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The development of hierarchical, redox-active nanostructures can
drive new advances in fields ranging from energy storage to
sensors and memristors. The self assembly of redox-active mole-
cular building blocks into redox-active structures is especially
promising, offering synthetic chemists the prospects of introdu-
cing unique chemical functionality into redox materials. In this
contribution, we present an asymmetrically-functionalised
organic—inorganic hybrid Wells—Dawson polyoxometalate bearing
a chelating metal-binding group and a thiol-terminated aliphatic
chain unit. The thiol-bearing group facilitates the solvent-depen-
dent self-assembly of the cluster into soft nanostructures and
grafting of the cluster onto Au surfaces and nanoparticles. We
demonstrate how the redox properties of the molecular units are

translated across the different classes of materials.

Introduction

Polyoxometalates (POMs) are discrete molecular metal oxides
that can be isolated in a variety of morphologies and exhibit
diverse physicochemical properties. Their properties make
them promising building blocks for functional materials that
could impact a wide range of fields, including catalysis, energy
storage, sensors, memristors, and medicine.'™® Key to their
usefulness in many of these applications is their capability to
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undergo reversible multi-electron redox processes while retain-
ing their structural integrity.”'® The structural integrity of
POMs can also allow the controlled preparation of covalently
organofunctionalised analogues - so-called organic-inorganic
hybrid POMs.""'* Covalent hybridisation offers a robust route
to enhanced functionality, endowing characteristics such as
improved  solubility,”> controllable self-assembly,’*  or
increased photosensitivity’® compared to their plenary (unmo-
dified) parent POMs.

Hybrid POMs typically contain one or more identical
groups covalently bound to the POM core.'® However, a
handful of examples of hybrid POMs bearing two different
organic groups have been reported. The majority of these
examples involve asymmetric hybridisation of the Anderson-
Evans cluster [H,(XOg)MeO15]"” and the hexamolybdate cluster
[M0gO15]>"."""® The most prominent examples featuring
advanced functionality include that from She and co-workers
comprising asymmetrically functionalised Anderson-Evans
cluster, containing amine and carboxylic acid groups as an ‘in-
organic amino acid’ in the automated synthesis of peptides.'®
Another interesting example by Mialane and co-workers fea-
tures a spiropyran-POM-BODIPY Anderson-Evans triad, with
photo-switchable fluorescence and excellent photo-fatigue re-
sistance.”® While the Anderson-Evans clusters are useful
building blocks, their limited redox properties stymy their
appeal as components in energy systems.

We recently reported the first example of a stable, asymme-
trically bi-functionalised hybrid POM based on the Wells-
Dawson cluster, a compound with multiple readily-accessible
redox states and visible-light redox activity.”! The long chain
alkyl and terpyridine (TPY) organic groups, in combination
with the inorganic POM, allow the hybrid to function as a tran-
sition metal cation binder, a self-assembling surfactant, and a
multi-redox active metal oxide cluster.”*?

The grafting of POMs to 2D and 3D surfaces permits the
translation of their unique electrochemical and photophysical
properties from the molecular to material level in a controlled
and predictable manner.>*** It is widely recognized that con-
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trolling the organization of electroactive molecules on surfaces
and nanomaterials is a key requirement in designing nano-
scale components for functional redox materials.>*>” Here, we
report the synthesis of an asymmetric bi-functionalised hybrid
polyoxometalate with non-equivalent metal binding sites (TPY
and thiol groups - Fig. 1) and demonstrate that it can assem-
ble into monolayers on nanoscale and bulk gold substrates.
The retention of a free coordinative TPY anchor gives unpre-
cedented opportunities for controlled fabrication of dual-com-
ponent and multilayered POM-based materials with high
degrees of structural control.

Results and discussion

The synthesis of the desired asymmetric hybrid product was
based on our previously reported methodology for the asym-
metric TPY-C;g hybrid, K,(C,HgN);[P,W,,05,(PO;CyH,,N;)
(PO4C,4H441)] (1) In a ‘one-pot’ acid-catalysed condensation
reaction, 1 mol equivalent each of TPY and C;,SH phosphonic
acids were reacted with 1 mol equivalent of the potassium salt
of the mono-lacunary Dawson-type anion, [P,W;,06,]"°". *'P
NMR spectroscopy of the crude product indicated the presence
of three chemically-distinct species — a racemic mixture of the
two enantiomers of the asymmetric hybrid, Ks;(C,HgN)
[P,W1,05,{(PO5C,1H,4N3)(PO,4Cy,H,SH)} (4) and the two sym-
metric hybrids, (C,HgN)s[P,W;,05,(PO3Cy1H14N3),] (2), and
K3(C,HgN);[P,W,,05,(PO,Cy;H,6SH),] (3). In the *'P NMR
spectrum of 4, the signals for the covalently-bound ligands,
TPY and C;;SH, appeared at 13.41 and 16.72 ppm, respectively.
As observed for 1, the ligand signals were slightly shifted rela-
tive to the chemical shifts in the symmetric hybrids, 2 and 3,
for which the corresponding peaks appeared at 14.20 and
15.99 ppm, respectively. 4 was isolated using a similar purifi-

Fig. 1 Schematic of the multi-functionality of the asymmetric hybrid
POM (4). The long-chain alkanethiol group can be used to induce
micelle formation, and assembly on Au surfaces, while the TPY group
remains available as a metal cation binding site.
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cation procedure as used for 1 - successive solvent extractions,
taking advantage of the sparing solubility of 2 in acetonitrile
and the superior solubility of 3 in diethyl ether (summarised
in Fig. S1 and S27). 4 was reliably isolated in 10-20% with
excellent purity, as characterised by "H NMR and *'P NMR
spectroscopy, ESI-MS, elemental (CHN) analysis, FT-IR spec-
troscopy, and thermogravimetric analysis (TGA). Full experi-
mental details and analyses are shown in Fig. S2-S7 in the
ESLt 'H NMR spectroscopy confirmed the presence of the
thiol-terminated aliphatic chain group C;;SH and the aromatic
TPY group in a 1:1 stoichiometric ratio.

We explored the functionality of the hybrid POM system,
derived from its thiol-terminated aliphatic chain group and
asymmetric structure. First, we probed whether the aliphatic
chain C;;SH imparts solvent-dependent self-assembly to the
hybrid, as was observed for our previously-reported asymmetric
system 1. After dissolving 4 in DMF, 9 eq. of water were added
to facilitate its self-assembly in solution. Dynamic Light
Scattering (DLS) experiments on a 1.4 mM solution confirmed
the formation of nanoscale assemblies, with low dispersity and
a hydrodynamic diameter (D,) of approximately 7 nm
(Fig. S87). Cryo-TEM analysis of the solution of 4 deposited and
frozen on a graphene-oxide and holey carbon-supported Cu
grid showed spherical structures with diameters of approxi-
mately 6 nm (Fig. S9at). Interestingly, long “worm-like” struc-
tures that appeared to be formed from many micelles joined
end-to-end were also observed, resembling structures observed
in work on similar hybrid POM systems (Fig. S9bt).>>*® This
may be an effect of interactions between the large, highly
charged POM polar headgroups and the counterions, a
phenomenon that can promote cylindrical micelle formation.>

It has been shown that the redox chemistry of POMs
changes when in their molecular (solvated) state compared to
when in supramolecular assemblies or attached to
surfaces.”™3%3! We first studied the electrochemistry of a solu-
tion of 4 in DMF containing 0.1 M NBu,PF, as supporting elec-
trolyte using cyclic voltammetry and the resulting voltammo-
grams closely resembled that of 1, with four distinct quasi-
reversible redox processes in the potential range from —0.5 to
—2.0 V vs. Fc'|Fc (Fig. 3a, Table S2}). Cyclic voltammetry of 4
dissolved in an aqueous 0.1 M H3;PO, : DMF (9: 1, v/v) mixture
was then carried out. These solvent conditions were shown
separately to drive micelle formation by DLS (Fig. S10t). When
compared to the solution voltammetry, the two redox pro-
cesses in the range 0.5 to —0.5 V (vs. AgCl|Ag) appeared to par-
tially coalesce (Fig. 3b). This is in line with previously observed
behaviour for redox active Wells-Dawson hybrid micelle
assemblies formed from shorter chain symmetric hybrids, and
reflects the correlation between redox chemistry and inferred
micelle stability.*°

We also investigated the propensity of the terminal thiol of
the ligand to tether 4 onto Au surfaces. This was first investi-
gated by immersing a polished Au electrode in a stirred solu-
tion of 4 in DMF for 24 h. It was then thoroughly rinsed with
DMF to remove any weakly-adsorbed material, before being
placed in fresh electrolyte (0.1 M NBu,PFs in DMF) and ana-
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lyzed using cyclic voltammetry, analogous to the conditions in
Fig. 3a. Three quasi-reversible redox processes were recorded
in the range from +0.5 to —1.0 V (vs. Fc'|Fc), indicative of the
presence of 4 (Fig. 3c). The peak shapes are more Gaussian
and symmetric, consistent with surfaced confined redox, when
compared with the peak shapes in Fig. 3a, which are consist-
ent with diffusion-controlled redox events. However, the
number of peaks is somewhat difficult to compare as the
electrochemical stability window of the electrolyte appears to
be significantly shortened when measurements are conducted
at a gold working electrode.

The voltammogram did not change after multiple cycles,
suggesting that the adsorbed compound was stably tethered
and resistant to degradation during repeated redox cycling
(Fig. S11%). The peak-to-peak separation for each redox event
was significantly larger than the value of 0 mV expected for an
ideally-behaved surface-confined redox species, which we attri-
bute to sluggish electron transfer kinetics across the electrode/
electrolyte interface.’* Surface confinement was corroborated
through the linear relationship between the peak current and
the scan rate (Fig. S121). The charge (determined by integrat-
ing the first reduction peak), corresponded to a surface cover-
age of 6.64 x 107" mol cm ™2, or 4.00 x 10"* molecules per cm?
(Fig. S13aft), which is close to that expected based on the crys-
tallographic radius of the cluster.*® In contrast, cyclic voltam-
metry of an Au electrode prepared in the same way using our
previously-reported system 1, which lacks a thiol functionality,
did not reveal significant faradaic processes typical of a
surface-bound redox-active species (Fig. S13bt).

AFM imaging of an Au/mica substrate that had been sub-
merged in a DMF solution of 4 and rinsed thoroughly before
air-drying revealed a dense array (~1 monolayer coverage) of
close-packed features. This is consistent with the expectation
of a thiol-gold mediated self-assembled monolayer (SAM - see
Fig. 2a).* Individual features separated by 7.5 + 1 nm could be
resolved (Fig. S14at). In contrast, substrates prepared using a
solution of micellar assemblies of 4 (1.4 mM solution in
water-DMF (9:1 v/v)) showed a sparsely populated surface,
with 5 + 1 nm diameter structures, as well as clustered groups
and quasi-1D branched structures (Fig. 2b and S14bf¥).
Etching/reconstruction of the Au step edges was visible by the
prevalence of non-linear step-edges in the molecular sample,
due to the stronger chemical interactions between the thiol
groups and Au electrode, which were not present in the AFM
images of the micellar sample (Fig. S157). Cyclic voltammetry
of a similarly prepared Au electrode (immersing a micellar
solution of 4) in 9:1 H,O-DMF (v/v) (Fig. 3d) showed a very
weak peak that was difficult to resolve above the charging
current, as expected due to the lower coverage of the Au
surface (Fig. 2b). In summary, the ability to tune the solvent of
our system, driving formation of a SAM of 4 or assembly of
micelles of 4 on Au, provides an interesting route to the stimu-
lus-controlled nanostructuring of POMs onto surfaces via hier-
archical assembly.

Considering different surface morphologies, POMs can act
as effective capping agents for Au nanoparticles (AuNPs),>>3¢
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Fig. 2 AFM topographs of 4 on Au/mica, prepared by (a) immersion of
the Au/mica in a 0.25 mM 4 in DMF, resulting in a uniform monolayer
coverage, and (b) immersion of the Au/mica in 1.4 mM 4 in water—DMF
(9:1v/v), resulting in isolated and ‘worm-like’ micellar assemblies.

a)

“ —— 4 assemblies
~~~~~~~~~ After DMF addition

4in DMF

00 05 -1.0 -15 -20 -25 0.6
Potential vs. Fc*|Fc (V)

04 02 00 -02 -04 -06
Potential vs. AgCI|Ag (V)

¢ d)

=

—— 4 on Au electrode —— 4 assemblies @ Au electrode

45 04 02 00 02 -04 -06
Potential vs. AgCI|Ag (V)

15 10 05 00 -05 -10
Potential vs. Fc*|Fc (V)

Fig. 3 Cyclic voltammograms of (a) a solution of 4 in DMF containing
0.1 M TBAPF¢ using a 3 mm diameter glassy carbon electrode, (b)
assemblies of 4 in 9:1 0.1 M H3PO,/DMF (v/v) using a 3 mm diameter
glassy carbon electrode, (c) 4 @ a 2 mm diameter Au electrode in DMF
containing 0.1 M TBAPF,, and (d) assemblies of 4 @ at 2 mm diameter
Au electrode in 0.1 M HzPOy,. The scan rate was 100 mV s~ in all cases.

enabling control in the reductive growth of NPs in solution®”
and influencing the properties of the NPs.*®?° The terminal
thiol functionalities of hybrid POM structures can anchor
POMs to AuNPs, resulting in robust composite structure.®™*?
The use of POMs as capping agents can tune the electronic

Nanoscale, 2025, 17, 15187-15192 | 15189
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and plasmonic properties of the hybrid nanoparticle, and is
promising for the design of new electro- and photo-catalytic
hybrid materials.”>** We recently described composite AuNPs
capped with a symmetric thiol-functionalised hybrid Wells-
Dawson POM that exhibited stable redox chemistry and syner-
gistic photoactivity.*” The unique asymmetric structure of 4
offers opportunities to introduce new functionality to the
system while also providing a platform for post-functionalisa-
tion through the free TPY units. The preparation of 4-stabilised
AuNPs was carried out by modifying our reported procedure.*?
In brief, an aqueous solution of 10 nm citrate-stabilised AuNPs
was added to a concentrated solution of 4 in acetonitrile and
stirred at RT for two days. The NPs were then collected by pre-
cipitation with an excess of methanol and washed before
characterization (see ESIf for full experimental details).

The UV-visible absorption spectrum of the solid material
dissolved in DMF exhibited features characteristic of both
AuNPs and 4 - an absorption band at 527 nm associated with
surface plasmon resonance (SPR) and an intense band cen-
tered at ca. 275 nm attributed to the ligand-to-metal charge-
transfer band of the POM anion (Fig. 4b). While the SPR peak
was not shifted from that of the citrate-stabilized precursor
AuNPs, unlike for the NPs modified with 1 (+4 nm shift),** the
intense absorptions in the low wavelength region in compari-
son to the AuNP precursor indicates that POMs were present.
Moreover, Cryo-TEM imaging of the solution strongly indicates
that 4 was attached to the AuNPs. Monodisperse NPs with an
average diameter of 8.3 nm, each of which surrounded by well-
resolved halos, were observed. The halos indicated that a layer

(=2
~

20

—a
——4-NPs
154 —— Citrate-NPs

1.04 SPR
527 nm

525 nm

Absorbance

0.5

0.0

300 400 500 600 700
Wavelength (nm)

50 nm

Fig. 4 (a) Estimation of the thickness of surface layer of 4 (4,y.) from
the diameter of 4-NPs (diota)) and diameter of the AUNP core (daunp); (b)
UV-Vis absorbance spectra of 4-NPs (black) and 4 (blue) and Citrate-
NPs (red) in DMF, each as 0.5 mg in 5 mL; (c) Cryo-TEM image of 4-NPs
in DMF with inset showing a single 4-modified AuNP.
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of POMs was present on the Au surfaces (Fig. 4c). The thick-
ness was approximately 2 nm, as expected for a monolayer of 4
(Fig. 4a). Commercial samples of citrate-stabilised Au nano-
particles lack this distinctive halo as we have shown pre-
viously.*” Energy-dispersive X-ray (EDX) mapping analysis of
the sample showed regions of W, P and S concentrated at the
AuNP locations, supporting the successful capping of AuNPs
by molecules of 4 (Fig. S167).

Conclusions

In summary, using a modular synthetic strategy we have
designed and isolated an asymmetric organo-functionalised
Wells-Dawson hybrid POM that can serve as a redox-active
platform for the controlled preparation of a range of hierarchi-
cal nanoassemblies and functional materials. The thiol-termi-
nated aliphatic chain enables both solvent-dependent self-
assembly of the hybrid POM into redox-active soft nano-
structures and the controlled formation of chemisorbed
hybrid POM monolayers on gold surfaces. The existence of the
second organic functional group on the asymmetric POM (in
this case the terpyridine moiety) suggests that the POM can be
further functionalized to act as a molecular semiconductor
linker between gold surfaces and additional functional units.
We will explore this in our future work. The modular design
approach presents opportunities for asymmetric hybrid
Dawson POMs as designer building blocks in new multifunc-
tional molecular systems, nanomaterials and devices.
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