalpic
driven process with and small entropic penalty. Importantly, AG
solvation energies play an important role in conformers relative
energies. For the most charged system [BW;,04]"  the des-
olvation energy effect is more significant than POM-CD inter-
molecular interactions, resulting in the most stable conformer
being the one with least contact, referred to as external. For
medium charged system [SiW,040]*" in gas phase and when
solvent is included implicitly, secondary configuration is the
most preferred. For the most chaotropic system [PW12040]3’,
the penalty of AG solvation energies for secondary configura-
tion, the most penetrating one, is half that of [BW;,04]”"
highlighting the importance of enthalpy as a driving binding
force for chaotropic systems. Hence, what is crucial here is the
effect of the anion on the surrounding water molecules, as ex-
pected for the chaotropically-driven self-assemblies.*® Thus, the
dynamic solvation sphere of the POMs is likely to play a signif-
icant role in the formation of the adducts. To incorporate the
effects of hydration and the structural and dynamic properties
of water, we employed explicit classical MD simulations.

We computed the Radial Distribution Function (RDF)
between the center of the Keggin-type POMs and the y-CD
center to analyse the average number of supramolecular
adducts formed over time (see Fig. 2). Firstly, our goal was to
determine the stability of various adducts. To achieve this, we
conducted MD simulations using two initial box systems: one
with all POMs complexed by the primary face and another with
all POMs bounded to the secondary faces. Secondly, we aimed
to identify the predominant adduct formed in aqueous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
been optimized using DFT and the implicit solvent model.

Table 1 DFT Gibbs solvation and binding energies in kcal mol™*

Primary Secondary External

PW;,0,4

AH(gag) —-123.6 -159.8 —65.4
~TASgas) 16.8 18.7 22.5
AGqoy 95.2 93.6 51.5
AGHd ~11.6 —47.5 8.6
SiW1,040

AHgas) —165.9 —-210.5 -107.9
~TASgas) 16.3 17.6 21.8
AGgoy 137.3 143.8 90.4
AGhind -12.3 -49.1 4.3
BW 1,040

AHigas) —221.9 —277.6 —-134.2
~TAS gas) 16.6 19.3 20.9
AGqoy 190.7 205.5 53.9
AGHd —~14.6 —52.8 —59.4

solution. For this purpose, we initialized a periodic simulation
box with POMs and y-CD randomly distributed as free mole-
cules, not complexed (see Fig. S17). It's worth noting that each
supramolecular assembly had a specific distance between the
POM and center of y-CD. Consequently, each peak observed in
the RDF corresponds to one specific supramolecular adduct.
Regarding the low-charged PW;,04,>", when starting from
the secondary configuration (green curve in Fig. 2), the
secondary adducts remain stable from beginning to end of the
simulation, exhibiting the highest peak intensity compared to
other starting systems confirming the highest stability of the

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

v-CD

[llustration of the different types of 1: 1 supramolecular adducts resulting from the association of Keggin-type POM and y-CD that have

secondary configuration. There is also an appearance over time
of a lower intensity peak around 800-1000 pm, which corre-
sponds to the newly proposed side-secondary adduct. On the
other hand, when starting from the primary configuration (pink
curve), the primary adducts show stability over time. However,
when starting from an initial free configuration (black curve),
various adducts are formed during the simulation, but the
secondary and external adducts exhibit the highest intensities
in contrast with side adducts. For the free initial state simula-
tion of PW;,0,,°", note that for longer simulation times, the
peak corresponding to the external site decrease intensity, thus
demonstrating that although the system did not reach equi-
librium, the position and intensity of the peak corresponding to
the secondary structure persists. This demonstrates that the
POM and CD assemble spontaneously in explicit water solution,
and that the preferred binding mode derived from the simula-
tions precisely coincides with that observed in experiments.

In the medium-charged Siw,;,0,4," ", when starting from the
secondary and primary configurations, some initial supramo-
lecular assemblies persist over all the simulations. However,
when starting from a free configuration, the predominant
adducts formed in solution are the side-primary and external
adducts, with minor contributions from the side-secondary
adducts observed in the spatial distribution functions within
the range of 800-1000 pm. Overall, the intensity of the peaks is
lower compared to PW;,04,° . One intriguing aspect of this
result is the appearance of the newly proposed side-primary
configuration as one of the two most prevalent adducts.

Moving on to the high-charged Keggin-type POMs, namely
BW,,0,4,°", when starting from the secondary and primary

Chem. Sci., 2024, 15, 15849-15857 | 15851
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Fig. 2 Radial distribution function between the center of mass of Keggin-type anions and y-CD in explicit water.

configurations, both do not remain stable over time. In all
initial cases, only the external adducts are formed during the
dynamics. The RDF exhibits peaks of extra low intensity in all
cases.

We compared our predictions with experimental findings
obtained from "H NMR data (titration experiment) that provide
valuable insights into the formation and stability of supramo-
lecular association of Keggin-type POMs and y-CD in water."
Specifically, the chemical shifts of H3, H5, and H6 exhibit
distinct alterations after the addition of various equivalents of
Keggin-type POMs (see Table 2). These observed changes in
chemical shifts indicate different interactions and recognition
processes. The most exposed hydrogens of y-CD to POM are H3
and H5, located inside the cavity, as well as H6, located on the
methoxy group outside the ring. In addition, other hydrogen
atoms able to form hydrogen bonds with the Keggin anions are
the in-ring and out-ring hydroxo groups, labelled H7 and HS,
respectively (see Fig. 1).

For PW,,0,,°", the experimental chemical shifts exhibit the
highest shift for H3, followed by smaller shifts for H5 and H6."
Our MD simulations indicate that main configurations,
secondary, external, and to a lesser extent, side-secondary and
side-primary adducts, assemble over time. The structural DFT
parameters calculated for complexation by the secondary face
reveal close contacts between the POM H3 and H5. Additionally,
our proposed new solution structure, the side-primary adduct,
exhibits close contact with H6. The observed chemical shifts
can be explained utilizing MD by the presence of a combination
of secondary and to a lesser extent side-primary, and external
adduct configurations. The experimental 'H NMR study
revealed that the addition of SiW;,04* to y-CD induces

Table 2 Differences in chemical shifts in ppm for H3, H5, and H6
protons of y-CD before and after adding 8 equivalents of Keggin-type
POM. Values of ref. 15

POM A6 H3 A6 H5 A H6
PW1,0.40° 0.53 0.36 0.28
SiW1,040" 0.03 0.16 0.30
BW;,040° 0.03 0.18 0.33

15852 | Chem. Sci,, 2024, 15, 15849-15857

a strong shift of the H6 signal and a smaller one for H5."> Our
MD simulations reveal that silicotungstate anions spontane-
ously assemble mostly external and side-primary adducts.
Optimized DFT structures further confirm the presence of close
contacts between the side-primary configuration and H6, while
side-secondary configurations predominantly interact with the
proton of hydroxo H7. The observed chemical shifts align well
with the co-existence of side-primary and external adduct
configurations. The dynamic behaviour of side- and external
adduct systems is particularly intriguing, as the analysis of the
MD trajectories for external configurations reveals a region of
possible near-side primary configurations where the POM
exhibits some motion over time. Some of these configurations
involve potential interactions between the POM and H5. Simi-
larly, in the case of BW;,0,4,>, the highest chemical shift is
observed for H6, followed by a smaller shift for H5. From our
MD simulations, it is evident that only external adducts are
spontaneously formed, which correlates with the observed
chemical shift in H6. These findings demonstrate a good
agreement between the experimentally observed chemical shifts
and the adduct configurations formed during molecular
dynamics simulations. Also, similar chemical shifts can origi-
nate from different adducts, highlighting the complexity of
solution assemblies. The combination of NMR spectroscopy
and MD simulations is a useful methodology for extracting
valuable information about the assembly behaviour in solution
and provides information on the structural characteristics of
the adducts.

Our results reveal distinct patterns of adduct formation
based on the charge density of the Keggin-type POMs. For the
POM exhibiting the lowest charge density, the secondary and
external adducts dominate in solution. In the case of Keggin
with the global anionic charge of —4, there is less aggregation,
and both side-primary and external adducts are observed with
higher abundance. However, for the highest charged Keggin,
the formation of adducts is quite limited since only external
adducts are observed, implying an interaction without losing its
hydration shell. Oppositely, the deep penetration of PW1,0,40°~
within the hydrophobic cavity of the CD allows its full
dehydration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Globally, the MD results are consistent with the experi-
mental results and explain the tendencies of the Keggin-type
anions within the Hofmeister series.

Nanoconfinement effect on the intermolecular electron
transfer

According to previously published experimental observations'
that are supported by the theoretical study presented in this
article, the compound PW,;,0,,°" can be easily embedded
within the cavity of the macrocyclic host. This encapsulation
process can be viewed as a nanoconfinement in which the y-CD
acts as a protecting barrier. This process is known to improve
the hydrolytic stabilities of the POM guest.* In this section, we
explore experimentally the effect of this nanoconfinement on
the rate of electron transfer. Understanding and tuning the
electron transfer rate involving reduced POMs is crucial because
this class of compounds is currently widely employed as a redox
mediator to shuttle electrons in many catalytic or electro-
chemical processes.”**

To highlight the nanoconfinement effect of PW;,0,°"
embedded within y-CD, we revisited the classical Baker's
experiment®*® in which he studied the electron transfer
between one-electron reduced POM and its non-reduced form
using *'P NMR measurements. It must be noted, that all of our
experiments were carried out at room temperature and involved
equimolar aqueous solution of one-electron reduced and non-
reduced form ([PW1,040° ] = [PW1,04° ] = 25 mM in 0.1 M
HCI), and various equivalents of y-CD (from 0 to 6 equivalents).

In the absence of y-CD, the *'P NMR signal exhibits only one
narrow signal (Av,, = 3 Hz) situated at —12.7 ppm (Fig. 3). The
presence of this signal, located exactly at the >P NMR chemical

-10.7 ppr\n‘ -14.8 ppm
V'CD/{Pwu} {PW,,}* {PW,,}*
x3
3
‘ ‘\“‘ x3
2.5 | N A T W it

2 WNMWWMWWWWWWWMWWWWW

x3
0.5
-12.7 ppm|
~ 50 % {PW,,}* + 50% {PW,,}*
0wy i f I ‘W‘J“‘-‘,‘ i " i
5(ppm) -8 10  -12 -4  -16  -18  -20

Fig. 3 Evolution of the P NMR spectrum of an equimolar mixture of
non-reduced and one-electron-reduced Keggin-type POM
([PW150401° = [PW15040]*~ = 25 mM) in the presence of y-CD (from
0to 3 eq. of y-CD per POM). T = 294 K. The reduced PW,,040*~ was
prepared in situ by adding sodium dithionite to the solutions.
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shift corresponding to the mean value of the chemical shifts of
oxidized (—14.8 ppm) and one-electron reduced (—10.7 ppm)
POMs, indicates that electron exchange within the donor-
acceptor tandem occurs in a fast-exchange regime in the NMR
time scale. This result is in good agreement with the observa-
tions of Baker.*** Interestingly, adding y-CD (from 0 to 3 eq.) to
the redox mixture PW;,0,,° :PW;,0,,* " has a dramatic effect
on the *'P NMR spectra as evidenced first by the gradual
broadening and then the splitting of the single resonances into
two signals (see Fig. 3). Modifications of the *'P NMR spectra
highlight the gradual transition from a fast to a slow electron
exchange regime featured by the presence of two *'P resonances
at —10.7 and —14.8 ppm corresponding to the *'P NMR chem-
ical shifts of PW1,0,,"~ and PW,,0,4,°", respectively (see Fig. 3).
We note that these two signals become narrower as the y-CD
content increases up to three. This study shows that the pres-
ence of y-CDs in the vicinity of POMs prevents intermolecular
electron transfer by insulating the POMs into a protective
barrier. This nanoconfinement effect reduces the probability of
direct POM-POM contacts, which are responsible for intermo-
lecular electron transfer. Actually, such an observation should
be related to the high binding constants previously reported for
the oxidized Keggin PW;,04,>~ ion which forms the host-guest
complex POM@(y-CD), as predominant species under these
conditions (K;.; = 90000 M~ " and Ky, = 1500 M~ ').%*

To go a step further, quantitative determination of the
electron rate transfer can be performed. For intermediate/slow
exchange regime, the electron rate constant K, for the equi-
molar mixture PW;,040° /PW;1,0,4,* can be calculated from
eqn (1) and (2):

kew = AV — AVO[PW1,040" ] (1)
ket = W(Avirelg( - AV(r)ed)/ [PW1204037] [2)

where Av), and Av%4 are the line widths of the *'P NMR signal
of pure PW,,0,,°~ and PW;,0,,"", respectively, and Avix* and
AV are the line width of the *'P NMR signal of PW,,0,,>~ and
PW,040" " in PW;,0,40° /PW;,04," " mixture, respectively.

For the intermediate/fast exchange regime, the K values can
be determined using eqn (3).

3 0.5 x 1 x (Ad)*
~ [POM] x (Avmix — 0.5 x (AW, + AvY,))

red

Ky

(3)

where Aj represents the *'P NMR frequency difference between
signals of PW;,0,4,>" and PW;,04,"" (660 Hz) and Av™* is
width of the coalesced *'P NMR peak.

The log K. values determined for the different y-CD/POM
ratios are showed in Fig. 4 except for the ratio 1.5 where the
3P NMR linewidths are too large to be determined properly. In
the absence of y-CD, the K., determined for the equimolar
mixture PW,,0,,° 7 /PW;,0,," " is about 6.3 x 10° L mol™* s™.
Remarkably, the K., dramatically decreases by several orders of
magnitude through the adding of only a few equivalents of y-CD
(see Table S17), and reach a value of about 330 L mol ' s when
3 equivalents of y-CD are introduced in the solution. Although it
is known that host-guest supramolecular interactions

Chem. Sci., 2024, 15, 15849-15857 | 15853
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Fig. 4 Plot of log K. for electron self-exchange between PW120403*
and PW;,040%" as a function of y-CD concentration.

decreases the PW;,040°" reducibility (shift of the first redox
event by 150 mV toward more negative potential),'® the dramatic
decrease of the electron-rate transfer observed herein should be
the consequence of the insulating nature of the y-CD that shun
or at least limit the intermolecular electron transfer. We showed
herein that the encapsulation of Keggin-type POM in a hydro-
phobic cavity lead to a huge variation of POM reactivity toward
the electron transfer in homogeneous systems. This observa-
tion, supported by previous results showing y-CD acts as
a protecting barrier toward hydrolytic attacks,** we anticipated
the nanoconfinement effect produced by y-CD cavity offer also
a route to control metalate ions exchange between POM species.

Nanoconfinement effect on the intermolecular metalate Mo/
W exchanges

Although POMs are described as robust and stable species,
these species are always involved in dynamic equilibria in
aqueous solution.>** Such chemical equilibria result from
partial decondensation/condensation sequences that give rise
to slow chemical exchange of oxometalate ions between POM
species. Such a process is strongly favoured by the amphoteric
nature of water while it becomes fully cancelled in non-protic
solvent. Furthermore, such a phenomenon becomes remarqu-
able from mixtures of polyoxomolybdate and polyoxotungstate
ions, whose chemical exchange leads to a large distribution of
mixed-metal POMs.*” For instance, van Bekkum and co-workers
showed that the Mo/W interconversion processes between
PW1,04°~ and PMo,,04,° are highly efficient in water while
no exchange occurs in organic media.”® As y-CD is able to create
a hydrophobic environment in the POM vicinity, this could
cancel intermolecular metalate exchanges in aqueous solution.
Then, we monitored by *'P NMR spectroscopy, aqueous
mixtures containing H3[PW;,0,0] (25 mM) and H3[PMo01,04]
(25 mM) and various amounts of CD (from 0 to 100 mM). These
experiments were carried out at room temperature and solution
equilibration was monitored by *'P NMR.

In the absence of y-CD, the spectrum recorded after 24 hours
consists of a statistical distribution of *'P NMR resonances
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Fig. 5 5P NMR spectrum of 24 h aged aqueous solutions in which
PW15040°~ (25 mM), PM01,040%~ (25 mM), and various amounts of vy-
CD (from 0 to 100 mM) have been introduced.

centered at about —8.5 ppm (see Fig. 5). The chemical shift of
the central phosphorous of Keggin-type POMs is known to be
sensitive to the ratio of molybdenum to tungsten and the *'P
NMR spectrum is consistent with a complete distribution
including all the possible mixed-metal POMs PWy,_ ,M0,040°~
in solution. It must be noted the spectra are very complex due to
the existence of positional isomers for all POMs with x varying
from 2 to 10. For instance, the theoretical number of positional
isomers for PWsMo0¢O,40°~ is 48.%° We also note that the *'P NMR
signals of PW;,0,,>~ and PMo;,0,,°>" completely disappeared.

The experiments performed in the presence of variable
quantities of y-CD (50 and 100 mM) show that the intermolec-
ular metalate Mo/W exchanges are dramatically slowed down by
the presence of the y-CD (see Fig. 5). In the presence of 100 mM
of y-CD, the spectrum measured after 24 hours exhibits only
two peaks observed at —3 and —14.8 ppm, corresponding to the
homometallic Keggin anions PMo;,0,,°” and PW;,04° ",
respectively.

When 50 mM in y-CD (CD/POM = 1) is introduced, the
situation is quite complex since a multimodal distribution of
31p resonances is observed after 24 hours. In this condition, the
exchange process is strongly slowed down and it becomes
possible to study the intermediate stages of the metalate
exchanges (*'P NMR spectra and the species distribution are
shown in Fig S2 and S3t). This evolution revealed a different
reactivity between the POM rich in Mo centers and those rich
in W centers. Similarly, quantitative analysis evidences that the
quantities of mixed metal POM rich in W centers (x = 1 or 2)
remain very low during all processes while the POM entities rich
in Mo centers (x = 10 or 11) reach highest concentration at the
beginning of the process. This reveals that W exchange process
involving PW;;M00,,>~ and PW,;,M0,0,,°>" species proceeds
faster than PW,,04,°>~ and that the kinetic stability of Mo-rich
Keggin globally increases by introducing W centres in the
metal oxo frameworks. All these observations are fully consis-
tent with the well-known POM behaviour suggesting that the
kinetic stability of POM is higher for W-rich POM than for Mo-
rich POMs.>"* Nevertheless, it appears the complexation of the
Keggin-type anion by y-CD provides a way to control to a large
extent the metalate exchange processes.

To quantify the impact of the y-CD concentration on the
intermolecular metalate exchanges, we determined the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decrease of homometallic POMs concentration can be roughly
described as first-order kinetics (Fig. S47). The rate constant (k)
and half-life of a first-order reaction (t;,,) for the decomposition
of PM0,,0,4,°> and PW;,0,,°~ are reported in Table S2.1 These
results evidenced that the embedment POMs within the
macrocyclic host produced a dramatic increase of the half-life of
POMs that is multiplied by more than three orders of magni-
tude when only two equivalents of y-CD are introduced in the
solution (Table S27).

Toward the stereoselective synthesis of elusive POM

In the previous parts, we demonstrated that the chaotropically-
driven complexation of Keggin-type POMs by v-CD host inhibits
intermolecular exchanges. Such a behaviour can be employed
as a tool to improve the stereoselectivity of POM synthesis. As
a proof of concept, we report in this section the preparation of
the molybdenum monosubstituted Keggin-type phosphotung-
state PW;,M00,4,° .

The classical way to prepare monosubstituted Keggin-type
POMs consists of a condensation process of a metalate
species to a monovacant polyoxotungstate XWy;05,"~ (X = P¥ or
Si'V). Although this process is highly selective for the formation
of the SiW;;Mo0O4*~ ion, that of the phosphato analogue
PW,,M00,,>~ is hindered by formation of numerous side-
products mainly driven by the M/W metalate exchanges.
Indeed, addition of the cationic MoO,>" species to a solution
containing preformed PWy;,05” as Li* salt leads to in a few
minutes the fast precipitation of an insoluble pale-yellow solid
while the supernatant analysis by **P NMR revealed that the
desired anion PW;,;M00,,>~ correspond to only 18% of the total
compounds. The other side-products are mainly mixed-metal
POMSs PW;, ,Mo0,04°" (with x from 0 to 3) (see Fig. 6). The
situation is dramatically different when six equivalents of y-CD
per PW,,0;,"  precursor were initially introduced in the
synthesis solution. In such conditions, no precipitation was
observed and the *'P NMR analysis of the mixture contains
PW1;M00,,*>~ with high purity (>97%) as revealed by *'P NMR
analysis (see Fig. 6). This result can be easily understood if we
consider that the chaotropic PW;;Mo0Q,,>" ions is protected
until its formation by y-CD. The resulting host-guest aggregate

’ In absence of y-CD

n n A b,
Ll e ey

N PW,; MO, With 6eq. of y-CD

5(ppm) -2 -4 -6 -8 <10 12 44 16 18 20 22 24 26 -28 -30

Fig.6 SP NMR spectra of the supernatant solutions resulting from the
addition of cationic MoO,?* species (1.2 eq. per monovacant POM)
into a solution of PW;,035”~ containing no y-CD or six equivalents of
v-CD. The final pH of both solutions was 0.6.
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creates a hydrophobic shell that stabilizes chaotropic POMs by
cancelling out metalate exchange.

Conclusion

The supramolecular assemblies resulting from the host-guest
association between a Keggin-type POM and y-CD, have been
inspected for the first time using computational methods. Our
results indicate that the strength and the binding modes are
controlled by the global charge of the POM. This conclusion is
in excellent agreement with published experimental observa-
tions'>** in which the chaotropic effect was considered as the
main driving force of the encapsulation process.

This article does not only decipher the forces behind the
encapsulation process of POMs by macrocyclic hosts but also
demonstrates experimentally that the striking affinity of super-
chaotropic POMs with y-CD allows it to modulate to a large
extent its physical-chemical behaviour such as efficiency of
electron transfers or metalates exchange. Furthermore, the
chatropically-induced nanoconfinement can be exploited to
mimic hydrophobic conditions in aqueous solution.

All these results, both theoretical and experimental, confirm
that the solvent effect, often neglected, is ubiquitous in poly-
oxometalate chemistry, and provide a better understanding of
aggregation processes with hydrophobic organic substances
and, in fine, alterations to their intrinsic physical-chemical
properties.
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