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We demonstrate the first formation of stable, multistate switchable
monolayers of polyoxometalates (POMs), which can be electroni-
cally triggered to higher charged states with increased conduc-
tance in the current—voltage profile at room temperature. These
responsive two-dimensional monolayers are based on a fully oxi-
dised dodecavanadate cage (POV12) equipped with Dy(in)-doped
phthalocyanine (Pc) macrocycles adopting the face-on orientation
on highly oriented pyrolytic graphite (HOPG). The layers can be
lithographically processed by the tip of a scanning tunnelling
microscope (STM) to machine patterns with diameters ranging from
30 to 150 nm?.

The growing demand for smaller and more powerful comput-
ing devices has led in recent years to tremendous developments
in Complementary Metal Oxide Semiconductor (CMOS) tech-
nology. However, the emerging opportunities in computer
technology have also enabled to create artificial intelligence
(AI) algorithms that consume a large amount of energy. It is
expected that devices based on nanomaterials with memory
resistive (memristive) properties will improve the energy budget
of future information and communication devices.

In addition to circuit design based on the electrical engi-
neering of technical solid-state material systems to overcome
the physical limitations of classical silicon-based micro- and
nanoelectronics, approaches to fabricating circuits from mole-
cular switches with dimensions of only a few nanometers have
also been extensively explored.>™ The key advantage of using
such low-dimensional compounds with discrete energy levels
for circuit design is in reducing contact resistance to achieve
faster operation cycles and/or lower power consumption com-
pared to traditional semiconductor materials.” On the other
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New concepts

This work demonstrates a fundamentally important departure from
STM measurements of single polyoxovanadate molecules to micro-
spectroscopic experiments with their 2D layers. The use of STM tip
nanomachining has made it possible to create various hole and
interconnect structures with adjustable feature sizes in the formed
monolayers on graphite. The layers exhibit a redox-controlled
multistate switching with staircase conductance transitions. The XPS
measurements indicate an intralayer electron communication between
polyoxovanadate building blocks, which is likely driven by their counter
cations. The obtained results open up exciting opportunities for the
future simulation and ultimate implementation of such POM-based
hybrid organic-inorganic compounds as potential molecular memristors
in energy-efficient in-memory computing technologies.

hand, the ability of chemically designed zero-dimensional single
molecules to self-assemble can help reduce some of the costly and
energy-consuming steps of lithography in industrial production.
Their successful integration (along with other types of nano-
materials such as nanowires,® nanofilms,” nanofibers,® and
nanoparticles®) as active switching layers into high-capacity
electronic memory devices is of great economic and environ-
mental importance.

Highly stoichiometric molecular metal oxides such as poly-
oxometalates (POMs) have emerged as a promising chemical
class for use in charge-based'®™* and resistive memories."*™*
The development of POMs'®'” as potential molecular memris-
tors, ie. extremely small data memory elements that can
change their logic state information by the potential-induced
change in their resistive properties,'®' should have a positive
impact on conventional computing as well as neuromorphic
applications.?>*! However, the immobilisation of POMs on
various surfaces®® and the revolutionary implementation of
POM electronics in technical devices requires solving urgent
problems of POM charge stabilisation on surfaces, multistate
capacitance switching at room temperature (r.t.), spatially con-
trolled positioning and nano-structuring of POMs, their
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crosstalk and electrical contacting, and, finally, efficient inte-
gration into existing production lines.

Herein, we demonstrate the fundamentally significant tran-
sition to the multistate switching of vanadium-containing
POM-based layers at room temperature and low potentials.
We also succeeded in a remarkable non-destructive modifica-
tion of these layers into circuit-like nanopatterns by using a
scanning tunneling microscopy (STM) based nanolithography
approach. An industrially applied version of the latter may be of
value in minimising the many different resource- and energy-
intensive steps involved in the scalable fabrication of memory
cells with multi-level switching POM layers on CMOS compa-
tible surfaces.

Our previous studies have shown successful immobilisation
and multistate resistive switching of vanadium-containing
POMs as intact single molecules on metal surfaces,”*>* but
their stabilisation in the form of stable layer systems has
remained a challenge up to now, especially on non-metallic
materials like oxides®® or graphite.”” As bulk framework
of technologically extremely interesting graphene layers, this
is a rather important issue. Graphene-based materials are
highly relevant, e.g., to develop advanced supercapacitors,®
photocatalysts,*® or solar cells,>® and they are the basis for
new spin logic and memory devices.** For technological sig-
nificance, laminar self-assembly of molecular layers on such
weakly binding surface systems is necessary due to the extreme
difficulty of contacting single molecules.

However, it has been shown that self-assembly of POM
layers on graphite surfaces can be complicated by the anionic
nature of the POM, which leads to strong intermolecular
interactions and promotes three-dimensional (3D) agglomera-
tion instead of closed and ordered two-dimensional (2D) layer
structures.”” The most promising approach to solving this pro-
blem is the functionalisation of the POM switching-active core
with aromatic macrocycles like phthalocyanine (H,Pc). Such a
covalent POM ligation will increase the strength of the POM
bonding with the graphite surface due to numerous n-n interac-
tions, while simultaneously providing POM charge stabilisation.**

Therefore, we prepared a sub-1 nm molecular layer system
based on recently synthesised, DyPc-augmented dodecavana-
date cage compounds.’*** The POMs were immobilised, pat-
terned, and switched by STM on a highly oriented pyrolytic
graphite (HOPG) surface. The tubular [HV;,0,,CI]*” POM
(hereafter referred to as POV12), ligated covalently by DyPc
moieties (Fig. 1), exhibits redox-controlled conductance
changes at r.t. and at slightly higher operating voltages than
the Lindqvist-type POM with a diamagnetic {V¢O,0} core
(POV6). The latter is capable of storing 2 bits of information
for its 4 electrically generated logic states on gold.*" The
different switching potential of the V(3d) centres in these
compounds is due to a significantly larger electronic bandgap
of PcDy-POV12 (2.4-2.6 eV) than that of POV6 (1.0-1.2 eV),>*?*
which makes them useful components for the development
of more complex molecular logic devices. The additional mag-
netic properties of PcDy-POV12 may also be exploited in that
context.*®
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Fig. 1 Synthesis of the POM compound (nBusN)s[HV;,03,Cl(DyPc)]
(PcDy-POV12) for the fabrication of STM-processed monolayers on
HOPG. (nBu4N)4[HV1,03,Cl] (POV12) and PcDyOAc-MeOH-H,O were used
as starting compounds. Colour code: VOs polyhedra = orange, O = red,
Cl = green, C = dark grey, N = blue, H = white, Dy = aqua. Counter cations
and H atoms at the POV12 cage are not shown.

POV12

The formation of self-assembled monolayers (SAMs) of PcDy-
POV12, depicted in Fig. 2a-c, was performed by immersing of
freshly stripped HOPG crystals into a highly diluted (107°-
10> mol L") acetonitrile (HPLC grade) solution for 2 h. The
intact immobilisation of the compound and the formation of 2D
layers were confirmed by X-ray photoelectron spectroscopy (XPS)
and STM measurements, respectively. Remarkably, the XPS data
indicate a rather large amount of 50% partially reduced V(IV)
atoms in the 2D layer (Fig. S1, ESIt), which is not observed in pure
powder measurements (Fig. S2, ESIt). This high amount of
reduced vanadium species can hardly be explained by a simple
charge transfer from the non-metallic substrate, which will not
allow covalent bonding, but is probably due to a counter cation-

-200 0000 200 4.00
™

Fig. 2 STMimages (Ug = 2 V; I+ = 10 pA) of PcDy-POV12 layers deposited
on HOPG by dip-coating the sample into differently concentrated acet-
onitrile solutions: 1 x 107® mol L™ (@), 5 x 107® mol L™* (b), and
1 x 107> mol L™* (c). (d): high resolution image of (a) and corresponding
height profile (e). The baseline at 0 nm represents the top of the molecular
monolayer. (f) and (g) show nano-structuring in form of a POV12 circuity
formed by the STM tip; (h): dI/dV curve measured on single point in
(c) displays three conduction steps due to single electron transfers. The
elevated edges of the generated nanostructures in (g) are due to excavated
material from the writing process.

This journal is © The Royal Society of Chemistry 2024
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mediated charge transfer between POMs within the monolayer.
Such a phenomenon has already been reported and theoretically
supported for the crystalline phase and highly concentrated
solutions of the PcDy-POV12 compound.®® Suggested was hereby
a counter cation mediated electron hopping from a Pc moiety of
one PcDy-POV12 anion to the POV12 moiety of another PcDy-
POV12 anion. Indeed, to specifically determine the POV12 redox
states and the physical mechanisms that occur in the PcDy-POV12
layer, it is necessary to carry out additional, time-consuming
theoretical studies, which will be published elsewhere. It is
noteworthy that such complex electronic interactions of POM
anions with their counter cations and the resulting effects
on the redox-controlled electron transport characteristics of the
POM get more and more attention®” of the experimental®®*® and
theoretical’”*" POM communities.

STM measurements show that at the lowest investigated
concentration the SAMs still exhibit many holes in the film
(Fig. 2a), which decrease in size and number with increasing
concentration (Fig. 2b) until the film becomes completely
closed (Fig. 2c). The film thickness of about 0.75 nm points
out the formation of a monolayer (Fig. 2d and e). Although, the
presence of additional particles of the same height on top of
this main layer indicates the beginning of the growth of the
second layer even before the closure of the first. Larger agglom-
erations are not found over the entire surface. Thus, it can be
concluded that strong n-rn interactions of the Pc ligands with
the graphite surface successfully dominate over intermolecular
interactions. Another indicator of this is the rather high stabi-
lity of STM measurements at larger tip-sample distances. Only
at the edges of the holes in the film under these conditions a
slight displacement of the material caused by the tip was
detected. Subsequent scanning electron microscopy (SEM)
measurements (Fig. S4, ESIT) confirmed the long-range mor-
phology of the film growth and, thus, excluded a purely
electronic origin of the structures observed by STM.

The measured lateral diameter of the individual particles in
the layer is approx. 7 nm (Fig. S3, ESIt), but the extended size of
the electronic cloud of a negatively charged complex immobi-
lised on a conducting substrate is a known phenomenon.>**>*?
This confirms the hypothesis that POV12 is an inorganic axial
ligand for the DyPc moiety oriented to the HOPG surface.
Surface scanning under moderate conditions (Ug = +2 V; Iy =
10 pA) shows a rather stable adsorption behaviour of the
molecular layer, but even a slight decrease of the tip-to-
sample-distance by lowering the bias voltage to +1 V results
in a reproducible surface removal of the particles already by the
first scan. Technically, this can be used to control the structur-
ing of coated surfaces at the nanoscale. As illustrated in Fig. 2f
and g, the formation of complex hole structures and intercon-
nections can be realised using the STM tip. Larger structures
such as several 100 nm?” sized pads can also be formed as
interconnects only a few nm wide. It can be stated that the
resulting m-n bonds between the molecules and the surface are
strong enough to ensure the ordered formation of a molecular
monolayer, but also weak enough to ensure easy modification
of the layer by soft electrical or mechanical treatment.

This journal is © The Royal Society of Chemistry 2024
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It is known from our previous studies of POV6 as single
molecules on gold surfaces that the oxidation states of vana-
dium centres can be easily modified by an external potential.*
I-U measurements of the PcDy-POV12 layer show instead three
conductance steps at approx. 2.1, 3.2, and 4.0 V (Fig. 2h).
Compared to POV6 (0.6, 1.1, 1.5 and 1.9 V),*> these steps occur
at higher potentials, which can be explained by the much larger
bandgap of PcDy-POV12. The bandgap difference of approx.
1.5 V corresponds perfectly to the potential difference between
the first molecular conductance steps of both species, which
are affected by their LUMO. Although this has not yet been
clarified by theoretical calculations, each conductance step
likely represents a single electron transfer from the STM tip
into the unoccupied states of a molecular vanadium centre.
Further reduction steps at higher potentials than 4 V may be
feasible but cannot be experimentally investigated due to the
strong molecular interaction with the STM tip at very high bias
voltages. Hereby, the surface layer gets reproducibly damaged,
probably due to increased Joule heating, resulting in craters at
the corresponding tip position.

Importantly, for the first time, it was possible to demon-
strate the multistate switching behaviour within an extended
2D polyoxovanadate layer, rather than just of an isolated
immobilised molecule, which is an important step towards
technically relevant devices.

To obtain a better understanding of the adsorption and
switching characteristics of PcDy-POV12, comparative studies
of the bis-ligated derivative (PcDy),-POV12 and the starting
complex PcDyOAc were performed. As can be seen in Fig. 3
both compounds also form closed films without significant
defects after the deposition of a 10~° mol L' concentrated
acetonitrile solution on HOPG. Like the mono-ligated deriva-
tive, (PcDy),-POV12 exhibits polyoxovanadate-specific switching
behaviour (Fig. 3c). While the first observed redox step at a
potential of 2.1 V is identical to the monoligated POV12, the
second and third steps show slight variations of 2.9 and 3.4 V

Fig. 3 STMimages (Ug = 2 V; I+ = 10 pA) of a (PcDy),-POV12 layer (a) and
(b) with corresponding d//dV curve (c) measured on a single point in (b)
and of a PcDyOAc layer (d) and (e). High resolution imaging of a single
PcDyOAc molecule (f) exhibits Pc characteristic fourfold symmetry indi-
cated by the overlay of a calculated metal Pc LUMO structure.*

Nanoscale Horiz., 2024, 9, 233-237 | 235
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(compared to 3.2 and 4.0 V, respectively). This indicates that the
caping of the PcDy-POV12 cage by an additional macrocyclic
DyPc ligand likely does not affect the energy of the lowest
unoccupied molecular orbital (LUMO) but lowers the energies
of the higher lying unoccupied molecular orbitals. Probably
due to intramolecular mixing of the electronic states of the Pc
ligands sandwiching the POV12 cage, single particles of the
layer appear like unstructured “blobs” in the STM images.
However, one can assume a configuration with Pc at the inter-
face between POV12 and the surface and the resulting Pc
termination due to extensive - interactions. This assumption
is supported by the significantly reduced (electronic) particle
size of only approx. 5 nm (Fig. S3, ESIf) compared to the
monoligated derivative, pointing to a greater distance between
the STM tip and the electron rich POV12 cage. These results are
in line with the adsorption characteristics of PcDyOAc without
POV12 on HOPG. Individual particles in the formed molecular
layer exhibit a rather similar size in STM measurements. This
confirms that the imaging of (PcDy),-POV12 is strongly influ-
enced by the electronic structure of the (terminating) Pc ligand.
For PcDyOAc without POV12, also sub-molecular resolution
could be achieved, showing the characteristic four-lobe struc-
ture of Pc*? with an electronic elevation in the centre caused by
the Dy atom (Fig. 3f). As expected, the PcDyOAc complex does
not exhibit any of the redox-controlled switching characteristics
of POV6 and POV12 polyoxovanadates.

In conclusion, this work demonstrates the controlled
deposition, nano-structuring, and multielectron charging of
V(3d)-based POM layers containing magnetic DyPc functional-
ities on the non-metallic HOPG surface. The fundamental
multistate switching characteristics of single polyoxovanadate
anions at r.t. are preserved in their molecular layers. Functio-
nalisation with phthalocyanine ligands ensures sufficiently
strong immobilisation of the studied compounds through magne-
tically doped macrocycles in the form of closed thin films on
graphite due to n-n interactions. By adjusting the STM parameters,
a reproducible local removal of molecules at the nanoscale was
afforded. Compared to the previously studied low-potential POV6
switches (<2 V), POV12 anions can be viewed as their high-
potential-switching counterpart (>2 V). Our results lay an impor-
tant groundwork for the future development of the electronic
interplay between both types of molecular switches (POV6 and
POV12). In the next step, we will transfer these fundamental
observations at the nanoscale to the macroscopic I~V behaviour
of technical POM layers. We expect that this might be the key to the
realisation of Boolean logic prototype devices and be the next
groundbreaking step towards a molecular processor based on
integrated POM circuits on CMOS-compatible material systems.
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