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Polyoxometalates are nanoscale molecular oxides with promising properties that are currently explored
for molecule-based memory devices. In this work, we synthesize a series of Preyssler polyoxometalates
(POMs), [NacPsWso0110]¥~, stabilized with four different counterions, H*, K*, NH4*, and tetrabutyl-
ammonium (TBA*). We study the electron transport properties at the nanoscale (conductive atomic force
microscopy, C-AFM) of molecular junctions formed by self-assembled monolayers (SAMs) of POMs
electrostatically deposited on the ultraflat gold surface prefunctionalized with a positively charged SAM of
amine-terminated alkylthiol chains. We report that the electron transport properties of PsWsg-based
molecular junctions depend on the nature of the counterions; the low-bias current (in the voltage range
[-0.6 V; 0.6 VI]) gradually increases by a factor of ~100 by changing the counterion in the order: K*, NH,4*,
H* and TBA*. From a statistical study (hundreds of current—voltage traces) using a simple analytical model
for charge transport in nanoscale devices, we show that the energy position of the lowest unoccupied
molecular orbital (LUMO) of PsW3zo with respect to the Fermi energy of the electrodes increases from
~0.4 eV to ~0.7 eV and that the electrode coupling energy also increases from ~0.05 to 1 meV in the

Received 2nd May 2023,
Accepted 21st May 2023

DOI: 10.1039/d3nr02035e

same order from K*, NH4*, H" to TBA*. We discuss several hypotheses on the possible origin of these
features, such as a counterion-dependent dipole at the POM/electrode interface and counterion-modu-
lated molecule/electrode hybridization, with, in both cases, the largest effect in the case of TBA*

rsc.li/nanoscale counterions.

Introduction

Ions inserted (inadvertently or in a controlled way) into solid-
state molecular junctions (MJs) play an important role in mod-
ulating or controlling the electron transport properties. For
example, ions can modulate the conductance of MJs as theor-
etically predicted,”” and as observed in several MJs, this con-
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ductance modulation depends on the chemical nature of the
ions and the details of the molecule-ion conformation.>”” Not
only the conductance of the MJs, but also the shape of the
current-voltage (I-V) behavior can be in situ switched between
a linear (symmetric) and a rectifying (asymmetric) behavior by
inserting/removing the ions or moving the precise position
(electrical field driven) of the ions in the MJs,® "' opening the
way toward molecular-scale programmable functional devices
and synaptic (neuro-inspired) behavior.'>"* Polyoxometalates
(POMs) are candidates of choice owing to their remarkable
reversible multi-redox states'®'> and photo-stimulable redox
properties,’®!” and they have attracted growing interest with
several recent demonstrations of proof-of-principles such as
silicon-integrated POM-based memory devices'® and uncon-
ventional (in-memory and neuromorphic) computing
devices.” "

In solution, it is well known that the nature of counterions
has a strong impact on the redox potentials for the POMs, and
hence on the electron transfer rates.>” In the specific case of
POM-based molecular junctions, the interactions with un-

This journal is © The Royal Society of Chemistry 2023
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avoidable counterions also control many properties of POM-
based materials and devices.”*** For example, for a single
POM on a metallic surface, the electron cloud density around
the POM, as observed with a scanning tunneling microscope
(STM), depends on the counterions that modify the hybridiz-
ation between the POM and the metal surface.”® A recent
theoretical study shows that the presence of a counterion
(whatever its nature, here tetramethylammonium (TMA) vs.
Cs") moves the LUMO (lowest unoccupied molecular orbital)
of W;5054(S0;)*~ based MJs closer to the Fermi energy of the
electrodes (~0.08 eV above the Fermi energy in both the
cases).”® Despite this similar position of the LUMO, the com-
puted current-voltage (I-V) curves showed slight differences in
the shape (more asymmetric I-V with Cs"). The authors
suggest that this feature might be due to the small differences
in the amplitude of the calculated transmission coefficient of
electrons in the M], clearly calling for more joint experimental
and theoretical work. They also noted that the presence of the
counterions does not create additional new conduction chan-
nels in the MJs, but they modify the potential landscape
“viewed” by the POMs that transmit the electrons through the
junction.

Here, we synthesized a series of Preyssler polyoxometalates
(POMSs), [NaCPsW300110]"*7,>” PsW3, for short, stabilized with
four different counterions, H', K', NH," and tetrabutyl-
ammonium (N(C4H,)," or TBA"). We formed, by electrostatic
deposition, monolayers of these POMs on an ultraflat Au
surface prefunctionalized with a positively charged self-

(a)
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assembled monolayer (SAM) of amine-terminated alkylthiol
chains following the protocol already developed and reported
in our previous work for other POMs.'”*® The electron trans-
port (ET) properties of these POMs were measured by conduc-
tive-AFM (atomic force microscopy) and the current vs. voltage
curves of these MJs were statistically analyzed (hundreds of I-V
traces) to determine the energy position of the molecular orbi-
tals involved in the ET and the electronic coupling between the
molecules and the electrodes. We demonstrate that the energy
position of the LUMO of PsW;, with respect to the Fermi
energy of the electrodes increases from ~0.4 eV to ~0.7 eV and
that the electrode coupling energy evolves from ~0.05 to 1 meV
depending on the nature of the counterion in the order of K",
NH,*, H" and TBA".

Synthesis and structural
characterization

The synthesis of the PsW;, POMs with various counterions
is schematized in Fig. 1a. The potassium salt of
[NaCPsW;00110]"*” can be obtained under hydrothermal
conditions.>® The sample we used has the molecular
formula Kj;3Nag ,[NaCPsW30011¢]-27H,0. The ammonium salt
(NH,4)14[NaCPsW300110]-25H,0 has been prepared according to
ref. 30. The acid salt H;,[NaCPsW3(0;10]-44H,0 was prepared
by ion exchange of a solution of the potassium salt in a Dowex
50W-X8 proton exchange resin, following a published pro-
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Fig. 1 (a) Schematic of the synthesis routes (cations and POM not at the scale). (b) Schematic description of the two-step fabrication of the self-

assembled monolayers.
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cedure.®" Acido-basic titration of heteropolyacids with cation-
hydroxides is a common route to introduce other cations and
it has also been applied to this Preyssler-type phosphotungstic
acid®* In our hands, the acido-basic titration of
H;,[NacPs;W;,0,;0] with tetrabutylammonium hydroxide was
not complete, despite careful colorimetric monitoring of the
equivalence. We ended up with the mixed salt
TBA;oH4[NaCPsW 3,04 10]-24H,0.

We ended-up with 4 POMs: K3 ;'Nay, [NaCPsW;00410]"*
(KPsW3, for short); Hy, [NaCPsW300110]"* ™ (HPsW;, for short);
TBA; Hy [NaCPsW300110]'*~ (TBAPsW5, for short) and
(NH4)14 [NaCPsW300110]"*” (NH,PsW3, for short). See more
details, IR, *'P NMR characterization, TGA and elemental ana-
lysis, in the ESI (Section 17).

These POMs (dissolved in H,O, or acetonitrile/isopropanol
for HPsW;, and TBAP;W;,) were electrostatically deposited on
ultra-flat template-stripped "Au substrates functionalized with
a 6-aminohexane-1-thiol hydrochloride (HS—(CH,)s-NH;"/Cl7)
self-assembled monolayer (SAM), or C6 SAM for short, follow-
ing a protocol already developed and reported in our previous
work for other POMs (Fig. 1b and also see Section 2 in the

Table 1 Thickness measured by ellipsometry at each step of the fabri-
cation of the molecular junction
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ESIt)."”® The thicknesses (systematically measured by ellipso-
metry, see Section 3 in the ESIT) are summarized in Table 1.

We note that the PsW3, POM has an oval shape with a long
axis of 1.8 nm and a short axis of 1.3 nm. Thus the 1.4 nm
measured thickness of the TBAPsW;, sample indicates a
denser monolayer with possibly a small percentage of the
TBAPs;W;, molecule standing upright on the surface (vertical
POM orientation), while the thinner values for the 3 other
samples can be ascribed to a less compact monolayer regard-
less of the POM orientation (disordered monolayers with
various POM orientations). The thicker TBAPsW;3;, SAM may
also be caused by the bulky TBA ions (diameter ~ 0.5-1 nm
depending on the conformation of the butyl chains) mainly
intercalated between the POMs and the electrode, while small
cations can be distributed around the POM.

Electron transport properties

Fig. 2 shows the 2D-histograms (or “heat map”) of the I-V
curves (between 400 and 500) acquired by C-AFM at different
locations on the POM monolayer for the four "Au-C6/POM//Pt
MJs (“-” denotes a chemical bond, “/” electrostatic contact and
“//” mechanical contact). The main feature is that these I-V dis-
tributions have almost the same level of currents at large vol-
tages, i.e. |V| > 1V, while the currents in the voltage range
[-0.6 V; 0.6 V] gradually increase with changing the counterion
in the order from K, NH,", H' to TBA". This is clearly seen in
Fig. 3a, showing the mean current-voltage (I-V) plots for the 4

(b) 7 Count
TSAu-C6/NH4PsWso//Pt

-8

log(Current (A))
>

(d)

log(Current (A))

Voltage (V)

Fig. 2 2D histograms (400—500 /-V traces) of the four samples in a semi-log|/|-V plot. The solid black lines are the calculated mean I-V curves. (a)

KP5W30 MJs, (b) NH4P5W30 MJs, (c) HP5W30 MJs and (d) TBAP5W30 MJs.
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samples and their counterion dependence at various voltages
(Fig. 3b). The mean current I is around 107° A at +1.5 V, while it
varies over 2 decades at +0.5 V. This observation is also supported
by plotting and comparing the current histograms at given
voltages (here at +0.5 V and +1 V), Fig. S9 and S10 in the ESL}
The I-V shapes for all samples show a bump at large vol-
tages, ie. |V| > 0.7-1 V, while the low-voltage I-V’s are well
fitted between —0.6 and 0.6 V with a single-energy level (SEL)

model given by the following analytical expression:****
8e F1F2
I(V)=N—
) hTI'i+T,

Fl F2

€0 + ﬁ ev &y — ﬁ ev

x |arctan| — 2172 | _arctan| 1 tla
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where ¢, is the energy of the molecular orbital (MO), here the
LUMO, involved in the transport (with respect to the Fermi
energy of the electrodes), I'; and I, are the electronic coupling
energies between the MO and the electron clouds in the two
electrodes, e is the elementary electron charge, 4 is the Planck
constant and N is the number of molecules contributing to the
ET in the molecular junction (see details in Section 6 in the
ESIt). Among several limitations (Section 6 in the ESIf), the
SEL model is a low temperature approximation and the temp-
erature broadening of the Fermi function in the electrodes is
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not taken into account. However, it was shown that it can be
reasonably used at room temperature for voltages below the
sharpened increase of the current (not observed here in the
—0.6/0.6 V window) characterizing the transition between the
off-resonance and resonant transport conditions at which the
broadening of the Fermi function modifies the I-V shape.*>~’

Fig. 3¢ shows typical examples of the SEL fits on the mean
I-vV and Fig. 3d shows the evolution of the fitted parameters
versus the nature of the counterions, clearly revealing an
increase of the molecular energy level ¢, from 0.42 eV (for
KPsWs3,) to 0.69 eV (for TBAPsW3,). The electrode coupling
energies, Iy and I, follow the same trend, increasing from
~0.08 to 1-2 meV in the same counterion order (Fig. 3d and
Table 2). The same trend is confirmed from a statistical ana-
lysis by fitting the SEL model with all the individual I-V’s of
the datasets shown in Fig. 2. The statistical distributions of &,
I’y and I, for the 4 MJs are shown in Fig. S12 and S13 (ESIf)
and the mean values of these distributions are summarized in
Fig. 3d and Table 2.

The same results are obtained by analyzing the I-V curves
with the transition voltage spectroscopy (TVS) method.*®*
The energy level and the electrode coupling energy determined
by the fit of the SEL model and by the TVS method are in very
good agreement (Section 7, Fig. S14 and S15 in the ESI{).

Although the statistical analysis shows a large distribution
of values (e.g. a factor ~ 100 for the parameters I'; and I, —
Fig. S13 in the ESI,¥ and Table 2), the same trends and order
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Fig. 3 (a) Mean 1=V curves for the four samples (from the datasets shown in Fig. 2), (b) counterion dependence of the mean current I at +1.5 V and
+0.5 V, (c) fits (solid lines) of the SEL model in the voltage window [-0.6 V; 0.6 V] (fit R? = 0.995 for K*, 0.998 for NH,*, 0.995 for H*, 0.999 for
TBA™), (d) evolution of the SEL model parameters ¢, I'; and I'> with the counterions.
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Table 2 SEL parameters ¢, I'; and I'; fitted on the mean 1=V (Fig. 3a) and mean values (o), (I'1) and (I';) deduced from the statistical analysis (see
text). For the energy level (&), the error is the standard deviation of the normal distribution (Fig. S127). For the (I'y) and (I';) parameters, the values in
parentheses are the min and max values at the FWHM of the log—normal distributions (Fig. S13+)

£ (eV) I'; (mev) I, (meV) (g0) (eV) (I'1) (meV) (I'y) (meV)
KPsW3, 0.42 0.085 0.079 0.42 + 0.10 0.07 (0.025/0.2) 0.05 (0.02/0.13)
NH,P5W3, 0.49 0.33 0.39 0.53+0.17 0.31 (0.1/1) 0.28 (0.09/0.83)
HPsW;3, 0.57 0.68 0.81 0.54 + 0.19 0.61 (0.15/2.4) 0.51 (0.14/1.86)
TBAP;W3, 0.69 2.0 1.0 0.66 + 0.16 1 (0.24/4.3) 0.99 (0.25/3.8)

of magnitude of these parameters are observed from the ana-
lysis of the mean I-V, the statistical analysis of the full dataset,
and using both the SEL and TVS methods, making the experi-
mental observations conclusive.

Discussion

The low-bias conductance of the PsW34-based M]Js increases by
a factor of ~100 from the K" to the TBA" cations (Fig. 3b and
c). However, the weak increase of the energy position of the
LUMO (by a factor of ~1.6, Fig. 3d and Table 2) should have
induced a decrease of the current due to a higher electron
energy barrier (¢, — ¢g) at the molecule/electrode interface. A
factor of ~4.5 is estimated from eqn (1) assuming the same
molecule/electrode coupling energy for simplicity (I'; = I, =
0.1 meV) in the simulated I-V curves (Fig. S16 in the ESI). The
increase of the measured current is clearly related to the large
increase (a factor of ~20, Fig. 3d and Table 2) of the molecule/
electrode coupling energy. We examine several hypotheses to
explain these results. The trend observed in solution for the
size-depending behavior of the alkali salts of POMs is barely
transposable: indeed, a positive shift of the reduction potential
(which would correspond here to a stabilization of the LUMO
and a decrease of ¢,) and a greater electron transfer rate to
POMs associated with larger alkali metal cations were ascribed
to an increase of the ion pairing energy related to a decrease of
the cation solvation and the formation of more intimate
cation/anion pairs.>” Although we cannot completely exclude
the presence of some remaining solvent molecules in our MJs,
solvation is not really relevant here. In a recent theoretical
report, the efficiency of cations to compensate for the charging
of a hexavanadate POM has been addressed by simultaneous
addition of extra cations and electrons: in the gas phase, Li"
and H" were found to be the most efficient, followed by NH,"
and K".** Although the origin of this effect was not further dis-
cussed, it could similarly impact the electron transport across
the MJs. Last but not least, the tetrabutylammonium cation is
very different from the other cations used in this study, and
because of its volume and lower charge density, it is the softest
cation of the series.

Among many factors, the energy level alignment in the M]Js
(the LUMO of the PsW3, POM with respect to the electrode
Fermi energy) may depend on the interface dipole. A larger
TBA counterion could probably induce a larger local dipole

10638 | Nanoscale, 2023, 15, 10634-10641

(larger distance between the positive and negative charges),
and if we assume that the counterions are mostly inserted
between the POM monolayer and the electrode (due to steric
hindrance, vide supra the thickness measurements), then a
global dipole could exist at the interface with an orientation
leading to an upward larger LUMO offset from the Fermi level
due to the dipole-induced vacuum level shift (Fig. S17 in the
ESI}). In contrast, smaller cations create weaker dipoles ran-
domly arranged around the POM,** resulting in a weaker (or
even negligible) average dipole at the interface, and thus a
weaker LUMO shift. Note that we cannot exclude, at this stage
without further theoretical explorations, that the atomistic
details of the POM/electrode contact configuration also play a
role (as also known in many other MJs). In the case of the
W,5054(SO3)*~ based MJs,>® a change by a factor of ca. 4 in the
amplitude of the current and a variation of the LUMO between
ca. 0.4 and 1.2 eV were theoretically predicted with respect to
whether the POM was oriented with its long axis perpendicular
or horizontal between the electrodes and how (atomic con-
figuration) the POM was connected to the Au electrode. From
the thickness measurements (vide supra), we also suggest poss-
ible different orientations of the POMs, and thus further
detailed calculations (out of the scope of this work) are needed
to reach a conclusion.

The evolution of the molecule/electrode coupling energy is
most intriguing. Nevertheless, it has been recently demon-
strated that the counterion can mediate the intermolecular
electron transfer between two adjacent and nearby POMs,*®
leading to a possible POM-cation-POM electron conduction
channel. In the situation schematically depicted above for the
case of the TBA" counterion (Fig. S17 in the ESIT), we extrap-
olate that the same kind of mechanism could enhance the
POM-cation-electrode electronic coupling, compared to a
more random organization around the POMs for the other
counterions (Fig. S17t). Moreover, the fact that the POM/elec-
trode interaction also depends on the nature of the counter-
ions, was observed from the STM images of a single POM de-
posited on a metal surface. In this experiment, the size of the
electron cloud density measured by STM largely extends the
geometric size of the POM due to the hybridization of the
POM and the counterion with the metal surface, with a stron-
ger hybridization with a TBA" cation rather than the POM
encapsulated in a cyclodextrin cage (cation free).>® This hybrid-
ization is also the key factor for fixing the molecule/electrode
energy coupling in the SEL model (eqn (1)). Thus, we hypoth-

This journal is © The Royal Society of Chemistry 2023
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esize that the TBA™ counterion could lead to a stronger POM/
electrode hybridization than the other ones. Finally, we note
that our energy values with the TBA' counterion (g, =
0.66-0.69 eV, I'; and I', ~ 1-2 meV) are of the same order as
the values determined by STM experiments on a single similar
Preyssler POM ([DyPsW300110]">7) in the case of a strong mole-
cule/electrode coupling (established by moving the STM tip in
close contact to the molecule in that case): ¢, ~ 0.7 eV, I'; and
I, ~1-10 meV.**

At higher voltages (|V| > 0.7 V), the bump of the current
cannot be fitted with the SEL model. We hypothesize that this
“additional” current can be due to a second level entering in
the energy window at higher voltages (Fig. S11 in the ESIf).
Such a behavior was theoretically simulated in the case of a
two-channel electron transmission in the MJs.”” This second
level is tentatively attributed to the LUMO+1 of the POMs. Our
results suggest that the LUMO+1 is less sensitive to the coun-
terions, since the currents at |V| > 0.7 V are less dependent on
them (Fig. 3b and Fig. S10 in the ESI}). We also note that the
POM samples with the NH," and H' countercations display
slightly higher currents at +1 V than those at —1 V (Fig. S10
and Table S1 in the ESIf), while no voltage dependence asym-
metry is observed at lower voltages (Fig. S9t). The mean asym-
metry ratio (also known as the rectification ratio) R = I(+1 V)/
I(-1 V) is weak (~1.7 and ~3.2 for HP;W;, and NH,PsW3,,
respectively) with a difference in log-I (log-mean current) of
0.24 for HPsW3, and 0.5 for NH,PsW3,, smaller than log-o (log
standard deviation, in the range of 0.84-1.1). It has been
pointed out that weak R values must be considered with
caution without a solid statistical analysis.*®> A two-sample
t-test on the current datasets at +1 and —1 V was used to assess
if these datasets statistically and significantly differ from each
other (see Section 9 in the ESIf). The t-test results show that
the null hypothesis (the same mean value for the two datasets)
can be rejected and this weak current asymmetry is statistically
significant. The origin of this effect may be due to different
contact geometries of the POM to the electrodes (at the atomic
level) in the presence of the different counterions, with an
asymmetric hybridization between the POM and the two elec-
trodes for the LUMO+1 in the case of H" and NH," counterions
(no asymmetry is observed at lower bias, —0.6/0.6 V, involving
only the LUMO in the electron transport mechanism (Fig. 3c
and Fig. S9 in the ESI{)). A similar effect was theoretically pre-
dicted for the W;5054(S03)*>” POM with TMA (symmetric I-V)
or Cs* (asymmetric I-V) counterions.”® Further theoretical
work (out of the scope of this work) would be necessary to
clarify this point.

Conclusion

In conclusion, we have demonstrated that the electron trans-
port properties, at the nanoscale, of PsW;,-based molecular
junctions depend on the nature of the counterions. From a
statistical study (hundreds of I-V traces) using a simple analyti-
cal model derived from the Landauer-Imry-Biittiker formal-

This journal is © The Royal Society of Chemistry 2023
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ism for charge transport in nanoscale devices, we have found
that the energy position of the LUMO of PsW3;, with respect to
the Fermi energy of the electrodes increases from ~0.4 eV to
~0.7 eV and that the electrode coupling energy evolves from
~0.05 to 1 meV depending on the nature of the counterion in
the order from K', NH,", H' to TBA®. We have suggested that
these variations could be due to a counterion-dependent POM/
electrode interface dipole and a molecule/electrode hybridiz-
ation mediated by the counterions. These non-trivial POM-
counterion-metal electrode interactions clearly require further
theoretical studies to elucidate the influence of the counter-
ions on the electron transport properties of POM-based mole-
cular devices.

Methods

Sample fabrication

Bottom metal electrode fabrication. Template-stripped gold
("SAu) substrates were prepared according to a method pre-
viously reported*®~" (Section 2 in the ESIY).

Self-assembled monolayers. The SAMs on "Au were fabri-
cated following a protocol developed and optimized in our pre-
vious works for the electrostatic immobilization of POMs on
amine-terminated SAMs'”*® (Section 2 in the ESIY).

Spectroscopic ellipsometry

The thickness of the SAMs was measured by spectroscopic
ellipsometry (UVISEL ellipsometer (HORIBA), Section 3 in the
ESIt).

CAFM under ambient conditions. We measured the electron
transport properties at the nanoscale by CAFM (ICON, Bruker)
at room temperature using a tip probe in platinum/iridium
(see Section 4 in the ESIY).
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