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potential for the elaboration of smart materials. In this context, we
present here the formation of supramolecular coordination polymers
driven by the complexation of cobalt(Il) or zinc(I) ions with
polyoxometalate-based hybrids displaying two terpyridine ligands in a
linear arrangement. Thanks to the electrostatic interactions between
the polyoxometalate cores and metal nodes, the polymer chains self-
assemble into fibers that physically cross-link to form gels above a
critical concentration. Using spectroscopy, microscopy, X-ray
scattering, and rheometry, complemented by molecular dynamics
simulations, we investigated the supramolecular organization of the
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chains in the fibers and the resulting processes leading to gelation. Compared to previously reported systems, these gels have
improved rheological features and appealing properties, such as birefringence, luminescence, and spin crossover, paving the way for
their use as building blocks for multifunctional smart materials.

metallogels, self-assembly, polyoxometalates, organic—inorganic hybrids, rheology

Supramolecular metallogels are a fascinating class of gels,
whose formation relies on the use of metal ions as linking
agents, assisted by further noncovalent forces (e.g,, van der
Waals, H-bonds, and 7—7 or metal-metal interactions).'™’
These self-assembled materials can often undergo macro-,
micro-, or nanoscopic phase transitions, leading to modulation
of the shape, volume, and rheological properties in response to
a stimulus.”®” The presence of metals has been shown to be
very beneficial in providing the gels with enhanced properties
(e.g, conductive, magnetic, (photo)catalytic, and self-healing)
and stimulus responsivity, thus representing a major asset for
their application as sensors or smart materials.”**'°~"* In this
regard, current efforts are devoted to incorporating into the
building blocks further functional entities to make the system
responsive to multiple external stimuli. The gelation
mechanism results from the interplay of polymerization by
metal coordination and noncovalent interactions between the
coordination polymer chains.*” In particular, to induce cross-
linking, much care is paid to endow the building blocks with
chemical reticulation points (e.g., in branched or multidentate
ligands)'*~"” or further complementary moieties (e.g., host—
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guest pairs),">'” in order to exert precise control over the self-
assembly and thus build a homogeneous network. Moreover,
considerable effort in molecular design and synthesis is
required to build systems where the metal is responsible for
both coordination and cros.s.-linking.zo_23 To date, the
elucidation of the molecular and supramolecular arrangement
and of the resulting gelation mechanism using spectroscopy
and electron microscopy techniques is usually challenging due
to the low electron density of the organic building blocks, so
that the gelation mechanism has most often been poorly
understood or only hypothesized.””* Furthermore, supra-
molecular metallogels frequently have limited macroscopic
properties, especially in terms of rheology, which remains a
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Figure 1. Molecular structures of the organic and hybrid compounds and schematic representation of the coordination-driven gelation process

(TBA: tetrabutylammonium).

scientific challenge for the development of multifunctional
coordination-driven soft materials,”>%**>°

In this context, we have previously reported hierarchically
self-assembled nanostructures formed by the coordination of
metallic ions (e.g., iron, cobalt, and palladium) with organic/
inorganic mono- or ditopic hybrids bearing remote terminal
(poly)pyridine groups as coordination sites for the metal ions,
linked to a polyoxometalate (POM) core.”’ > POMs are
polyanionic metal oxides widely used as inorganic scaffolds due
to their rich redox properties and well-defined molecular
structure. Furthermore, they can be chemically functionalized
into organic—inorganic hybrids®>** in which the hybrid
compound can not only combine the benefits of the organic
and inorganic parts but can also potentially exhibit synergistic
properties, which has been the rationale of this growing field.
In our previously reported systems, the presence of charged
subunits (POM and metal linker) in the self-assembled
architectures drove their aggregation, resulting from a
competition between the solvation energy of discrete supra-
molecular species and the intermolecular electrostatic inter-
actions. We then reported the elaboration of discrete
metallomacrocycles, nanoparticles, 1D aggregates, and even
supramolecular gels, depending on the denticity of the hybrid,
the charge of the metal ion, and the dissociating character of
the solvent.”’ >’ Rare examples of metallogels using hybrid
POMs have already been described, but these reports do not
mention any salient physicochemical property, probably due to
limited mechanical performance or a lack of control over the
interactions (gel syneresis was described in one example).*> ™’

We report here a new supramolecular metallogel formed by
a covalent organic—inorganic POM-based polymer, extending
our previous exploration of POM-based metallogels.”” The
hybrid polymer chains are based on the Anderson POM
structure connected through rigid organic spacers to two
remote terpyridine units, favoring linear supramolecular
polymerization by coordination to divalent metal cations
(Figure 1). Metal coordination spontaneously induces the
formation of a supramolecular gel above a percolation
concentration, ultimately leading to mechanical properties
that are considerably improved compared to those usually
reported. The presence of an inorganic polymetallic core with a
high electron density allowed the use of X-ray scattering and
electron microscopy techniques, which provided insights into
the internal nano-organization of the material and the nature of
the gelation process, also supported by molecular dynamics
simulations. These materials exhibit various features, such as
optical and magnetic properties, self-healing after mechanical

stress, or birefringence, paving the way for high-performance
multifunctional materials based on hybrid molecular building

blocks.

The synthesis of two new ditopic hybrids, namely, A[tpy] and
Aleo-tpy] (Figure 1), was developed. These compounds are
composed of two terminal terpyridine units, linked to an
Anderson polyoxometalate core (A = [MnMogO,,]) by rigid
aromatic spacers making a 180° angle, a topology prone to
favor linear coordination polymers in the presence of divalent
metal cations. The hybrids were obtained from the reaction of
tetrabutylammonium octamolybdate and manganese acetate
with the tris-alkoxide ligands tris-tpy and tris-eo-tpy,
developed from multistep syntheses detailed in Section 2 of
the Supporting Information. As A[tpy] showed limited
solubility in various organic solvents, we developed derivative
Aleo-tpy] with ethylene oxide side chains to improve its
solubility in organic polar solvents. Single crystals of A[tpy]
and Aleo-tpy] were grown by the slow diffusion of diethyl
ether into acetonitrile solutions of the hybrids. Only single
crystals of A[tpy] were suitable for X-ray structure
determination (Figure 2 and SI Section 3), which confirmed

4.4 nm

Figure 2. X-ray structure of A[tpy]. H atoms, solvent molecules, and
counterions have been omitted for clarity. Mo and Mn polyhedra are
colored blue and green, respectively. C, O, and N atoms are shown in
white, red, and blue, respectively.

the linear arrangement of the two terpyridine moieties in the
hybrid, whose length is 4.4 nm. The unit cell parameters and
the space group, P1, of A[eo-tpy] could be determined, and it
differs from that, P2,/c, of Altpy] showing that these
compounds have different crystalline structures.

The ability of A[tpy] to form coordination polymers was
surveyed in the presence of 1 equiv of Co(II) in DMSO.
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Interestingly, a red-colored birefringent metallogel is formed
instantaneously (Figure S4.1), but regardless of the initial
concentration of the hybrid, severe syneresis was observed
upon mechanical stress, precluding further analysis. In contrast,
while 1:1 mixtures of a divalent cation and Aleo-tpy]
produced homogeneous solutions at concentrations below ca.
S mM (3 wt % in DMSO), above this value, immediate
gelation was observed (Figure S4.2). The metal coordination
of A[eo-tpy] was probed in dimethyl sulfoxide (DMSO) with
Co(II) and Zn(II) salts via UV—vis absorption and
luminescence spectroscopy, in diluted conditions (up to 1
mM). The ligand Aleo-tpy] displays an intense absorption
band centered at 360 nm (Figure 3) assigned to a m—n*

1.0x10° _ﬁ I 1.0x10°
8.0x10° o - 8.0x10*
=
© s
< 6.0x10° 4 [ 6.0x10* =
o ~
€ 5
— _s
> 4.0x10° I 4.0x10°*
2.0x10* A I 2.0x10°*
0.0 41— . N . 0.0
300 400 500 600 700 800

Wavelength / nm

Figure 3. UV—vis absorption (full lines) and emission (dashed lines)
spectra of A[eo-tpy] (black), Co-A[eo-tpy] (red), and Zn-A[eo-tpy]
(yellow) solutions.

transition and a weak and broad absorption band in the visible
region attributed to the Mn-Anderson core, which confers it a
pale brown color. In the presence of 1 equiv of [Co(H,0),]-
(NOs,), or [Zn(H,0)¢](BF,), salts, the solutions turn red and
yellow, respectively, consistently with the formation of
[Co(tpy),]** and [Zn(tpy),]** complexes.’®*’ Moreover, the
complex Zn-A[eo-tpy] * showed a weak luminescence (®,,, <
0.02), with a broad emission band centered at 570 nm whose
intensity did not show any time-dependent variation, proving
that the coordination is completed within few seconds (Figure
S4.3). This emission is considerably weaker and redshifted
compared to that of the tris-eo-tpy ligand (4,,, = 452 nm, @,
= 0.41) or the tris-eo-tpy:Zn(II) complex (2:1) (4., = 469
nm, @, = 0.34, Figure S4.4) as reported in Zn(II) bis-
terpyridine molecular materials in the solid state,”" suggesting
the formation of aggregates with Zn-A[eo-tpy].

The stoichiometry of the metal complexes was further
investigated by UV—vis absorption titrations (Figure 4). Upon
the addition of increasing aliquots of a concentrated solution of
the Co(II) salt to the ligand tris-eo-tpy (Figure S4.5), the
absorption in the visible region increased up to 0.5 equiv with a
shoulder at ca. 520 nm attributed to MLCT and/or d—d
transitions,*' in agreement with the formation of a Co(II) bis-
terpyridine complex.”®* Beyond this point, any excess of
Co(1I) ions leads to a slight decrease in absorbance, which may
be mainly ascribed to the formation of 1:1 Co-tpy complexes.
Titration of the ditopic hybrid A[eo-tpy] with Co(II) salts
resulted in similar absorbance variations, with a maximum
absorbance at 1 equiv of Co(II). A similar behavior is observed
upon the addition of Zn(II) salt to tris-eo-tpy and A[eo-tpy]
(Figure 4 and Figure S4.6.) with the absorbance of the Zn(II)

25
o "0,
®00e0 o o
<<
1:0 1:5 2‘0 2‘5 3‘0
[Co™]/ [A(eo-tpy)]
T T T
400 500 600 700 800
Wavelength / nm
o O ) [9)
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0.0 e
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Figure 4. UV—vis absorption spectra of a 0.2 mM (top) and 1 mM

(bottom) solution of A[eo-tpy] in DMSO upon the addition of

[Co(H,0)¢](NOs), and [Zn(H,0)4](BF,),, respectively. The insets
show the absorbance changes at 520 and 450 nm, respectively.

bis-terpyridine complex being located more in the UV region
compared to Co(II) owing to the absence of MLCT and d—d
transitions in this complex."’9 Interestingly, the slope of the
absorption evolution upon increasing the Zn(II) content is
considerably lower after the addition of 1 equiv of [Zn-
(H,0)4](BF,), to Aleo-tpy] than after the addition of 0.5
equiv of [Zn(H,0)4](BF,), to tris-eo-tpy. This suggests that
the formation of 1:1 Zn-tpy complexes with A[eo-tpy] is
hindered by a confined environment in the aggregate. These
experiments prove that at the equivalent point, all of the
terpyridine units of A[eo-tpy] are bound to the divalent metal
center, in line with the formation of coordination polymers.
When monitoring the addition of [Co(H,0)](NO;), to a 2
mM solution of Aleo-tpy] by 'H NMR in DMSO-d,, we
observed the progressive disappearance of the signals from the
terpyridine and ethylene oxide side chains (Figure $4.7). Upon
the addition of 0.5 equiv of Co(II), new broad signals at 4.80,
5.86, 6.11, 9.81, 13.2, 31.4, 37.7, and 50.8 ppm are observed,
suggesting the intermediate formation of the dimeric A[eo-
tpy]:Co(II) (2:1) complex by comparison with the '"H NMR
signals of an analogue metal bis-terpyridine complex (Figure
$4.7).”% In contrast, upon the addition of 1 equiv of Co(II), no
signal is observed from either the free terpyridine or the cobalt
bis-terpyridine complex. This is characteristic of colloidal
systems, which have a short T, relaxation time.”> Similar
behavior is observed by 'H NMR upon the addition of
[Zn(H,0)6)(BE,), to a 2 mM solution of Aleo-tpy] (Figure
S4.8).
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To investigate the influence of metal coordination at the
supramolecular scale and understand the mechanisms of gel
formation, cryo-TEM, TEM, SEM, and small-angle X-ray
scattering (SAXS) analyses were undertaken. Cryo-TEM
micrographs (Figure S), recorded on freshly prepared S mM

Figure S. Cryo-TEM micrographs of a S mM Co-A[eo-tpy] gel at
different magnifications.

Co-Aleo-tpy] (Figure 5) and Zn-A[eo-tpy] (Figure SS.1)
gels, revealed flexible cylindrical linear objects, with lengths in
the range of hundreds of nanometers and respective average
diameters of 6.6 and 6.4 nm. These fibers must be bundles of
single polymer chains formed by electrostatic interactions
between the negative POMs and the positive Co(II) ions, as
the Anderson POM has a diameter of ca. 0.9 nm (vide infra).
As we will show below, the formation of these fibers explains
many physical properties of these systems, such as
birefringence due to fiber alignment and gelation due to fiber
entanglement. SEM (Figure S5.2) and TEM (Figure SS.3)
micrographs of 0.1 and 1 mM Co-A[eo-tpy] DMSO dropcast
solutions also show the presence of monodisperse fibers of
similar diameter (ca. 6—7 nm). The fact that the fibers are
observed in the dropcast samples could be due to the fact that
they are already present in dilute solution. Moreover, the EDS
analysis of the samples showed peaks corresponding to all the
elements of the material, in particular Mn, Co, and Mo. The
quantification by EDS with TEM gave reasonable results.
Typically, focusing on a single fiber provided Mn/Co/Mo
atomic ratios of 0.81/1.1/6.0, while focusing on a thick film
provided Mn/Co/Mo atomic ratios of 0.82/0.85/6.0 (Figure
85.3).

The molecular arrangement of the chains in the fibers of the
Co-Aleo-tpy] and Zn-Aleo-tpy] gels was then studied by
SAXS (Figure 6). Regardless of the concentration, the Co and
Zn gels showed a main scattering peak at 0.44 and 0.43 A~
respectively, and their second harmonics at 0.88 and 0.86 A™!
(solid arrows in Figure 6), which are mostly due to the
scattering contrast between the POM units and the organic
moieties and the solvent. The pronounced asymmetry of the
peak, which is striking for Zn-A[eo-tpy] but also clear with
Co-Aleo-tpy], strongly suggests that it is due to the periodicity
of an object with low-dimensionality, as expected here.**
Indeed, this peak asymmetry (see the inset in Figure 6) is
compelling evidence that the diffraction peaks are due to the
scattering by the 1D objects observed by cryo-TEM shown in
Figure 5. The scattering by 1D chains and the origin of the
peak asymmetry have been analyzed in detail by Schlesinger et
al.* Furthermore, a minimum estimate for the polymer length
of 25 and 75 nm for Co-Aleo-tpy] and Zn-A[eo-tpy],
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Figure 6. SAXS diffractograms of 10 mM gel of Co-A[eo-tpy]
(dashed red line) and Zn-Aleo-tpy] (dashed yellow line), DMSO
(black line), and their difference with the solvent (solid red and
yellow lines, respectively); the main scattering peak and its first
harmonic are indicated by solid arrows, and broader scattering peaks
are shown by dashed arrows. The inset shows the peak asymmetry on
linear—linear scales.

respectively, can be derived from the full width at half-
maximum of the reflections. Note that these minimum values
are considerably lower than the length of the fibers actually
observed by microscopy techniques. However, the lower
bounds of the fibril length, thus roughly estimated from the
SAXS reflection profiles, correspond to the size of coherent
domains in the fibers, which may indicate that the long fibers
are composed of shorter polymeric chains.

This scattering peak corresponds to a period of 1.47 nm, a
value that is one-third of the total length of the chain repeat
unit (vide infra). This implies that the POM units of three first-
neighbor chains in a fiber are axially staggered by one-third of
the total length of the hybrid monomer (see scheme in Figures
1 and 7). The scattering curve also shows two broad bumps

repeating
unit

Figure 7. Molecular structure of a fiber composed of S polymer chains
obtained by MD simulations. For clarity reasons, the TBA
counterions are shown in green, and the repeating unit and helical
pattern are shown in yellow.

around 0.3 and 0.7 A™' (dashed arrows in Figure 6), which
could be related to the packing of the polymer chains in the
plane perpendicular to the fibers, but these scattering data are
too sparse to draw an exhaustive model. We have also recorded
the XRD patterns of dried Co-A[eo-tpy] and Zn-A[eo-tpy]
samples, after precipitation using diethyl ether (Figure S4.9).
Interestingly, a strong diffuse scattering peak at 0.47 A~" (0.46
A™") and other weaker peaks at 0.72 A™' (0.71 A™"), 0.94 A"
(0.89 A™"), 1.19 A™! (1.16 A7), and 1.44 A~ (1.44 A™') are
observed for Co-A[eo-tpy] (and Zn-A[eo-tpy], respectively).
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The peaks at 0.47 A~ (0.46 A™') and 0.94 A™* (0.89 A™') are
close to those already observed by SAXS (note that no peak
was found at ca. 0.3 A™'). The peak at 0.72 A~ (0.71 A™')
with its second harmonics at 1.44 A™' corresponds to a
distance of 0.9 nm, and it could be attributed to some average
distance between the chains within the fibers. Finally, the ratio
of the positions of the broad peaks at 1.19 A™" (1.16 A™") and
0.72 A7 (0.71 A™") is ca. 1.65, which is close to \/3. The
observation of this peak suggests local hexagonal packing of the
polymeric chains in the bundles.

To gain more insight into the fiber structure, we performed
molecular dynamics (MD) simulations on a 3D box containing
S periodic Co-A[tpy] polymer chains embedded in an explicit
DMSO solvent and TBA counter cations compensating the
charge (see SI Section 6, Figure S6.1). Within 1.1 us, the
chains aggregated into fibers with interchain distances shorter
than 1.5 nm, most commonly at 1.04 nm (Figure S6.2). These
aggregates most likely form due to the electrostatic interactions
between the negatively charged POM cores and the positively
charged metal nodes and to the van der Waals interactions
between the ethylene oxide side chains, whereas aggregates
with larger interchain distances (1.5—2.5 nm) would form by
the intercalation of a TBA counterion between the chains
(Figure S6.2—3). The solvent molecules are an important
factor in the simulations: when DMSO molecules are included
in the calculation, the aggregates form at POM:--POM
distances of ca. 1.5 nm only in 7% of the samples, most likely
due to shielding of the chain—chain contacts by the solvent.
Instead, solvent-free simulations were performed (Figure S6.4)
and showed a predominant 1.5 nm Mn--Mn distance as
observed by SAXS, suggesting that the aggregation process
would expel the DMSO molecules, giving rise to a compact
structure where the POMs and the metal units interact directly
and the POM—POM interactions are mediated by intercalated
TBA counterions (Figure 7). These findings are nicely
consistent with the SAXS analysis and with the TEM-EDS
analysis of the fibers. Moreover, in the dry sample, the most
frequent interchain distance was 0.94 nm, in agreement with
the value observed by SAXS and P-XRD. This implies that an
average fiber of 6.5 nm diameter, as measured by cryo-TEM
analysis, would be formed by ca. 40 polymer chains, calculated
by dividing the area of the fiber by that of the chains,
considering a hexagonal compact packing.

Interestingly, the axial displacement of three consecutive
chains by one-third of the total length of the hybrid monomer
suggests that the polymer chains in the fibers could be packed
in a helical fashion. The helical organization of the POMs in
the fibers can indeed be observed in the structure obtained by
the simulations. The system might be optically inactive because
the fibers are expected to display supramolecular chirality of
both signs in equal amounts.* Cryo-TEM, SAXS analysis, and
MD simulations confirmed that, after complexation of the
metal ions, the polymer chains self-assemble into fibers,
probably owing to electrostatic interactions, as previously
observed in similar POM-based systems” >
extent to van der Waals interactions. This suggests that the
gelation process is most likely due to a purely physical
intertwining of the chains rather than chemical cross-linking at
the molecular level.

9
and to a lesser

At the macroscopic level, supramolecular self-assembly
strongly affects the optical and rheological properties of the
suspensions. A dilute suspension (e.g., below S mM), placed
between two crossed polarizer films, appears completely dark,
meaning that it is not birefringent (and therefore completely
isotropic). However, gentle shaking produces a vivid flow
birefringence pattern (Figure $4.10). Such flow birefringence is
evidence that the suspension contains anisotropic objects (i.e.,
the polymer chains or fibers) that are transiently aligned by
shear flow, even at a low concentration. The birefringence of
the supramolecular gels at a higher concentration, sucked into
flat glass optical capillaries immediately after preparation, was
studied with a polarizing microscope. All samples showed a
pronounced birefringence, although completely uniform
samples were challenging to obtain by aspiration in the
capillaries (Figure 8 and Figure S4.11).

]

Figure 8. Photographs in polarized light microscopy of a (a—d) 10
mM Co-A[eo-tpy] metallogel sample sucked into a flat glass capillary
of axis at 45° (a) or parallel (b) to the polarizer axes (white cross).
(c,d) The use of a wave plate (red arrow) shows that the sample slow
axis is parallel to the capillary axis. Note that the usual blue and purple
colors shift to green and orange due to the yellow color of the sample.

They are dark when the capillary axis is parallel to one of the
polarizer axes and bright when the capillary axis is at 45°.
Moreover, adding a wave plate in the microscope light path
revealed that the largest refraction index (i.e., the slow axis) is
along the capillary main axis. This means that on average, the
fibers have aligned along the shear flow that occurred during
sample preparation, while the increase in birefringence is most
likely due to some improvement in fiber alignment as the gel
ages. The birefringence increased slightly over several hours,
which suggests that the assembly still grows on this timescale.
A further increase was observed upon heating to 100 °C,
possibly due to the release of mechanical constraints such as
entanglements. The birefringence value, An = 6.5 X 1074,
measured with an optical compensator, is in line with that of
other dilute suspensions of rod-like nanoparticles.”” The
birefringence shows that the polymer chains and their fibers
undergo spontaneous cooperative alignment at the macro-
scopic level, as in a nematic phase.**

Preliminary measurements were performed on dry samples
obtained by precipitation of Co-A[eo-tpy] and Zn-A[eo-tpy]
gels in diethyl ether. While the Zn analogue did not show any
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signal, Co-A[eo-tpy] underwent a gradual thermal transition
between 100 and 400 K, in line with the typical spin crossover
of [Co(tpy),]*" complexes’®* from a low spin state at low
temperatures to a high spin state at high temperatures (Figure
9). The wide temperature range covered by the transition
could be related to the occurrence of different local
environments for the Co spin crossover centers.
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Figure 9. Product of the mass susceptibility and the temperature of a
dried Co-A[eo-tpy] gel in the range of 20—400 K. The analogue Zn-
Aleo-tpy] dried gel was used to correct for the diamagnetic
contribution.

These measurements provide additional evidence that the
presence of the metal ion adds value to the material, namely,
the ability to undergo spin crossover under thermal stimuli.
Further measurements to unravel the magnetic properties of
the gels and their correlation with supramolecular organization
are currently underway.

The viscoelastic properties of the gels were quantified by
dynamic rheological measurements. Freshly prepared Co- and
Zn-Aleo-tpy] gels displayed moderate storage (G’, material
elastic response) and loss (G'/, viscous response) moduli
(Figure 10 and Figure S7.1), which then gradually increased by
more than 1 order of magnitude within 1 day, up to 57 X 10°
and 4.8 X 10° Pa, respectively.

This means that although complexation is almost instanta-
neous when A[eo-tpy] is mixed with the metal (vide infra), the
system is still evolving to strengthen the interactions between
the fibers in the gel. The long timescale of the self-assembly
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Figure 10. Time evolution of the storage (diamonds) and loss
(circles) moduli of a 10 mM Co-A[eo-tpy] sample. Experimental
conditions: strain, 0.5%; frequency, 1 Hz; 25 °C.

could be due to the increase in viscosity, which could slow
down the diffusion of the fibers. In the literature, metallogels
often display much weaker storage moduli of ca. 10*~10° Pa
for concentrations of the order of few wt %.'"!"?*1°075
Examples of stiff metallogels with a storage modulus exceeding
10° Pa have seldom been reported, and in these cases, the
system required higher gelator concentrations.'®>>>* Similar
stiffening over time was observed for the Zn analogue (Figure
§7.1), meaning that there is the same number of associations
for both Co and Zn. Stress—strain experiments (Figure 11 and
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Figure 11. Storage (red diamonds) and loss (red circles) moduli and
stress (o, gray circles) versus strain y for a fresh (top) and a 1-day-
aged (bottom) 10 mM Co-A[eo-tpy] gel. Experimental conditions:
frequency = 1 Hz, 25 °C, and strain going from 0.1 to 100%.

Figure S7.2) with a 1-day-old 10 mM Co-A[eo-tpy] gel show
that the breaking point occurs at 6% strain, i.e., 10 times lower
than for a fresh gel, but it corresponds to a maximal stress
equal to 4.5 kPa, which is 4 times higher than for the fresh gel.

Fatigue resistance experiments were performed on the aged
Co(II) gel by imparting S cycles of fracture at a strain beyond
the breaking point followed by recovery (Figure 12 and Table
S7.1). After the first cycle, the storage modulus decreased by
half its value and partially recovered from it, which is similar to
other systems reported in the literature that are, however,
much weaker.'”"" The four other cycles of fracture only led to
a minor decrease in moduli (Table S6.1). Interestingly,
recovery occurs again within seconds after decreasing the
strain, but the prolonged exposure to high strain compared to
stress—strain experiments (Figure 11) leads to a partial loss of
the mechanical properties. The latter indicates that the
network does not lie on the metal-terpyridine coordination
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Figure 12. Fatigue test of the storage (diamonds) and loss (circles)
moduli of a 10 mM Co-A[eo-tpy] metallogel during successive cycles
of 25% strain followed by 0.1% strain. Experimental conditions:
frequency, 1 Hz; 25 °C.

that would easily rebuild but rather on the interactions
between the coordination polymer chains.

Overall, these measurements highlight that including a
POM-based inorganic core in the molecular design imparts the
metallogel with remarkable rheological properties, as high
stiffness can be achieved even at a low gelator concentration.
Moreover, it confers to the material the ability to stand stresses
up to the kPa scale while displaying appealing self-healing
properties.

We synthesized Anderson-type POM hybrids bearing two
remote terpyridine groups. The complexation of cobalt(II) and
zinc(1I) ions by these molecular hybrids, owing to the linear
arrangement of the ditopic terpyridine ligands, induces the
formation of rigid linear polymer chains (with a POM and a
metal complex in each repeating unit). Furthermore,
polyanionic POMs act as negatively charged sites in the
coordination polymer. The oppositely charged species
(polyanionic POMs and cationic metal complexes) most
probably experience attractive electrostatic interactions leading
to the formation of bundles (as shown by numerical
simulations) and to supramolecular gels above a critical
concentration. Improved solubility and stability of the POM
hybrids were achieved by grafting oligo(ethylene oxide) units
onto the spacers. The presence of the polymetallic core with a
high electron density allowed the use of X-ray scattering and
electron microscopy techniques, which provided insight into
the internal supramolecular organization of the material and
the nature of the gelation process. At the macroscopic level, the
gels display original optical and rheological properties, such as
the spontaneous alignment of the polymer chains, giving rise to
birefringence and outstanding rheological performance. To the
best of our knowledge, such combined appealing features have
never been reported for metallogels. The redox activity of both
the coordination complex and the POM scaffolds opens
perspectives for the development of multiresponsive metal-
logels as smart materials.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00981.

Synthesis protocols, NMR spectra for all compounds,
and mass spectrometry spectra of the POM-based
hybrids; additional experimental details, materials, and
methods, including UV—vis and emission spectra, P-
XRD, electron microscopy, photographs of the gels,
polarized light microscopy, molecular dynamics simu-
lations, and rheology (PDF)
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