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Abstract. Polyoxometalates (POMs) are molecular nano-oxides of early transition metals. As molec-
ular oxides, they are endowed with remarkable redox properties, combining the reducibility of bulk
metal oxides and the high versatility of molecular species. They undergo successive, reversible, and
highly adjustable mono- (or multi-) electronic reduction processes within a narrow range of poten-
tials. Furthermore, POMs are polyanions, with counter cations playing a crucial role, beyond ensuring
charge neutrality. As the missing link between extended oxides, commonly found in microelectronics,
and conventional organic or organometallic molecules, POMs have attracted ever-increasing interest
in the field of nanoelectronics. They hold promise as charge storage nodes in multilevel nonvolatile
memories and resistive switching devices, areas of interest currently boosted by the development of
neuromorphic computing. In this context, we have been exploring various strategies to immobilize
POMs onto electrodes with the aim of improving the control of the molecules/electrode interface. We
have been investigating electron transport properties across POM-based molecular nanojunctions to
establish relationships among the POM molecular structure, the electronic structure, and the proper-
ties of POM devices (e.g., conductance, switching). Additionally, we have demonstrated that we can
commute the redox state of a POM layer by exposure to light or by applying an electric field, opening
up new opportunities to stimuli-responsive devices.

Keywords. Polyoxometalates, Molecular oxides, Redox-active molecules, Surface functionalization,
Nanojunctions, Electron transport, Resistive switching devices.
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Introduction

Polyoxometalates (POMs) are molecular nano-
oxides. Heteropolyoxometalates follow the general
formula [Xx MmOp ]n−, where M stands for an early
transition metal in its highest oxidation state (WVI,
MoVI, VV) and X is a heteroatom from the p (Al,
Si, P, As, Sb . . . ) or d group, which is missing in
isopolyoxometalates [1]. Some representative ex-
amples include the Keggin-type [PW12O40]3− and

∗Corresponding author

Wells–Dawson-type [P2W18O62]6− anions, based on
which we have devised organic–inorganic hybrids.
As molecular oxides, POMs are endowed with re-
markable redox properties, combining the reducibil-
ity of bulk metal oxides and the high versatility of
molecular species. They undergo successive and
reversible mono- (or multi-) electronic reduction
processes within a narrow range of potentials [2].
These properties are highly tunable/adaptable, ac-
cording to the POM structure, its primo function-
alization (see below) [3], the nature of the metallic
addenda, and the nature of the counter cations [4].
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In their reduced forms, POMs are commonly desig-
nated as electron reservoirs, and this has led to many
applications in photo/electrocatalysis and energy
conversion/storage [5,6]. POMs are not only nano-
oxides but also polyanions, and this makes them
unique: their counter cations have important effects
on various properties and play a crucial role beyond
ensuring charge neutrality [7]. While POMs are tra-
ditionally prepared in aqueous solution as alkali or
acid salts, their association with organic cations,
such as alkylammonium, imparts their solubility in
nonaqueous polar solvents. The cations drive POM
organization up to the crystallization of POM-based
architectures and materials. The redox potentials de-
pend on the counter cations, the solvent, and other
environmental effects. Small cations like Li+ and H+

allow to increase the charge stored in POMs [8]. In
the solid state, the counter cations contribute to the
adjustment of the energy levels of POMs relative to
the Fermi energy of an electrode, modulating the
conductivity [9].

As the missing link between extended oxides,
commonly found in microelectronics, and conven-
tional organic or organometallic molecules, POMs
have attracted an ever-increasing interest in the field
of nanoelectronics. They have been implemented
in current-rectification devices [10], POM complexes
of lanthanide single-ion magnets have been investi-
gated as molecular spin qubits [11], and they have
been introduced as charge storage nodes in hybrid
molecular/semiconductor capacitors [12] and mul-
tilevel nonvolatile memories [13]. Crossbar arrays
incorporating POMs embedded in polymer films or
deposited onto graphene oxide have shown resis-
tive switching behavior between a high resistance
(OFF) state and a low resistance (ON) state [14], lead-
ing to memristive devices for neuromorphic comput-
ing [15]. Because they are molecules, implementa-
tion of POMs in molecular materials or devices re-
quires a shaping process [16]. Depositing POMs onto
electrodes is not an issue by itself since they read-
ily physisorb on many. Yet in the context of molec-
ular electronics, the control of their packing density
and of their distribution on a substrate is a real is-
sue that can hardly be tackled using physisorbed de-
position. Avoiding the formation of aggregates, en-
suring the uniformity of the layer to improve the
properties and limit the variability from one device
to the other is highly advisable. In this context,

we have been exploring various strategies to immo-
bilize POMs onto electrodes, with the aim of im-
proving the control of the molecules/electrode inter-
face that underlies the ultimate electrical properties
and hence the device performance (the interface is
the device) [17]. We have been investigating elec-
tron transport properties across POM-based molec-
ular nanojunctions to figure out how the redox prop-
erties known from the solution state studies trans-
late to the solid-state device. Additionally, we have
demonstrated that we can commute the redox state
of a POM layer by exposure to light or by applying
an electric field. Our systematic approach will be re-
vealed in the following sections.

1. POM-shaping process onto electrodes

As POMs are polyanions, their sublimation cannot be
performed. Many examples of POM deposition onto
electrodes rather deal with counterion exchange or
entrapment in polymers. This is also at the ba-
sis of the elaboration of layer-by-layer materials [19,
20] with photo- or electrochromic properties [21,22].
This strategy is easy to implement and we have used
it to deposit the ring-shaped [H7P8W48O184]33− onto
ultraflat template-stripped gold surfaces (TSAu) func-
tionalized with a self-assembled monolayer (SAM) of
8-amino-1-octane thiol. This POM has been chosen
for its high charge storage capacity (up to three re-
duction processes in the solution state, each corre-
sponding to the injection of eight electrons). The ex-
perimental conditions of the dip-coating, incubation
time of the TSAu substrate in a POM solution, and
rinsing steps have been adapted to favor the forma-
tion of a uniform POM monolayer. The quality of
the organic SAM on top of the substrate is also cru-
cial to avoid the formation of aggregates. The suc-
cessive steps of the deposition have been monitored
by different techniques: (i) ellipsometry, which gives
macroscopic thicknesses that should be consistent
with the formation of monolayers (a few nanome-
ters); (ii) atomic force microscopy (AFM) to qualify
the homogeneity of the layers, their roughness, and
spatial extension; (iii) polarization modulated reflec-
tion absorption infrared spectroscopy (PM-RAIRS) to
recover the vibrational fingerprints of the organic
SAM and that of the POM (Figure 1). The whole pro-
cedure has been extended to the deposition onto a
large array of single-crystal Au nanodots [18]. Charge
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Figure 1. (a) Polyhedral representation of [H7P8W48O184]33− with WO6 and PO4 centers depicted by
blue and green octahedra and tetrahedra, respectively; W atoms and P heteroatom located at the center
and O atoms located at the apex of the polyhedra. (b) Scheme (not at scale) of the POM electrostatic
deposition. (c) AFM image of the TSAu substrate after POM deposition with the corresponding height
profile (following the blue line). (d) PM-RAIRS spectra before (black) and after (red) the POM deposition;
the POM fingerprints are displayed in the highlighted region. Reproduced from Ref. [18] with permission
from the Royal Society of Chemistry.

transport across the molecular nanojunctions has
been probed by conducting AFM and the energetics
of the molecular junctions discussed (as will be ex-
emplified for another system below).

We have also immobilized POMs onto carbon
nanotubes (CNTs) through π–π interactions. This
was achieved with a pyrene derivative of the Dawson
anion, which was detected along the sidewalls of the
single-walled CNTs by high-angle annular dark-field
scanning-transmission electron microscopy [23].
This pyrene derivative belongs to the large fam-
ily of covalent organic–inorganic polyoxometalate
hybrids that we have significantly contributed to
enrich [3,24]. Our group has indeed devised sys-
tematic routes to the functionalization and post-
functionalization of POMs, which give organically
augmented POMs. We have particularly supplied
organo-phosphonyl, -silyl, and -tin (or -germyl)
derivatives featuring remote and reactive chemical
groups. The primo functionalization provides sim-
ple and universal platforms, for example, bearing

iodo-aryl groups, that can be further engaged to
give more complex and bespoke post-functionalized
species [25,26]. Synthesis and subsequent reactions
are generally carried out in organic solvents. In our
case, the POM solubility is ensured by the use of
tetrabutylammonium cations (TBA = N(C4H9)4

+).
These POM-based hybrids offer a powerful alter-

native strategy for the covalent grafting of POMs onto
electrodes or functional materials. Covalent bonding
between the POM and the substrate indeed brings a
higher control for the formation of a POM monolayer.
Furthermore, extra POMs that would electrostatically
or physically adsorb will be eliminated by thorough
rinsing, possibly under sonication.

Covalent immobilization of POMs can be achieved
either directly, thanks to the remote reactive group
on the POM hybrid, or in two steps. The latter case
involves a reaction between a POM hybrid and a
substrate decorated with a SAM bearing a comple-
mentary reactive function. It has been exemplified
with the classical peptide bond formation between
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carboxylic acid terminated SAM and amine or aniline
terminated POM hybrid [27]. We have thus reported
POM nanostructured gold substrates for biosens-
ing [28,29]. However, it is often hindered by a poor
efficiency of the peptide bond coupling and related
strong discrepancies in POM surface densities from
one experiment to another [30]. This led us to fa-
vor the direct grafting of POM hybrids onto elec-
trodes. Fine molecular engineering at the electrode
interface is then attainable through the thoughtful
choice of the remote/terminal anchor on the POM
hybrid. We have reported that remote diazonium
groups allow the POM grafting on a wide variety of
substrates, ranging from carbonaceous materials [31,
32] to hydrogenated silicon [33], gold [34], or ox-
ides [35]. Thiol, protected or not [36], and disul-
fide [37] are suitable for gold substrates [38] while
carboxylic acid groups open the route to POM im-
mobilization onto oxides, silicon oxide [39], and in-
dium tin oxide (ITO) [35]. Furthermore, we will see
below that given the choice of the anchor, the primo
functionalization of the POM also imparts the charge
transport. Finally, the nature of the covalent bond be-
tween the anchor and the electrode also impacts the
properties of the materials [35].

Molecular chemists have thus plenty of room
here to express their creativity for a fine-tuning of
the resulting properties of the targeted functional
materials.

2. Retrieving the POM signature from elec-
tron transport measurements in large-area
molecular junctions

Once the POM layer is fixed at the electrode, charge
transport across the layer has been assessed by clos-
ing the nanojunction either with a Hg-drop or the tip
of an AFM set-up, in a vertical two-electrode configu-
ration, akin to that used in metal/insulator/metal ca-
pacitors or memristive cells. Our first objective was to
unravel the role of the POM in the charge transport.

2.1. Effect of the nature of the metal addenda Mo
versus W [40]

We have reported the spontaneous dediazonation
of diazonium terminated POM hybrids onto hydro-
genated n-Si(100). The modified electrodes have

been characterized by ellipsometry to support the
formation of a monolayer and to assess its accurate
thickness and by AFM to check the homogeneity of
the surface coverage. Two similar POM hybrids of
the Keggin type have been used, the only difference
being in the nature of the metal addenda W or Mo:
[PM11O39{Sn(C6H4)C≡C(C6H4)N2}]3− (M = W or Mo,
KW

Sn [N+
2 ] and KMo

Sn [N+
2 ], K for Keggin), prepared as

tetrabutylammonium salts [40]. We had also previ-
ously shown that the signature of the POM immo-
bilized at the modified Si-electrode was recovered in
its electrochemical response. Integration of the first
wave of the cyclic voltammogram (CV), recorded in a
solution of pure electrolyte, gave a packing density of
about 10−10 mol·cm−2 (6×1013 POM·cm−2) [33], very
close to the calculated value for a densely packed
monolayer and akin to the value usually determined
for other molecules or molecular complexes assem-
bled onto surfaces [41]. The kinetics of the electron
transfer from the electrode to the POM layer has been
determined by varying the scan rate of the CV record-
ing and compared to the rates obtained with other
electrodes and under different conditions [31,42,43].
The next step was to characterize the electron trans-
port properties at the solid state by contacting the
molecular layer with a Hg-drop, acting as a top elec-
trode and thus closing the molecular Hg//POM/Si
nanojunction. Current versus voltage (I/V) curves
have been recorded on several locations of the de-
vices and 2D-current histograms have been drawn
for both the KW

Sn− and KMo
Sn− layers (about 75 I/V

curves). The curves look quite similar, with a low dis-
persion, reflecting the homogeneity of the grafting.
There is more rectification in the case of the molyb-
date layer, but it is not really significant since the rec-
tifying ratios are weak (I(1 V)/I(−1 V) = 2.5). In the
case of highly doped Si, there is no Schottky barrier
related to the semiconductor and the electron trans-
port thus operates by tunneling through the molec-
ular layer. According to the Simmons model, the
tunneling current depends on the thickness of the
molecular layer, which can be determined experi-
mentally by ellipsometry, and on an energy barrier
Φ, which has been extracted from the experimental
data by fitting each I/V curve with the full Simmons
equation [44–46]. In an energy level diagram, the Φ
value gives the position of the molecular orbital in-
volved in the transport, here the LUMO of the POM,
relative to the Fermi energy of the electrode. The
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Figure 2. (a) The spontaneous grafting of diazonium terminated POMs onto hydrogenated n-Si(100).
(b) Current versus voltage curves recorded with a Hg-drop electrode (semilogarithmic plot) on a mono-
layer of [PW11O39{Sn(C6H4)C≡C(C6H4)–}]4− (KW

Sn−, left and KMo
Sn−, right). (c) Energy diagram showing the

position of the LUMO of the POMs relative to the Fermi energy of the silicon electrode. (d) Histograms
of the extracted energy barrier Φ for the KW

Sn− and KMo
Sn− layers in blue and red, respectively. Reproduced

from Ref. [40] with permission from the Royal Society of Chemistry.

Φ value histograms have been drawn for each POM
(Figure 2). There is a clear offset towards higher val-
ues for the tungstate monolayer, with mean Φ values
of 1.8 and 1.6 eV, for M = W and M = Mo, respectively.
This means that the LUMO of KW

Sn lies at a higher en-
ergy than that of KMo

Sn , which is fully consistent with

the relative electron-acceptor abilities of the POMs in
solution. The redox potentials associated to the first
reduction process observed on the CV of POM solu-
tions in acetonitrile are −1.0 V/SCE and −0.5 V/SCE
for M = W and M = Mo, respectively (determined on
KM

Sn[I]). In solution, molybdates are easier to reduce
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than analogous tungstates [42,47]. The lower (more
negative) the redox potential in solution, the higher
the LUMO energy level in the solid state and the lower
the tunneling current. Above all, detecting a POM
effect demonstrates the involvement of the POMs in
the electron transport mechanism.

2.2. Effect of POM functionalization [39]

To enlarge the scope of our investigations, we have
prepared two POM hybrids featuring remote car-
boxylic acid groups suitable for immobilization
onto oxides: TBA4.4[PW11O39{Sn(C6H4)C≡C(C6H4)
COOH0.6}] (KW

Sn[COOH]) and TBA3.4[PW11O39

{O(SiC2H4COOH0.8)2}] (KW
Si [COOH]). Both belong

to the Keggin type and are tungstates but differ in
their functionalization scheme: mono-tin versus bis-
silyl functionalization. They also differ in their total
charge, 4− versus 3− for KW

Sn[COOH] and KW
Si [COOH],

respectively, which implies that the former will be
more difficult to reduce than the latter (−1.01 V/SCE
and −0.38 V/SCE in acetonitrile solution for the first
reduction process of KW

Sn[COOH] and KW
Si [COOH], re-

spectively. The lower the charge, the easier the elec-
tron transfer to the POM.) Both have been deposited
onto the native SiO2 layer covering silicon wafers.
The tin derivative can stand upright or be tilted and
the bis-silyl derivative can graft through one or both
anchors, resulting in a less organized layer. The
POM grafting mode has been revealed by FT-IR spec-
troscopy using a low-doped float zone silicon sub-
strate, which is transparent to IR radiation. We have
assigned the bands of the asymmetric and symmet-
ric stretching modes of the carboxylate groups for
both monolayers. As described in the literature, the
separation between both bands gives an insight into
the coordination mode of the carboxylate. We were
able to exclude the monodentate binding mode, but
we were not able to discriminate between the biden-
tate bridging and bidentate chelating modes. As said
above, the electron-acceptor ability of KW

Si [COOH] is
higher than that of KW

Sn[COOH] in the solution state.
This is supported by theoretical calculations and the
relative energy position of the POM LUMOs. Elec-
tron transport properties across the Si/SiO2/POM
molecular junctions have been probed at the solid
state with a Hg-drop electrode and the experimental
current–voltage curves have been analyzed as in
the previous example, using the Simmons electron

tunneling model (Figure 3). In this case, the ex-
tracted energy barrier Φ includes both the energy
barrier of the native SiO2 layer and the energy of the
POM LUMO, denoted by εPOM and estimated as 1.1
and 1.7 eV (with respect to Si) for the KW

Si− and KW
Sn−

layers, respectively. Albeit a quantitative agreement
between the values obtained in the solution and in
the solid state or by computation is not expected, the
trends are similar. The assessed energy difference
between both POM LUMOs is remarkably consistent
from one technique to the other. This fully validates
our approach.

2.3. Counterion effects [48]

Most of the redox-active molecules involved in
molecular junctions and resistive switching materi-
als/devices are neutral [49], such as porphyrins, fer-
rocene [50], tetrathiafulvalene derivatives, oligoth-
iophenes, and donor–acceptor systems [51]. POMs
constitute a notable exception, and the associated
cations offer a powerful lever to tune not only the
POM redox properties but also the performance of
the whole device. The introduction of coordination
complexes in molecular junctions is less common,
and the role of possible counterions is generally not
assessed [52]. Yet, the presence of ionic species mod-
ifies the dielectric constant and the conductance
by modulation of the internal electric field [53]. In
redox-based random access memory, it has been
proposed that when the molecular film becomes
charged upon switching/variation of the redox state
of its constituents, image/mirror charges form in the
metal electrodes to maintain charge neutrality [54].
From the Marcus theory, in wet electrochemical en-
vironments, it is also known that the kinetics of the
electron transfer is governed not only by the ther-
modynamics and the redox potential driving force
but also by the underlying reorganization, including
counterion rearrangement where applicable. Ac-
cordingly, the migration of the counterions in the
molecular film was proposed to play a key role and to
control the current–voltage (I/V) hysteresis charac-
teristics of electrical bistability and hence of binary
information storage capability [54]. The nature of
the counterions, their size, polarizability, or mobil-
ity, for instance, is thus an important parameter in
the molecular switch design [55], which has recently
attracted attention.
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Figure 3. (a) Grafting modes of TBA4.4[PW11O39{Sn(C6H4)C≡C(C6H4)COOH0.6}] (KW
Sn[COOH], top) and

TBA3.4[PW11O39{O(SiC2H4COOH0.8)2}] (KW
Si [COOH], bottom) onto SiO2. (b) LUMO energy levels assessed

from cyclic voltammetry in the solution phase (CV) by theoretical calculations (theory) and by analysis of
the experimental current/voltage curves obtained by the contact of solid-state self-assembled molecular
layers with a Hg-drop electrode, all referred to vacuum. Reprinted with permission from Ref. [39].
Copyright 2020 American Chemical Society.

Figure 4. (a) Polyhedral representation of the Preyssler anion [Na⊂P5W30O110]14−. (b) Mean I–V curves
obtained on TSAu–S(CH2)6NH2/POM//c-AFM tip nanojunctions (semilogarithmic plot). Effect of the
counter cation type on the POM LUMO energy level position ε0 (c) and Γ1 and Γ2 electrode coupling
energies (d) obtained by simulation of the experimental I/V curves using the single energy level model.
Reproduced from Ref. [48] with permission from the Royal Society of Chemistry.
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We have thus prepared the Preyssler anion,
[Na⊂P5W30O110]14−, with K+, H+, NH4

+, and TBA+

counter cations. The POMs have been electrostat-
ically deposited onto ultraflat template-stripped
TSAu electrodes pre-functionalized with a positively
charged SAM of 6-amino-1-hexane-thiol and the
junctions have been closed with the tip of a c-AFM
to record I/V curves (400–500 I/V traces have been
recorded for reliable statistics). The mean I–V curves
are plotted in Figure 4. At high voltages, the curves
look very similar. Conversely, there is a clear discrim-
ination at low voltages (−0.5 to 0.5 V), the current
gradually increasing by a factor of 100 in the order
K+ < NH4

+ < H+ < TBA+, which is not predictable.
Indeed, we could have expected the possibility of
proton-coupled electron transport to enhance the
conductivity, which is apparently not the case. Al-
though it is commonly admitted that cations have
an overall effect on the stabilization of the POM en-
ergy levels [9], it still remains difficult to predict their
relative effect on the transport properties. Analyz-
ing the I/V curves with the single energy level (SEL)
model [56–58] (allowing to assess the energy posi-
tion of the molecular orbital involved in the electron
transport) gives the same order for the energy level
positioning of the LUMOs, ε0, K+ < NH4

+ < H+ <
TBA+. This is once again puzzling since the higher
the ε0, the lower the expected current. Another pa-
rameter, the electrode coupling energy Γ has to be
taken into account (Figure 4d, one at each electrode).
Γ reflects the hybridization between the molecular
and electrode energy levels. These Γ parameters
are included in the SEL model and have also been
retrieved from the experimental data. Accordingly,
the hybridization is stronger for the TBA+ cation,
explaining the overall current increase trend. A full
understanding of these experimental findings clearly
requires a sound theoretical support. Meanwhile, we
hypothesized that it could be discussed in terms of
local dipoles at the molecules/electrode interface.
Bulky TBA+ cations would lie mainly on top of the
POM layer and build a large global dipole at the in-
terface, which would induce a large vacuum level
shift and then result in a large LUMO offset from the
Fermi level. On the contrary, smaller cations—more
in interstitial sites would create weaker dipoles—
randomly distributed around the POMs result in a
weaker, even negligible, average dipole at the inter-
face, a lower vacuum level shift, and LUMO offset.

In the solution state, counterions mediate the inter-
molecular electron transfer between two POMs [59].
A similar mechanism operating in the solid state
would enhance the POM–cation–electrode coupling
and explain the large coupling energy parameter
Γ obtained for TBA+ cations. The hypothesis that
the POM/electrode interaction depends on the na-
ture of the cations is substantiated by a recent re-
port of scanning tunneling microscopy images of
individual POMs deposited onto Au(111) either by
drop-casting (with TBA+ counter cations) or by soft
landing from the gas phase with an electrospray ion-
ization source (without any cation). The size of the
electron cloud density has been found larger than the
POM geometric size, disclosing some hybridization
with the electrode, the effect being stronger in the
presence of the TBA+ cations [60]. Finally, the mod-
ulation of the experimental conductivities we have
observed probably reflects the competitive effects of
the energy position of the LUMOs and the electrode
coupling energies. This highlights the role of the
counterion-dependent dipole at the POM/electrode
interface and in molecule/electrode hybridization,
which deserves further experimental investigations
and extensive theoretical studies.

3. Effect of the redox state and redox photo-
switching [61]

Because of their multiple and readily accessible re-
dox states, POMs are fascinating molecular species.
Reduced POMs can be prepared chemically, pho-
tochemically, in the presence of an electron donor,
or electrochemically. Comparing the conductivity
of nanojunctions implementing the same POM but
with different redox states seemed a relevant sup-
plement to the scope of our investigations. Fur-
thermore, manipulating the redox state of the POMs
within a pre-formed monolayer would open the
way to stimuli-responsive nanojunctions and would
hence reinforce their attractiveness. It has been re-
ported that the individual molecular redox states
of a Lindqvist-type hexavanadate physisorbed onto
Au(111) can be addressed by applying an exter-
nal electric field. Single point scanning tunnel-
ing spectroscopy data have shown that the injec-
tion of up to four electrons resulted in a staircase
increase in conductivity [62]. On the other hand,
POM photoreduction is a well-known phenomenon
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Figure 5. (a) POM electrostatic deposition on top of an 8-amino-1-octane-thiol SAM on TSAu. (b) Evolu-
tion of the mean current log(I |) at −1 V following alternating irradiation sequences and return to resting
state (irradiated states labeled 2, 4, and 7). (c) 2D histograms of the full current–voltage curves (semilog-
arithmic plot, mean I/V curve in black) recorded at each step by c-AFM. Reproduced from Ref. [61] with
permission from the Royal Society of Chemistry.

that has been harnessed for the development of pho-
tochromic materials [63]. Indeed, the injection of
electrons in the POM framework and their delocal-
ization result in metal-centered d–d transitions and
metal-to-metal intervalence charge transfer transi-
tions that are responsible for the deep blue color
displayed by most reduced POMs. However, be-
cause these electronic transitions have rather low in-
tensities, POM-based photochromic materials gen-
erally involve thick or multilayer materials obtained
by layer-by-layer deposition. We have thus decided
to disclose the photocommutation of the POM re-
dox state within a monolayer through a change in its
conductivity. We have selected the Keggin-type poly-
oxomolybdate (TBA)3[PMo12O40] owing to the well-
known ability of this compound to undergo photore-
duction reaction under UV-irradiation. It is avail-
able in its fully oxidized state, referred to as POM(0),
or in its one-electron reduced state, which can be
chemically prepared to provide authentic samples
of (TBA)4[PMo12O40] (POM(I)). In a control experi-
ment, we checked that thick films of POM(0), ob-
tained by drop-casting on a quartz slide, indeed
turned blue under UV-irradiation. In the second

step and to validate our approach, we have elec-
trostatically deposited a monolayer of POM(0) or
POM(I) on top of a Au substrate decorated by a 6-
amino-1-hexanethiol SAM. This is a rare example of a
molecular SAM built with open shell molecules [64].
The conductivity of the resulting nanojunctions Au-
S(CH2)6-NH2/POM(0)//c-AFM tip and Au-S(CH2)6-
NH2/POM(I)//c-AFM tip has been measured, and
the mean current/voltage curves clearly showed an
increase in conductance by a factor of about 10 upon
reduction (Figure 5). The individual I/V curves have
been fitted with a simple analytical SEL model (vide
supra). A statistical distribution of the energy level
values of the molecular orbital involved in the trans-
port, with respect to the Fermi energy of the gold
electrode, has been obtained for both junctions. The
increase in the current observed for the POM(I) junc-
tion is thus proposed to be due to a lowering of the
energy position of the main molecular orbital. The
electron transport would thus be mediated by the
LUMO (at approximately 0.6–0.7 eV above the Fermi
energy, εF) in the case of POM(0) and the SOMO (sin-
gle occupied molecular orbital) in the case of the rad-
ical POM(I) species, roughly aligned with εF. Possible
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involvement of the SUMO (single unoccupied molec-
ular orbital, estimated at approximately 0.3–0.4 eV
above εF) in the latter case should be supported
by theoretical calculations. We then monitored the
change in conductivity upon successively turning on
and off an in situ UV-irradiation of the POM(0) layer.
We expected the POM(0) layer to be reduced under
light. After turning the light off, we let it in air, ei-
ther at room temperature or under a moderate heat-
ing, to favor its reoxidation. The I/V curves were mea-
sured after each step. We observed a clear increase in
the conductance upon irradiation, followed by a re-
turn to a state of lower conductance, similar to the
initial one, after turning the light off. This is con-
sistent with the behavior displayed by the monolay-
ers of POM(0) and POM(I) just described above and
leads to the conclusion that we were able to com-
mute the redox state of the POMs at the monolayer
scale.

4. Towards resistive switching devices

In the studies previously described, a narrow bias
window was deliberately chosen to protect the thin
POM monolayer from any damage. In these con-
ditions, we were not able to observe any resis-
tive switching. In the case of bulk oxides, it is
commonly acknowledged that the resistive switch-
ing mechanism is driven by the oxygen vacancies’
concentration and mobility [66], with the formation
and disruption of conductive filaments. To emu-
late oxides and to allow the creation of conductive
channels and gradient of charges, thick POM lay-
ers might be decisive. This prompted us to recon-
sider the use of POM functionalized with remote
diazonium groups. Indeed, it is well known that
upon electrochemical reduction, diazonium salts are
prone to form multilayers covalently bonded to elec-
trodes [67]. The deposition of POM monolayers
from [PM11O39{Sn(C6H4)C≡C(C6H4)N2}]3− KM

Sn[N+
2 ]

was proposed to be due to some steric hindrance
brought about by the POMs [31]. To bypass it,
our strategy was to introduce two organic exten-
sions. We have thus prepared (TBA)6[P2W17O61

{(SiC6H4–C≡C–C6H4NH2)2O}] DW
Si [ArNH2] with two

remote aniline groups that have been transformed
in situ into diazonium by the addition of ter-butyl-
nitrite t-BuONO [65]. After electrochemical activa-
tion, the resulting radicals were expected to either

attach to the electrode or attack a neighboring aro-
matic cycle, with or without N2 release. This would
result in a robust covalent DSi[Ar] molecular film,
thicker than a monolayer, albeit with poor organi-
zation but POM-to-POM communication potentially
higher than in drop-casted materials or in polymer
embedding POMs. Indeed, molecular films have
been processed onto ITO from acetonitrile solution
and thoroughly washed under sonication. The CV
recorded at the modified electrode confirms the pres-
ence of the POMs confined at the electrode, and an
apparent packing density Γ was extracted. The graft-
ing procedure has also been repeated on the same
substrate several times to deposit more POMs, and it
has been referred to as monografting, double graft-
ing, or quadruple grafting. The Γ values obtained
by integration of the first reduction wave on the CVs
consistently increase but remain low. They reflect
the number of electroactive POMs in the films and
can be viewed as an indicator of the efficiency of
the grafting, but they cannot be directly correlated
to the thickness of the film. To assess the film thick-
nesses, we performed field emission scanning elec-
tron microscopy, which confirmed the formation of
10–30 nm thick films on the ITO electrode. The thick-
nesses varied significantly from one substrate to an-
other, which is not surprising given the experimental
protocol but is a serious downside for reproducibility.
Even if the Γ values could not be directly correlated
to the thicknesses, a rough trend emerged: the higher
the Γ, the higher the average thickness. A possible ex-
planation for the underestimation of Γ from the elec-
trochemical studies is the low mobility of the tetra-
butylammonium cations inside the films. These have
been introduced as the POM charge balancing coun-
terions, but they were also present in the electrolyte.
Using LiBF4, with the smaller lithium cation, instead
of TBAPF6 as the electrolyte, both for the grafting step
and the modified electrode characterization, yielded
a fourfold increase in Γ value. Gold electrodes were
then deposited on top of the POM molecular films
by chemical evaporation to perform resistive mem-
ory tests. At 0 V, the two-terminal device is in the
OFF state (high resistance, low conductance). When
a negative bias was applied, the current slightly and
then abruptly increased at a threshold voltage be-
tween −1 and −1.5 V to reach the ON state (low re-
sistance, high conductance). This corresponds to
the writing process. An inverse voltage was then
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Figure 6. (a) Polyhedral representation of the bifunctionalized P2W17O61{(SiC6H4–C≡C–C6H4NH2)2O}]
Dawson-type POM DW

Si [ArNH2]. (b) Pictorial illustration of the molecular film formed on ITO electrode.
(c) Cyclic voltammogram of a DW

Si [Ar] molecular film in acetonitrile solution (in 0.1 M TBAPF6, 0.3 V·s−1).
(d) Field emission scanning electron microscopy image of the DW

Si [Ar] film formed after a quadruple
grafting. (e) Representative current/voltage characteristics of a DW

Si [Ar] molecular film in the device
configuration displayed on the left side, showing a WORM-type behavior. Reproduced from Ref. [65]
with permission from the Chinese Chemical Society (CCS), Institute of Chemistry of Chinese Academy of
Sciences (IC), and the Royal Society of Chemistry.

applied from −2 V to 0 V following which the device
remained in the ON state, showing nonvolatile be-
havior on removal of the electric filed. However, the
ON state could not be erased during further sweep-
ing to +5 V, suggesting charge trapping and a write
once read many times (WORM)-type memory (Fig-
ure 6). The SET voltage variation on a given substrate
and from one substrate to another were quite impor-
tant, probably in relation to the poor organization in-
side the film. Charge trapping was confirmed by ca-
pacitance measurements. The capacitance value in-
dicated that less than 1% of the estimated electroac-
tive POMs were involved. It is noteworthy that a re-
versible, rewritable memory behavior (also referred
to as a flash memory) was observed in about 5% of
the tests, possibly ascribed to thinner films. Finally,
it is known from the literature that in a given fam-
ily of molecules, the manipulation of the electronic
structure can change the electrical behavior from a

WORM-type to a flash-type memory [50,68]. There is
thus plenty of room to play with the molecular diver-
sity of POMs and their counter cations, the modular-
ity of their redox properties, and the morphology of
the POM films to (i) tune the SET voltages and (ii) fa-
cilitate charge detrapping on application of a reverse
voltage.

Oxide-based valence change memories play an
important part in the development of memristive
technologies for data storage, brain-inspired neu-
romorphic computing, data security systems, and
mobile communications [69]. Crossbar arrays of
substoichiometric tungsten oxide WO3−x memris-
tors, viewed as artificial synapses, have been in-
vestigated as reservoir computing (RC) featuring
internal dynamics and readout functions trained
for handwritten digit or speech recognition as well
as other classification and forecasting tasks [70].
Reservoir computing thus mimics the variability
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of neural connections in the brain. The key fea-
tures to implement RC are variability, strong non-
linearity, and complex dynamic interactions. These
have also been observed in self-assembled net-
works of molecular junctions, such as those built on
azobenzene switches interconnected by Au nanopar-
ticles and deposited on a several-electrode pat-
tern [71]. The full potential of POMs for in-memory
computing [72] and RC [73] has not yet been real-
ized. To circumvent the intrinsically low in-plane
conductivity of POM films, we have combined
[PW11O39{(SiC3H6SH)2O}]3− POMs with Au nanopar-
ticles acting as electrode relays. We have shown that
the resulting POM/nanoparticle networks deposited
on a six-electrode pattern display current variability
and higher harmonic generation ability. Nonlinear
interactions are also sources of low-frequency noise,
which has been proposed to be indicative of RC per-
formance. The 2D nanoparticle/molecule networks
with the POMs displayed the highest low-frequency
source noise among various tested molecules. The
random telegram signal type noise detected has
been ascribed to electron trapping/detrapping by
the POMs [74,75]. Currently, work is undergoing to
improve POM-to-POM communication and in-plane
conductivity of the molecular films. This will enlarge
the scope of applications of POMs.

5. Conclusion and outlook

Scaling down the size of components to increase the
memory density of electronic devices is no longer
the main issue. The More-than-Moore applications
include the integration of new functionalities in in-
novative/unconventional materials and a paradigm
shift towards in-memory computing that mimics
brain function. In this context, molecules still have
their rightful place because they represent a unique
combination of atomic structural precision, repro-
ducibility, high tunability, and solution processabil-
ity. Among molecules, POMs hold great promise be-
cause of their molecular diversity and the redox prop-
erties they share with oxides. This has prompted us to
engage in a long-term project to underpin their po-
tential in nanoelectronics. We have favored a step-
by-step fundamental approach, and we have shown
how to control the formation of densely packed
POM monolayers on various types of substrates.
We have investigated electron transfer kinetics to

the POM monolayer and electron transport across
the POM monolayers, revealing the POM signatures.
We have also exemplified that POMs are stimuli-
responsive molecules responding to light or to the
application of an electric field. At this point, our
experimental-based energy level diagrams outlining
possible conduction mechanisms need to be sup-
ported by theoretical calculations to move ahead. As
POM assemblies also involve their counter cations,
the existence of electric dipoles and their possible
reorganization or reorientation under an electrical
bias or on POM charge trapping/detrapping and/or
cation migration should be taken into account to
gain a better understanding of the underlying mech-
anisms [76]. Polyanions thus offer a unique oppor-
tunity to investigate the effect of counterions, which
has seldom and only recently been reported for other
molecular junction/systems. This is a powerful lever
that we will investigate further. Interestingly, artificial
synapses based on peptide molecular junctions have
been shown to be sensitive to cation flux, mimick-
ing the behavior of Ca2+ or K+ in biosynapses. This
has been attributed to the influence of cations on the
electronic states of peptide molecules [77].
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