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ABSTRACT: Herein, we report on a three-component supramo-
lecular hybrid system built from specific recognition processes
involving a Dawson type polyoxometalate [P,W,50¢,]%, a cation-
ic electron-rich cluster [TagBr;,(H,0)s]*" and y-cyclodextrin.
Investigations of such a class of materials have been conducted
using bottom-up approach by studying the specific interactions
between y-CD and both types of inorganic units. Their ability to
interact has been investigated in the solid state by single-crystal
X-ray diffraction and in solution using multinuclear NMR meth-
ods (including DOSY, EXSY and COSY), ESI-mass and UV-vis
spectroscopies, electrochemistry and ITC experiments. Single-
crystal X-Ray diffraction analysis reveals that POM : y-CD con-
stitutes a highly versatile system which gives aggregates with the
1:1, 1:2 and 1:3 stoichiometry. Surprisingly, these arrangements
exhibit common feature wherein the y-CD moiety interact with
the Dawson-type polyoxometalates through its primary face. We
present also the first structural model involving octahedral-type
metallic cluster with y-CD. X-ray diffraction study reveals that the
cationic [TagBr;,(H,0)s]*" ion is closely embedded within two y-
CD units to give a supramolecular ditopic cation, suitable to be
used as linker within extended structure. Solution study demon-
strates clearly that pre-associations exist in solution for which
binding constants and thermodynamic parameters have been
determined, giving preliminary arguments about the chaotropic
nature of the inorganic ions. Finally, both building blocks i.e. the
ditopic supramolecular cation {[TagBr,,(H,0)s]@2CD}?*" and the
Dawson-type anion react together to give three-component well-
ordered hybrid material derived either as supramolecular hydrogel
or single-crystals. Solid state structure shows an unprecedented
helicoidal tubular chain resulting from the periodic alternation of
POM and supramolecular cation, featured by short hydrogen
bonding contact between electron-poor POM and electron-rich
cluster. The 1D tubular ionic polymer observed in the single-
crystals should allow understanding the long-range ordering
observed within the hydrogel hybrid material. The supramolecular
chemical complementarities between the y-CD- based ditopic

cation and polyoxometalate open a wide scope for the design of
hybrid materials that cumulate synergistic functionalities.

1. INTRODUCTION

Motivation to design sophisticated hybrid materials has directed
great attention for the development of challenging scientific pro-
jects such as those based on mimicking natural processes involved
within energy conversion, biomass valorization or pollutants
elimination." Understanding the primary interactions that govern
the assembling between molecular components is probably the
key for controlling the hierarchical arrangement of complemen-
tary active moieties from solution to the functioning material.? In
nature, active components are spatially well-ordered to provide
the highest efficiency for energy transfer, electrons exchange or
catalytic transformation.® For examples, metallic clusters involved
in redox bioprocesses such as nitrogen fixation, CO, reduction or
respiration are ubiquitous in biology but generally, they are in-
cluded within highly evolved biochemical environment to perform
electron-transferring functions through complex pathways.* In-
tense research efforts are deployed in the design of artificial de-
vices integrating active core within simplified biological-like
environment. In context, supramolecular chemistry is developing
basic concepts and principles that are useful tools to assemble
specifically molecular units through weak interactions arising
from directed hydrogen bonding, electrostatic or dispersion forc-
es.’ In addition to these weak attractive effects, polar solvents
such as water contribute substantially to the aggregation process-
es. Desolvation or solvent reorganization around the guest or
within the host can be the most determining contribution in shift-
ing the binding equilibrium.® In many cases, the so-called hydro-
phobic effect was found to be one of the main driving forces in
aqueous medium able to dictate host-guest association, self-
assembly processes or ionic recognition.” Polyoxometalates
(POMs) are anionic all-inorganic molecular metal oxides with
highly diverse structures that reach in size nanoscopic dimensions.
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8 This class of compounds exhibits a wide structural diversity in
relationship with their remarkable chemical and physical proper-
ties that make them useful for applications in areas ranging from
materials science, and energy conversion to catalysis and medi-
cine.” Therefore, wider exploitation of POM compounds requires
the development of robust and efficient synthetic protocols for
their integration into hybrid architectures and devices. In context,
supramolecular approach has the intrinsic advantage to self-
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Figure 1. Structural representation of the molecular components used
as building blocks : a) Dawson anion [PaW;50s]" (POM) b) y-
cyclodextrin = C4gHgoOs0 (y-CD) and c¢) octahedral cluster
[TasBria(H,0)s]*" ({Tas}).

assemble these POM units through weak and specific interactions
into well-ordered hierarchical materials. Recently, cyclodextrin
has proved to behave as specific glue to assemble POM units to
give 1D nanogrid assembly'® or crystalline materials.'' Herein, we
report on the formation of extended hybrid materials based on the
anionic Dawson-type polyoxometalate a-[P,W504,]% (denoted
POM) and the cationic cluster [TagBr,(H,0)s]*" (abbreviated
{Tas}) mediated through specific interactions with y-cyclodextrin
(see Figure 1). The inorganic moieties i.e. POM and octahedral
cluster'? are two complementary units in term of ionic charge and
electronic density. Polyoxotungstates such as the archetypical
Dawson anion [P,W,304,]% contain tungsten atoms in their +VI
highest oxidation number and are considered usually as electron-
poor polynuclear complexex as exemplified by their ability to
undergo multielectron reduction without significant structural
changes. On the contrary, the aqua hexatantalum cationic species
[TagBri,(H,0)s]*" exhibits low oxidation states Ta™™ mixed
valence centers giving rise to electron-rich metal-metal bonds and
related oxidation processes without damaging the cluster struc-
ture. In general, octahedral clusters in general represent an im-
portant class of compounds in the field of solid state chemistry.'?
Nevertheless, sophisticated solution chemistry, ranging from
coordination chemistry' to supramolecular material'® can be also
developed from octahedral-type clusters allowing investigating a
large panel of applications in photocatalysis,'® soft materials,'’
bio-imaging'® or phototherapy.'’

The y-cyclodextrin (noted y-CD hereafter) as organic unit is a
cyclic oligosaccharide built on eight 1,4-linked D-glucopyranosyl
residues which delimit a toroidal hydrophobic cavity. Their re-
markable inclusion properties have given rise to wide applications
in many fields of science such as nanotechnology,”® pharmaceu-
tics’! or medicine.”? Thus CDs represent an interesting class of
building blocks for the construction of hybrid assemblies.?* In this
report, we show first of all the existence of relevant supramolecu-
lar associations between y-CD and POM and between y-CD and
{Tas} separately in aqueous solutions as well in the solid state.
Most importantly, we demonstrate that such interactions could be
combined in a rational way to give rise ordered supramolecular
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hybrid organic-inorganic network based on [P,W,506,]% / {Tas}2+
/y-CD as primary building units.

2. RESULTS AND DISCUSSION

2.1 Formation of the y-CD based adducts

POM@nCD. Systematic studies have been carried out using
different ratios of POM and y-CD and different alkali salts of the
Dawson anion allowing either to tune solubility of the POM /y-
CD aggregates or to improve the quality of the single crystals.
This study showed that this chemical system is highly flexible
producing crystalline solids which contain aggregates with varia-
ble POM : y-CD stoichiometries. The syntheses were straightfor-
ward and consist of mixing one, two or three equivalents of y-CD,
respectively dissolved in water or in 0.5 mol.L™' NaCl aqueous
solution containing one equivalent of Dawson anion [P,W,506,]%
at concentration of about 10? mol.L™! as potassium, rubidium or
cesium salts. Nature of these alkali cation is expected to tune the
solubility of the POM-CD aggregate, thus favoring selective
crystallization of the 1:1, 1:2 or 1:3 assembly. Solutions were
allowed to stand at room temperature for crystallization. After
several days, single-crystals suitable for XRD, elemental analysis
and further characterizations were collected. Further details for
the synthetic procedures and routine characterization are given in
the Supporting Information (see Supporting Information, §2).
Then, the three isolated crystalline phases with the respective
composition KNajs[P,W 304,]*[y-CD]*3.5NaCl+23H,0,
CSNa5[P2W18062]'['Y-CD]z'l 2NaCl‘23H20 and
Rb4K1_5Na0_5[P2W18062]'[y-CD]3‘35H20 have been abbreviated
hereafter POM@CD, POM@2CD and POM@3CD, respectively.

{Tag}@2CD. The cationic cluster [TagBr;,(H,O)s]*" showed high
tendency to form a 1:2 inclusion complex with cyclodextrins
whatever the used {Taq}/y-CD ratio. The formation of the 1:2
adduct is nearly quantitative from aqueous mixtures containing
stoichiometric proportion of y-CD and {Tas} cluster. The result-
ing solutions were able to generate greenish plate crystals corre-
sponding to  [TasBr;,(H,O)]*[y-CD],Br,* 14H,0,  namely
{Tas} @2CD (see SI §2 for further details).

2.2 Single-crystal X-ray analysis

POM@nCD arrangements with n = 1, 2 or 3. Remarkably, X-
ray diffraction analysis of single crystals obtained from POM / y-
CD mixtures revealed three different stoichiometries depending
on the used POM/y-CD ratio (see Figure 2). Interestingly, struc-
tural analyses in the solid state of the 1:1, 1:2 and 1:3 arrange-
ments exhibit a striking common mode of interaction in which the
two components are held together through close contacts involv-
ing the primary face of the y-CD and the longitudinal side of the
POM. As generally depicted for such a type of arrangements, the
two components are held together through a set of weak attractive
interactions including electrostatic, ion-dipole and hydrogen
bonding (see Figure S3-S5, SI §4). In the structure of the 1:1
complex (see Figure 2a), the Dawson ion appears literally put
down on the primary face of the y-CD. Structural analyses re-
vealed only one short ion-dipole contact W=0s**C-OH (O¢*+C =
2.68 A), while the remaining similar interactions appear weaker as
reflected by OeeC distances longer than 3.2 A. Furthermore, four
weak hydrogen bonding contacts are observed leading to O¢**O
distances in the 3.0-3.3 A range. Finally, electrostatic interactions
must also be considered since attractive interactions are reinforced
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by Oee<K+*+O junctions involving terminal W=0O groups of the
POM unit (O-+*K distances, ~ 3.0 A) and by ether or methanolic
groups of the glucopyranose moieties belonging to the y-CD. The
structure of POM@2CD assembly derives from the former and
consists of one Dawson unit [P,W304,]® sandwiched by two y-

Figure 2. Structural representation of the supramolecular POM@nCD
along their X-ray diffraction analysis showing a) the 1:1, b) 1:2 and
c) 1:3 arrangements.

180° from each other (see Figure 2b). The cohesion forces of the
supramolecular 1:2 arrangement are ensured by three hydrogen
bonding contact with O+++O distances of about 3.0 A, supported
by electrostatic interactions involving bridging Na" and Cs" cation
(see Figure S4, SI §4). A third POM:y-CD stoichiometry has been
obtained giving an assembly where the [P,W,50¢,]% ion is closely
embedded by three y-CD as a paddle wheel arrangement (see
Figure 2c). As already observed for the 1:1 and 1:2 stoichi-
ometries, the primary faces of the three y-CD units are directed
toward the central POM moiety. Interestingly, the three y-CD are
related through a C; axis and held together through three short
hydrogen bonding contacts (Oe**O = 2.69 A). Furthermore, three
equivalent rubidium cations are also involved within the
POM@3-CD arrangement, as nodes that associate the POM with
two y-CD through seven Rb — O contacts (Rb—O = 2.83 —3.22 A)
(see Figure S5, SI §4). At last, three additional hydrogen-bonds
(Os++O = 2.93 A) ensure direct interactions between POM and -
CD. These results have to be correlated with those previously
reported by Stoddart et al. on superstructures involving cyclodex-
trins and the Keggin-type [PM0,,040]> anion.'! In all cases, the
three structures exhibit similar types of molecular recognition
wherein POM unit is facing y-CD through its primary face as two
complementary moieties usually described as hydrogen bond

acceptor and donor, respectively. In these structural examples, the
Keggin or Dawson ions do not penetrate deeply into the cavity of
the macrocyclic host but rather interact through multiple weakly
bonding interactions array with the hydrophilic OH groups lining
the primary faces of the CDs. Actually, such a situation is signifi-
cantly pronounced with the Dawson anion, a species larger than
the [PMo;,04]> Keggin-type anion.'' Besides, it should be also
worth noting the role of the alkali ions (Na’, K*, Rb" or Cs"),
which participate also in the reinforcement of the supramolecular
POMe+«CD associations in the solid state packing. Nevertheless,
Stoddart et al. mentioned that the La®>" counter cation presents as
fully hydrated aqua ion [La(H,O),]*" displays only very weak
ionic interactions with the [PMo0;,040]@2CD supramolecular
complexes. In our case, probably due to their low enthalpy hydra-
tion,* alkali ions are then able to interact directly with the OH
groups of the rims (see Figure S3-S5, SI §4). In this case, such a
situation precludes the usual face-to-face organization observed
within the [PMo01,040]@2CD arrangement.“ At last, it should be
mentioned that in the 3D packing of the POM@2-CD and
POM@3-CD, some close contacts and partial inclusions between
v-CDs can be depicted in addition to the POMe+«CD interactions.

Figure 3. Mixed representations of the solid state structure of the
supramolecular host-guest {[TasBri2(H20)s]@2y-CD}" complex : a)
side view and b) top view highlighting close interactions between
inner H-3 hydrogen (white sphere) and four bromide ligands (yellow
sphere) with HeesBr = 2.83 A; ¢) focus on the intermolecular hydro-
gen bonding network involving the four in plane aquo ligands of the
cluster and the hydroxo groups of y-CD secondary faces (O+¢*O = 3.0
-3.14).

{Tag}@*2CD arrangement. The supramolecular host-guest
arrangement within [TagBr ,(H,0)s]*[y-CD],Br,* 14H,0 crystal is
depicted in Figure 3. The structural analysis reveals a
[TagBr;2,(H,0)s]*" cluster closely embedded into two y-CDs inter-
acting mutually through multiple hydrogen-bonds (Ose*O = 2.9-
3.0 A) involving their wider rim (secondary face). Structural

3
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parameters of the encapsulated {Tas} cluster remain in the usual
range of that generally observed (Ta — Ta=2.88 —2.93 A ; Ta —
Br=2.60—-2.61 A ;Ta—0=2.15-239 A).>* However, the
cohesion of the supramolecular assembly arises from four short
C — H e« Br contacts (He**Br = 2.83 A) involving the inner H-3
hydrogen atoms of each y-CD and the Br atoms of the cluster (see
Figure 3b). In addition, the host-guest stability is supported by a
framework of 16 hydrogen bonds connecting the four in-plane
aquo ligands of the {Tag} cluster with the four closest OH groups
(Os+«0 = 3.0 - 3.1 A) that line the secondary face of the two y-CD
(see Figure 3c). As resulting from the multiple intermolecular
weak interactions and host-guest disposition, the two stacked y-
CDs appear slightly staggered of about 21° leading to an overall
D, idealized symmetry. Besides, the tetragonal unit cell displays
the common tubular arrangement formed by supramolecular
building blocks {Tag@2CD} running along the ¢ axis through
short (OessO = 2.83 A) and long (O+*+O = 6.78 A) inter-blocks
distances (see Figure S6, SI §4).''6 At least, it should be men-
tioned that the electric balance is ensured by two bromide ions per
[TagBr2(H,0)s]*" cluster. One half is located on eight equivalent
disordered positions and closely intercalated within the {Taq@?2 y-
CD} tubes (see Figure S6, SI, §4) while the other half of the Br’
ions is distributed between the tubular assembly. Among the
abundant literature on the cyclodextrin-based host-guest arrange-
ments, it should be mentioned the report of Nau et al. about the
inclusion complexes of the [B,X;,]* series (with X = H, CI, Br or
I) who described the crystallographic structure of the [B;,Br;,]*
dodecaborates included within two y-CDs.?” Strikingly, both ionic
species, ie. cationic with [TagBr;,(H,0)¢]*" or anionic with
[B1oBro]* appear deeply immersed within two facing y-CDs to
give similar host-guest arrangements. Furthermore, structural
analogies can be also prolonged to the crystal lattices which dis-
play the formal tubular network, both consistent with a tetragonal
cell in the 14, space group. Such an analogy tends to demonstrate

340
320

300 +

200 T T T r

Figure 4. Variation of the self-diffusion coefficient of POM (black
curve) and y-CD (red curve) measured by *'P and 'H DOSY NMR
spectroscopy, respectively. The significant variation of the D values
reveals that both y-CD and POM move together for compositions
close the 1:2 ratio (xcp = 0.66). Insert : Job’s plot for y-CD and POM
obtained by plotting the chemical shift changes H-6/6" protons of the
y-CD.
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that the lattice is mainly imposed by the tubular packing of the
large supramolecular ionic units able to accommodate different
types of counter-ions in the large resulting voids, such as Na” with
[B1,Brj,]* or Br with [TagBr;,(H,0)s]*". At least, these striking
structural similarities are also supported by close solution behav-
ior revealed by NMR, ITC and electrochemical studies (see fol-
lowing sections).

2.3 Solution studies

Interactions of y-CD with POM or [TagBr,(H,0)s]*" cluster in
aqueous solutions have been confirmed and studied in details by
NMR, ESI-MS, ITC measurements, electrochemistry and UV-vis.
These studies and related analyses were able to give clear insights
about supramolecular pre-organization processes that occur in
solution and to draw a comprehensive description of the interplay
of the solvation shell within the recognition processes.

NMR studies. Aqueous solutions of K¢[P,W;304,]*19H,0 or
[TagBri,(H,0)4]Br, mixed with various amounts of y-CD have
been studied by multinuclear NMR (1D, EXSY or DOSY). NMR
results showed contrasted behaviors related to the different shape,
size and electronic charge density of the inorganic guest species.
The 'H NMR spectra of y-CD upon increasing concentration of
the [P,W,30¢,]% species revealed tiny but significant chemical
shift changes which involve mainly the primary face protons H-
6/6> (A8 ~ 0.3 ppm) (see Figure S9, SI §5).%® This observation
suggests that the Dawson units interact weakly with the primary
face of the y-CD to give labile associations in fast chemical ex-
change regime with respect to the NMR time scale. Furthermore,
Job’s plot analysis (see insert in Figure 4) allowed concluding that
v-CD/POM aggregates form in solution with an average stoichi-
ometry close to 1:2. In fact, such aggregates formation has been
nicely evidenced concomitantly by 'H and *'P DOSY NMR al-
lowing access to the self-diffusion coefficient of the y-CD and that
of the POM species, respectively. The DOSY investigation,
graphically shown in Figure 4 reveals that the self-diffusion coef-
ficients of the interacting substrates decrease significantly in the
POM/y-CD mixture that underline the formation of stable aggre-
gates in solution. Interestingly, the D value of both interacting
components reach together the same minimum value at D = 210
pm?>s™ observed for the composition range close to the 1:2 ratio
(Xcp = 0.66). While the chemical shift changes of the y-CD are
small and those of the *'P or "W resonances nearly undetectable
(see Figure S7-S8, SI §5), they feature tiny conformational or
electronic changes induced through aggregates formation. On the
contrary, the DOSY analysis of the POM / y-CD mixture revealed
clearly that stable aggregates are formed provoking large changes
of self-diffusion coefficients (see Figure 4). These DOSY NMR
data corroborate nicely the analysis given by Stoddart et al. from
SAXS/WAXS measurements carried out on aqueous solution
containing the Keggin-type anion and y-CD."" Noticeably, appar-
ent contradictions arise from these finding because structural
analysis reveals that POMs and CDs assemble together through
weak interactions evidenced by only tiny variations of NMR
chemical shifts (IH, 1BW and 31P), while DOSY or SAXS/WAXS
investigations demonstrate that these hydrophilic species form
stable aggregates in aqueous solution. Such an apparent discrep-
ancy shed light on the prominent role of the water molecules as
solvent when interacting species like POMs and y-CD exhibit
significant solvent-accessible surface.”

In the presence of the octahedral [Ta()Brlz(HZO)(,]2+ cationic clus-
ter, the '"H NMR spectra of the y-CD undergoes strong changes
characterized mainly by the disappearance of the H-1 and H-3

4
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initial resonances of the y-CD for the benefit of new signals, (see
Figure 5). '"H NMR titration showed that such changes are nearly
completed for the 1:2 ratio that is fully consistent with the X-ray
diffraction analysis and ITC analysis (see below). The species
distribution calculated using the binding constants of ITC meas-
urements in experimental conditions of NMR measurements
supports that the prominent species above cluster/CD ratio 0.25 is
the 1:2 complex and the 1:1 species remains negligible in the

cluster/CD ratio range studied (see Figure SI1_ST§S)

H-1 H-3
~— cluster

Equiv.

T Ll L] L] L] Ll
50 48 46 44 42 40 38 36 34
&/ ppm

Figure 5. Selected 'H NMR spectra (300 MHz, 298 K, D,O, 1 mM)
of y-CD in the presence of the different equivalent of
{[TaeBr12(H,0)s]*" dication. Arising of new resonances, clearly ob-
served for the H-1 and H-3 protons suggests that the cluster is deeply
inserted into the cavity of the y-CD at their secondary faces, giving a
non-labile 1:2 host-guest arrangement.

Actually, the presence of additional "H NMR resonances is char-
acteristic of dynamically slow equilibrium process (on the NMR
time scale) in D,O solution involving deeply embedded tantalum
cluster through the two secondary face of

y-CD tori. EXSY 'H NMR spectrum (see Figure S12, SI §5),
recorded for a 1:1 ratio revealed correlations between resonances
of the free and complexed y-CD, both involved in slow exchange
processes. Thus, under complexation process, H-1 undergoes a
significant low frequency shift giving broader new signal at 4.93
ppm . At the same time, H-3 resonance splits into two signals at
4.34 and 4.05 ppm that reflect the symmetry lowering of the
macrocycles in the host-guest arrangement from Cg to C4. Varia-
ble temperature 'H NMR experiments carried out at a ratio
{Tag}/y-CD = 1:4 ratio confirm plentifully such a dynamic be-
haviors showing illustrative coalescence phenomena from about
50-60 °C for the most affected H-1 and H-3 signals (see Figure
S13, SI §5). Furthermore, analysis of the COSY '"H NMR spec-
trum of the 1:2 association allowed confirmation of these 'H
NMR assignments of the y-CD as host (see Figure S14, SI §5).
Actually, the significant downfield shifts concomitant to the
splitting of the inner H-3 protons appear in fair concordance with
that observed by X-ray diffraction analysis. In the solid state
structure, four H-3 protons of each y-CD exhibit very close con-
tacts with four Br atoms of the tantalum cluster (BressH = 2.83 A),
while the four remaining H-3 are engaged within significantly

longer interactions (BreesH = 3.19 A) (see Figure 3b). Then, the
decrease of the local symmetry of the y-CD from Cg to C4 gener-
ates two groups of four equivalent glucopyranosyl units that
should provoke the splitting of all the 'H resonances. This is
clearly observed for the most affected H-3 protons while line
broadening and probably accidental degeneracy prevent any clear
resolutions of signals arising from the two sets of nonequivalent
glucopyranosyl units. In conclusion, NMR results reveal a frozen
complex that should feature a high host-guest affinity. Such a
situation is fully consistent with the X-ray structural analysis
which reveals a deeply embedded tantalum cluster within the y-
CDs pocket. These observations have been further supported by
[TC analysis (scebelow)
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Tigure 6. ESI-MS spectra ol the Iclusion Compounds i aqueous
solution. (a) POM@3CD showing the 1:1 and the 1:2 adducts while
the 1:3 complex is not observed. (b) {Tas} @2CD containing the m/z
peak related to the 1:2 (red trace) and 1:1 (green trace) adducts. The
side peaks separated from each other by m/z = 9 are unambiguously
attributed to either hydrated or dehydrated complexes.

ESI-MS studies. The y-CD based systems containing either the
Dawson anion or the {Tas} octahedral dicationic cluster give
explicit ESI-MS spectra in fair accordance with our previous
results. As shown in Figure 6a, ESI-MS spectrum of 1.10™
mol.L™" aqueous solution in POM@3CD assembly, carried out in
the negative mode contains three well-defined massifs which have
been attributed unambiguously to [POM@2CD]* at m/z = 1159.6,
[HPOM@CD]™ at m/z = 1132.2 and CD-free POM identified as
[H,P,W,506,]" at m/z = 1091.4 and [P,W304,]* at m/z = 1086.7.
It is quite surprising that such aggregates which have been charac-
terized as labile adduct by '"H NMR can even be observed in the
conditions required for ESI-MS experiments. Nevertheless, initial
complex POM@3CD was not observed in the ESI-MS spectrum,
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probably due to a weaker stability than that of the smaller aggre-
gates POM@2CD and POM@CD. This is consistent with ITC
measurements which indicate also that higher aggregates such as
POM@3CD do not contribute significantly within the thermody-
namic of the overall host-guest process.

Conversely, the {TagBr,(H,0)s@2CD}*" host-guest arrangement
in aqueous solution gives a ESI-MS spectrum in the positive
mode that contains two main massifs, each characteristic of the
1:2 and 1:1 assembly, respectively (see Figure 6b and Figure S15,
§6). The highest m/z massif contains peak at 2372.2 correspond-
ing to the expected dicationic 1:2 species
{TaGBrlz(HZO)6@2CD}2+. Furthermore, this peak is flanked on
each side by two additional signals giving an overall set of five
peaks all separated exactly by m/z = 9 that is consistent with gain
or loss of one or two water molecules. Therefore, the two right
side-peaks located at m/z = 2380 and 2389 are attributed to mono-
and dihydrated dicationic derivatives, while the two other peaks
located on the left side result from the loss of one or two water
molecules. Aqua ligands attached to the octahedral tantalum
cluster could be involved and especially the two axial coordina-
tion water molecules. These water molecules are directed along
the y-CD axis and probably more exposed than the four remaining
equatorial aqua ligands, intimately encaged within the two y-CD
tori (see Figure 3). The other massif is constituted of nine peaks
corresponding to different hydration state of the 1:1 dication host-
guest arrangement. The expected species {TagBr,(H,0)s@CD}*
and related mono- and di-hydrated derivatives are observed at m/z
= 1724, 1733 and 1742, respectively. On the left side, the pres-
ence of six peaks at lower m/z value is rather consistent with the
sequential dehydration of the octahedral cluster until the loss of
the six coordination aqua ligands to give the anhydrous species
{TaGBrlz@CD}“. These ESI-MS results seem to indicate that a
supramolecular control of the desolvation process of the
[TagBr2(H,0)s]*" cluster is allowed, selectively restricted to the
two axial aquo ligands within the closed 1:2 arrangement and
extended to the six aquo ligands within the opened 1:1 shell. Such
ESI-MS observations tend to demonstrate that supramolecular
coordination chemistry based on selective ligand exchange pro-
cess should be achievable from aqua octahedral clusters, using
their remarkable host-guest complementarity with y-CD.
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Figure 7. Microcalorimetric titration data obtained at 298 K from
sequential injections of 3.33 mM y-CD solution into a 0.33 mM
[Ta¢Bri2(H20)6]Br, solution showing ITC thermogram (left) and
isotherm (right). Dots and full lines correspond to experimental and
calculated heats obtained from thermodynamic parameters describing
a two-step sequential binding process (bottom).

ITC measurements. ITC was used to analyze from a thermody-
namic point of view the interactions of the y-CD with POM or
[TagBr2(H,0)s]*" cluster, respective:ly.3°‘263 ITC results including
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binding constants, enthalpy A/ * and entropy A.S* are given at
298 K in Table 1 while further details about ITC experiments are
supplied in SI §7. The ITC data obtained from POM/y-CD system
were analyzed using a two-site binding model involved within a
sequential process. As X-Ray diffraction data revealed that a 1:3
aggregate POM@3CD can be isolated in the solid state, introduc-
ing a third sequence within the binding model does not improve
fits significantly between experimental and calculated data. This
means that recognition process is mainly dominated by the for-
mation of the 1:1 and 1:2 aggregates and that presence of higher
order aggregates remains negligible in solution. Actually, the ITC
results confirm nicely the above results showing a quite signifi-
cant affinity between POM and y-CD with K;; = 3.2 10° M and
Ky, =3.7 10° M}, associated with enthalpy driven processes, each
compensated by entropy penalty. It is worth mentioning that these
binding constants are of about one order of magnitude lower than
those reported by Stoddart et al. for both 1:1 and 1:2 complexes
between the y-CD and the Keggin POM [PM0,,040)>.!"" This
lower affinity with the Dawson-type structure is consistent with
the elongated Dawson structure compared to the spherical shape
of the Keggin ion. These data appear quite surprising because
such large enthalpy gains observed for both 1:1 and 1:2 succes-
sive processes do not reflect anymore the weakness of

Table 1: Binding constants K involving Dawson anion and tantalum
octahedral cluster cation with y-CD and associated thermodynamic
parameters (in kcal.mol™") at 7=298 K.

Guest Step K (M) AH  TAS AG
[PaW506]" 1:1 3210° -12.6 78 48
1:2 3.7 10 -11.9 -8.4 3.5
[TagBrin(OHy)e]*"  1:1 1.510° -8.2 -1.2 -7.0
1:2 1310° 5.2 +1.9 -7.0

the intermolecular interactions of the Dawson ion with the y-CD.
Actually, a partial inclusion could be expected involving the two
polar sites of the Dawson ion, structurally similar to that found by
Stoddart et al. with the Keggin ion derivative.'' Nevertheless, as
evidenced by our 'H NMR studies in solution and supported by
X-ray diffraction analysis, aggregates formation results mainly
from close contacts between the largest lateral sides of the POM
and the hydrophilic primary face of the y-CD species. Further-
more, overall results are rather consistent with weak interactions
as shown by 'H NMR in solution and solid state structural analy-
sis even though the resulting aggregates exhibit fair stability as
exemplified by large variations of self-diffusion coefficient of
both species (see DOSY NMR in Figure 4) and by large binding
constants K;; and Kj,. These apparent inconsistencies fade away
whilst the prime role of the solvent is considered. Since a pure
hydrophobic effect cannot account within the interacting process,
water structure recovery resulting of solvent depletion from bind-
ing interfaces should contribute in a significant extent. Thermo-
dynamic fingerprints (see Table 1) could be consistent with a
“chaotropic” recognition process involving “water structure
breakers” species. This idea that POM anions can range in the
chaotropic category is supported by the low charge density dis-
tributed at the POM surface and by the intrinsic weak ability of
the POM anion to be strongly solvated. Furthermore, evidences of
interaction between Keggin-type POMs and organic materials
such as lipids or biomolecules are also consistent with the cha-
otropic nature of POMs.*'

Guest affinity of [TagBr,(H,0)s]*" octahedral cluster has been
determined by ITC titration experiments which have been ana-
lyzed using a two-step sequential binding model (see Figure 7).
The thermodynamic parameters and binding constants included in
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Table 1 and Figure 7 reveal that both 1:1 and 1:2 processes are
enthalpy driven and associated to opposite entropy changes which
is slightly unfavorable for the first 1:1 step and then switches to
positive for the following 1:2 step. Binding constants related to
the sequential host-guest recognition exhibit very high values
such as Kj; = 1.5 10° M and K, = 1.3 10° M!, which are compa-
rable to that reported by Nau et al. on the 1:1 binding process
between y-CD and the perhalogenated dodecaborate ion [B;,X,]*
(X =F, Cl, Br and I). Among the series, the highest binding con-
stant was obtained with the bromo-derivative [B;,Brj,]* with K,
=9.6 10° M that led the authors to conclude that size-matching
effect and polarizability of the X groups should contribute to the
host-guest recognition process. In our case, the {TagBr ,(H,0)¢]*"
cationic guest exhibits similar globular shape and size to those of
the [By,Brj,]* anion.”” Furthermore, the positive charge of the
cluster does not affect anymore the host-guest affinity which
rivals and even exceeds usual values found for y-CD with anionic
substrates.***** Such a large affinity corroborates nicely the X-
Ray diffraction analysis and solution '"H NMR. In the solid state,
the identified network of convergent weak hydrogen bonding
interactions should obviously contribute in part as pulling factor
to the supramolecular assembly stability. Actually, formation of
this host-guest arrangement in aqueous medium remains very
intriguing because both components are considered as hydrophilic
units, mainly due to the six aqua ligands located at the corner of
the dicationic octahedral cluster or due to the 24 hydroxyl groups
that line the primary and the secondary face of the y-CD. Hence,
the role of the solvent should be pointed out, acting as a pushing
factor which consists of self-reorganization of water molecules
relocated from the solvation shell to the bulk. Such a contribution
has been considered by Nau et al. as the main factor governing the
inclusion process, due to the chaotropic or super chaotropic nature
of the dodecaborate series.””** This example gives first indica-
tions about the solvated character of the hexatantalum cluster and
should be the starting point for further development using various
octahedral type clusters that differ in their metallic centers, inner
or outer ligands or ionic charge.>*'*°

3 .
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Figure 8. Cyclovoltammograms of [TasBr2(H,0)e]*" (0.5mM, 298K,
scan rate 10mV.s™; 2.5 102 mol.L™" HCIO, aqueous solution) in the
presence of increasing amounts of y-CD (from 0 to 5 equivalents).
Insert : plot of the first anodic peak potential versus equivalent num-
ber of y-CD showing a break point for the stoichiometric conditions.

Electrochemistry. As both inorganic moieties are redox active
and display complementary electrochemical properties, influence
of y-CD upon the electrochemical properties have been examined.
Dawson anion [P,W,50¢,]% exhibits the general electrochemical
behavior of POM compounds that corresponds to ability to under-

go quasi-reversible multi-electron reductions,” thus confering
electrons reservoir properties interesting for many applications
with regard to energy conversion or storage.** Whatever the
equivalent number of y-CD, cyclovoltammograms (CVs) of the
Dawson remain almost unchanged with respect to that previously
reported for the CD-free Dawson anion (not shown).*> Such re-
sults are probably the fingerprint of labile and weakly bound
adducts POM@nCD, previously identified by 'H NMR and by
structural analysis. Conversely, the electron-rich
[TagBri2(H,0)]*" cluster gives two successive monoelectronic
waves observed at E\° = +0.37 V and E,° = +0.67 V vs. SCE in
0.025 mol.L"' HCIO, aqueous solution (see Figure 8).*” These
monoelectronic transfers are reversible (AE, ~ 60 mV) and corre-
spond to the redox couples {Tag}**/{Tas}*" and {Tag}*"/{Tas}*",
respectively. Upon addition of y-CD, these two redox peaks shift
gradually toward higher potential with a large change for the first
exchange (AE;° = +130 mV) and a smaller one for the second
(AE,° = +30 mV). These observations evidences clearly that
binding situation occurs altering significantly the electrochemical
properties of the guest. In addition, loss of electrochemical revers-
ibility is observed and characterized by an increase of potential
difference between the cathodic and anodic peaks AE, of 140 mV
and 100 mV for the first and the second exchange, respectively.
Then, changing the charge state of the guest from 2+ to 4+ in the
non-polar environment of the y-CD pocket might be difficult and
should affect the thermodynamic stability of the host-guest as-
sembly giving rise to the observed redox shifts and change of the
kinetic barrier. In accordance with this reasonable and well-
documented assumption,*® the UV-vis spectrum of the cluster
undergoes only very small variations, indicating that electronic
structure of the reduced state of the cluster is almost unaffected by
v-CD complexation (see SI §7). These preliminary results tend to
demonstrate that electrochemical changes should involve mainly
the oxidized forms, namely {Tac}** and {Tac}*". Nevertheless,
ongoing works are in progress including spectro-electrochemistry
and characterization of the specific interactions of the y-CD with
the oxidized states {Ta}*" and {Ta}*".

2.4 Three-component supramolecular system.

The overall presented results offer fundamental bases to build
hybrid materials based on combination of three components such
as y-CD, the cationic octahedral cluster [TagBr,(H,0)¢]*" and the
Dawson-type POM. The y-CD component exhibits a remarkable
high affinity with the cationic cluster to consider the 1:2 resulting
host-guest complex as a highly stable cationic hybrid building
block. Besides, the Dawson [P,W304,]® anion and the y-CD
constitutes a versatile chemical system able to form supramolecu-
lar adducts which differ from their stoichiometry but are invaria-
bly built on a selective interplay mode involving the primary face
of the y-CD and the largest side of the POM (see
Figure 2a-c). Then, high affinities, selective interactions and
dynamic flexibility are harnessed to associate the ditopic hybrid
cation and the polyoxometalate unit together. This approach will
offer undoubtedly new perspectives in the design of unprecedent-
ed functional materials that combine the key properties of the
electron-rich (cluster donor) and the electron-poor (POM accep-
tor) moieties, both specifically and spontaneously associated by y-
CD as ditopic linker. Besides, it should be mentioned that mixing
the POM and cluster components in similar conditions but in
absence of the y-CD, amorphous and poorly defined materials
were systematically obtained. Furthermore, ITC measurements on
the POM-cluster binary system does not allow detecting any
significant heat exchange, consistent with no direct POMeeecluster
interaction in such conditions.
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From hydrogel to single crystals. First attempts have been
carried out by mixing directly 2.10% mol.L™' aqueous solutions
containing the ditopic hybrid cation
{TaéBrlz(HZO)(,@ZCD}Br2°14H20 and the POM
KePyW1306°19H,0. In such conditions, the resulting greenish
solution becomes viscous until complete gelification in few
minutes. Formation of hydrogel-type material indicates that me-
tathesis reaction takes place and results in polymerization process
involving the ditopic cation and the POM. The hydrogel has been
characterized through a set of analytical methods revealing com-
position consistent with the formula Ky[TasBr,(H,O)][v-
CD],[P,W150¢;]*nH,0. Infrared spectra confirm the incorporation
of the three components assembled within the hydrogel network
(see Figure S2, SI §3). Besides, the hydrogel assembly reveals
birefringence properties below polarized optical micrograph but
the most surprising outcome is probably the presence of diffrac-
tion peaks in the powder X-Ray diffraction diagram that suggests
long-range order exists to a certain extent (see Figure 9). Such a
result prompts us to get single-crystals from slow-diffusion tech;
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Figure 9. Powder-X-Ray diffraction diagram of the three-component
hydrogel assembly built from hierarchical organization of v-
cyclodextrin, polyoxometalate [P2W13062]6' and octahedral cluster
{Tae}>" (see insert); experimental (black) and calculated from single-
crystal X-Ray diffraction data (red).

mol.L™" aqueous solutions used for the hydrogel preparation, small
but well-shaped greenish single-crystals suitable for X-ray diffrac-
tion analysis were formed in the interfacial region of both solu-
tions for about one week. Elemental analysis of crystals, support-
ed by usual set of analytical methods leads to the similar composi-
tion found for the hydrogel-based material with the formula
KoH, {[TagBria(H,0)6]@(CasHggOu0)2} [P2W15062]#32.5 H0
(abbreviated {Tag@2CD+POM}). In this regard, POM, y-CD and
{Tag¢} octahedral cluster behave as a versatile system, allowing a
structuring control from hydrogel to single-crystals using supra-
molecular bottom-up approach.

Single-crystal X-ray diffraction analysis of the three-
component system. Single-crystal X-ray diffraction study of
{Tas@2CD+*POM} reveals a 1D infinite sandwich-type structure
wherein the Dawson POM anions alternate with the ditopic su-
pramolecular cation {Ta,@2CD}*" (see Figure 10). The linear
infinite ionic polymers run along the ¢ axis and stack together
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symmetrically as parallel pillars to give tetragonal packing (see
Figure 10b). Besides, the ditopic hybrid cation incorporated with-
in the three-component system exhibits very close geometrical
features that those observed previously in the crystallographic
structure of [TagBr>,(H,O)s]*[y-CD],Br,*14 H,O (see Figure 3),
especially with regard to the host-guest interactions, mainly ex-
pressed through hydrogen bonds distribution. In a same way,
arrangement between the y-CD and the POM remains quite un-
changed and involves primary faces of the y-CD, similar to the
structural models of POM@nCD, depicted in Figure 2. Interesting
observations can be noticed with regard to the expression of the
chirality within the solid state arrangement. As usually observed
with solid-state structures of cyclodextrins, the
{Tas@2CD+*POM} crystallographic structure is consistent with
the P4,2,2 chiral space group which imposes 4; helicoidal axis
along centers of the tubular chains. Then, related 4, operations
generate four different positions for the POM units that wheel
helicoidally around the tube axis while orientation of the
{Tag@2CD}*" units remain unchanged (see Figures 10a and 10c).

a) ¢

e\

Figure 10. Structural representations resulting from the single-crystal

X-ray diffraction analysis of the three-component system
{Tag@2CD+*POM}: a) tubular chain showing periodic alternation of
the ditopic cation {Tas@2CD}>" and the [P,W306]” POM running
along ¢ axis with ¢ = 89.17A; b) highlight of the tubular chain pack-
ing in the ab plane; ¢) POM moieties within the tubular chain are
symmetrically related through 4, helicoidal axis generating succes-
sively four equivalent POM units colored in yellow, green, red and
blue, respectively; d) highlight of two POM units sandwiching the
{Tae}*" cluster through short hydrogen bonds such as 0-O = 2.64 A
(the two y-CD have been omitted for clarity).

Finally, additional hydrogen bonds are found, which involve the
axial aqua ligand of the {Ta¢Br;,(H,0)}>" and terminal oxygen
atoms of the POM. The shortest distances O<++O that are in the
2.64-2.83 A range suggest that electrostatic interactions may
reinforce hydrogen bonding. Besides, the long-range ordering
within the hydrogel can be understood partly from the structural
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analysis of the single-crystals, by considering that stacked tubular
chains, shown in Figure 10 are flexible enough to self-
interpenetrate in the supramolecular 3D network. Nevertheless,
further investigations are still progressing for the full understand-
ing of the long-range ordering of our hybrid hydrogel.
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Figure 11. ITC thermograms (upper part) and isotherms (lower part)
for the titration of a mixture of y-CD (22.5 uM) and [Ta6Br12(H20)6]2+
(90 uM), by a 200 uM POM solution. Dots correspond to the experi-
mental heats. Red line corresponds to the theoretical heats when
considering the presence of {Tas}@CD, {Tac}@2CD,
POM[{Tas} @CD], POM[{Tas} @CD], and POM[{Tas} @CD]3

ITC measurements. As [P,W;30,]% and [TagBr,(H,0)s]*
proved their ability to form various supramolecular complexes
with y-CD, the possibility of forming materials involving the three
partners was then explored by ITC. Interestingly, when POM was
injected on a mixture of {Tas} and y-CD, significant heats were
systematically recorded, whereas negligible signals should be
expected in the hypothesis of a simple competition between the
two distinct 1:1 and 1:2 y-CD complexes of POM and {Tas}, as
the {Tas} complexes are significantly stronger than those involv-
ing POM (See SI §6 for simulation details). These heats demon-
strated the existence of hetero-ternary complexes.

On one hand, when the initial concentrations of {Tas} and y-CD
lead essentially to 1:1 complexes, a clean thermogram was ob-
tained (see Figure 11). Strikingly, the corresponding binding
isotherm has been calculated with a satisfactory agreement with
the experimental data by considering the possibility to associate
up to three {Ta,@CD}*" complexes with one POM molecule, as
illustrated in Figure 11. The estimated binding constant for the
interaction between one {Tag}@CD complex with one POM
molecule was close to 4 10* M, which is one order of magnitude
higher than that for fixing one y-CD on one POM molecule in the
absence of {Tag}. Actually, it has to be stressed that the quantita-
tive analysis of this single isotherm by our theoretical model is

probably over-parametrized, with respect to the presence of a
large distribution of aggregates arising from available combina-
tions of the three building blocks. Nevertheless, the rapid decrease
of the ITC isotherm is clearly in favor of strong and multiple
bindings between POM and {Tas} @CD entities.

On the other hand, when {Tag}@2CD complexes were initially
favored in the cell by increasing the initial y-CD concentration,
important deformations were observed on the ITC thermograms
(see Figure S18, SI §7). Concomitantly, turbid solutions were
extracted from the cell at the end of the titrations. Such observa-
tions indicate that interactions between the ditopic {Tas@2CD}
cationic complexes and the POM favor polymerization process.
Both observations of deformed thermograms and turbid solutions
during the ITC experiment corroborate our previous observations
that such ternary system leads to supramolecular polymer. Unfor-
tunately, the consecutive variation of viscosity and the heteroge-
neous character of the solutions hindered any quantitative inter-
pretation of the ITC thermograms for further characterizations
about interactions between POM and {Tas}@2CD complexes.

3. CONCLUSIONS

We have shown that recognition process of y-cyclodextrin in host-
guest binding can be used for the building of hierarchical non-
covalent materials using POMs and octahedral clusters. We report
discovery of a remarkable versatility featuring interactions be-
tween the Dawson anion [P,W304,]® and the primary portal of y-
CD allowing the selective isolation of the 1:1, 1:2 or 1:3 adducts
in the solid state. We report also on the first inclusion complex
built from a cationic octahedral cluster [TagBr;,(H,0)¢]*" and y-
CD wherein the structural model displays the conventional host-
guest 1:2 assembly involving close intermolecular contacts. Solu-
tion studies, including NMR methods, ITC and electrochemistry
reveal that organic and inorganic moieties are pre-assembled
together in solution for giving stable aggregates while all these
species are considered as hydrophilic. Such a behavior gives
insights about the true nature of these solvated ions which seem to
range within the category of chaotropic species. Nevertheless,
given the large structural diversity of both classes of compounds,
offering species that differ in their composition, shape, size,
symmetry and ionic charge, there should be extensive solution
chemistry to determine the factor dictating their supramolecular
interplay with substrates of interest.

Besides, the {POM@nCD}® aggregates and the ditopic
{Tag@2CD}*" arrangement reveal striking complementary struc-
tural and chemical properties, which have been exploited success-
fully to design novel three-component phases derived as supramo-
lecular hydrogel or single-crystals with similar composition. X-
Ray diffraction study shows that in the supramolecular assembly,
{Tag@2CD}*" acts as a ditopic ionic linker able to produce 1D
tubular chain resulting from periodic alternation of POMs and
clusters. This first example highlights promising route to design a
new class of responsive and adaptable multifunctional materials
built from deliberate associations of functionalities by the three
well-ordered components. As instance, combination of lumines-
cent clusters'® as solar light sensitizer with POMs as electron
acceptor could be useful to design light-driven devices relevant in
photocatalysis or chemical detection. Given the scope of these
domains, including POM and cluster chemistries, there is great
interest to develop relevant hybrid multifunctional materials using
the straightforward supramolecular approach. This strategy will
pave the way toward exciting, extensive and challenging physical-
chemistry or physics in this new area.
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