Open Access Article. Published on 20 March 2025. Downloaded on 4/23/2026 2:20:06 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

) Check for updates

Cite this: Nanoscale, 2025, 17, 12065

™ COYAL SOCIETY
ap OF CHEMISTRY

Robust large-area molecular junctions of
self-assembled monolayers of a model helical

paddlewheel complex+

Received 6th January 2025,
Accepted 3rd March 2025

DOI: 10.1039/d5nr00050e

rsc.li/nanoscale

We report the preparation of a helical complex and its study in
molecular junctions. We show that the SAMs of this racemic com-
pound present electrically robust behaviour which will pave the
way for future studies on the CISS effect with analogous enantio-
pure compounds.

Introduction

In recent years, there has been growing interest in the study of
charge transport in chiral media. In particular, it has been
shown that the current density across molecular junctions
embedding chiral compounds and ferromagnetic electrodes
can exhibit a great spin selectivity, which translates into
strongly asymmetric J/V characteristics that critically depend
on both the direction of magnetization of the electrode and
the handedness of the chiral medium."? This effect is just one
of many manifestations of a phenomenon discovered rather
recently, termed the chirality-induced spin selectivity (CISS)
effect. Since its discovery in photoelectron scattering experi-
ments in 1999,% it has been the focus of intense experimental
and theoretical efforts*™® and has now been observed in a great
variety of physical systems, most typically using self-assembled
monolayers of chiral molecular systems.” To this day, however,
it remains highly challenging to predict the magnitude or even
the occurrence of the CISS effect in new chiral molecular
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systems, which is due both to the limited availability of com-
parable experimental data sets and to the poor correlation
between theoretical predictions and actual experimental
results, often disagreeing by many orders of magnitude. With
this in mind, it is crucial to support theoretical work by devel-
oping new platforms for the study of the CISS effect in mole-
cular systems that are versatile and can be tuned rather easily.
In this regard, we firmly believe that coordination chemistry
provides interesting avenues for the study of the CISS effect
since it allows for an unparalleled ad-hoc tuning of the elec-
tronic properties of the compounds - by changing the core
metal ions - while maintaining the organic ligands, and thus,
the overall geometry of the compounds is almost unchanged.
While there are some examples of coordination compounds
and metallopeptides that have been studied for the CISS
effect,®® the family of linear coordination clusters called the
extended metal atom chains (EMACs)'® would constitute a par-
ticularly appealing target for CISS studies. They include chains
of up to 11 metal ions" and possess an optical activity that
rivals that of the best helicenes.'>"? Their chemistry, however,
is somewhat challenging and the analogous, simpler, paddle-
wheel metal-metal bonded binuclear ruthenium compounds
represent an interesting starting point, owing to their chemical
stability and to their rather high spin moment. They have been
considerably studied in the last few decades because of their
potential applications in fields such as magnetism,"*"® mole-
cular electronics,””*° biomedicine,**® and catalysis.>* "
Most diruthenium complexes contain a Ru,”" core supported
by four monoanionic equatorial bridging ligands and one or
two axial ligands. The most common electronic configuration
of these compounds is 6*n*5*(n*8*)?, with three unpaired elec-
trons in the nearly degenerate n* and 6* molecular orbitals
and a metal-metal bond order of 2.5.>*> Among diruthenium
compounds, [Ru,(p-ap),Cl] (RuapCl; ap = 2-anilinopyridinate),
with four unsymmetrical ap ligands in the same orientation
(4,0 isomer), was first reported a few decades ago.** This com-
pound and its related derivatives have been studied mainly
because of their isomerism and the effects of different axial
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ligands or electron-withdrawing/donating substituents on their
electronic properties.*>™** Moreover, the study of electronic
transport properties of acetylide derivatives has been a subject
of interest. More specifically, the electronic transport pro-
perties of [Ru,(p-ap)s(o-(C=CC¢H,4),SCH,CH,SiMej;)]
embedded in a C,; thiol matrix on a gold substrate'” and self-
assembled [Ru,(p-ap)s(c-(C=CCg¢H,),S—),] and [Ruy(p-ap)s(o-
C=CCgH,S-)] fragments in nanogap molecular junctions'®
were reported by Ren and coworkers.

A relatively unexplored feature of the [Ru,(p-ap),]" scaffold -
one that is particularly interesting for the CISS effect - is its
helical chirality, which arises from the arrangement of the
2-anilinopyridinate ligands around the ruthenium atoms gen-
erating two enantiomers, A (clockwise helicity) and A (counter-
clockwise helicity). However, in order to use such compounds
in chiral molecular junctions for the study of the CISS effect it
is necessary to develop a robust methodology for their depo-
sition as stable self-assembled monolayers (SAMs) on surfaces.
Ideally, this methodology should be transferable to EMACs
and should provide electrically robust systems with a narrow
statistical distribution of current density values in order to be
able to determine the magnitude of the CISS effect with good
statistical significance. The classical methodologies for
making SAMs based on alkanethiol tethers are challenging to
implement for such compounds and would not allow the
helical axis of the compounds to align normally to the surface,
which would be ideal for studying the CISS effect. In this
paper, we study a covalent grafting strategy for anchoring a
racemic mixture of a model diruthenium complex. We use the
easy and common strategy of substituting the axial ligand
(typically a halide) with an -NCS thiocyanate ligand and show
that it forms well-defined smooth monolayers on template-
stripped gold substrates (Au™®). We also show that the mole-
cular junctions formed by these monolayers coming in contact
with a eutectic gallium-indium (EGaln) tip are electrically
robust with a narrow distribution of current density values.
Altogether, these results on a racemic system demonstrate that
this methodology - once applied to enantiopure compounds —
provides a promising platform for studying the CISS effect in
large-area junctions of paddlewheel complexes, which could
be extended to EMACs and coordination compounds in
general.

Results and discussion

Synthesis and characterization of [Ru,(p-ap),(NCS)]
(RuapNCS)

In this study, we chose to target a rather simple racemic di-
nuclear paddlewheel complex bearing an isothiocyanate
group, whose protruding sulfur atom was expected to provide
an anchoring group for the surface chemistry, as has been
shown in a few examples for single-molecule junctions in
EMACs and other coordination complexes.”*™*® We started
from a well-known racemic, helicoidal (see Fig. S11) diruthe-
nium compound, RuapCl, developed by the Cotton group in
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the early 80s.>* The complex RuapNCS was prepared in one
step by reacting a slight excess of KSCN with the chloride ana-
logue RuapCl (see Scheme 1). The mixture was filtered to
remove the resulting KCI and a dichloromethane/water liquid/
liquid extraction was carried out to remove the remaining
KSCN.

The bulk sample was characterized by elemental analysis,
mass spectrometry, infrared and electronic spectroscopy, and
variable-temperature magnetic susceptibility measurements.

The base peak of the positive electrospray ionization (ESI')
mass spectrum of most Ru,”>" complexes corresponds to the
[M - X]" fragment, resulting from the loss of the axial ligand
(X).>® However, the base peak observed for the spectrum of
RuapNCS corresponds to [M]" (m/z = 937.97). The experimental
isotopic pattern of this [M]" fragment matches perfectly with
the calculated one (see Fig. 1), confirming the nature of the
desired product. The presence of this [M]" fragment and the
absence of [M — NCS]" suggest a greater stability of the
complex given a stronger Ru-L,yi, bond compared to other
closely related compounds.***”

Infrared spectroscopy also confirms the isolation of a
monodentate isothiocyanate derivative, since a strong
-N=C=S asymmetric stretching band is observed at
2034 cm™* (Fig. S27).*® This relatively low value also suggests a
strong Ru-N bond due to n back-bonding. The electronic struc-
ture of the new complex was studied by UV/vis-NIR spec-
troscopy. Fig. S31 shows the electronic spectrum in which four
bands can be distinguished. Regarding the ultraviolet region,
two absorption bands are observed at ~275 and ~325 nm,
which can be assigned to an intra-ligand = — n* transition and
a n(N)/6*(Ru,) — m*(aryl) transition, respectively. In the visible

=z =z
Ph\ ™ | Ph\ A l

N N 4 N N 4

1.1 eq. KSCN

l DCM/acetone
Ru———Ru— Ru———Ru—NC

r.t.

RuapCI RuapNCS (92%)

Scheme 1 One-step synthesis of RuapNCS from the chloride analogue
RuapClL.
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Fig. 1 ESI* spectra (left) and enlargement of the [M]* base peak (right)
of RuapNCS.
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range, two more bands are recorded at ~465 and 770 nm. The
first one can be assigned mainly to n(Ru,) — n*(N)/5*(Ru,) and
the second one to m(Ru-N) — 8*(Ru,).** Table S17 lists these
absorption bands and their assignments.

The variable temperature magnetization measurements per-
formed on RuapNCS showed a yT value at room temperature
of 1.83 cm® K mol™", slightly lower than the spin-only value
expected from a quartet state (1.87 cm® K mol™, g = 2).
Lowering the temperature results in a continuous decrease of
the ymT product, which is especially pronounced below 100 K.
The data were fitted considering a quartet state, which arises
from a 6”8°n*(6*n*)® electronic configuration, undergoing axial
zero-field splitting (D). In addition, an intermolecular
exchange coupling (z/) was included in the model using the
mean-field approximation (Fig. S4 and eqn (S1)-(S4)7). The fol-
lowing parameters were obtained from the best fit to the data:
g=1.997(1), D = 45.0(7) cm ™" and zJ = —0.11(1) cm ™" (¢ = 3.00
x 107%). These values are similar to those reported for closely
related complexes****' and discard the low spin configur-
ation found in other Ru,>" derivatives with a thiocyanate
ligand at the axial position.*’

Preparation and characterization of Au">-RuapNCS/Au-
RuapNCS

Once RuapNCS was fully characterized, self-assembled mono-
layers (SAMs) were prepared by incubating template-stripped
gold (for AFM and EGaln measurements) or standard gold (for
ToF-SIMS and PM-IRRAS measurements) substrates in toluene
solutions at room temperature using classical wet chemistry
methods. Control samples were prepared with the same proto-
col using RuapCl. The monolayers, Au">-RuapNCS, and the
control samples, Au™-RuapCl, were then studied by a combi-
nation of atomic force microscopy (AFM), time of flight second-
ary ion mass spectrometry (ToF-SIMS) and polarization-modu-
lation infrared reflection absorption spectroscopy (PM-IRRAS).
The morphology of the Au™-RuapNCS substrate after 3.5 h
of incubation was probed by AFM in tapping mode and was
shown to be extremely smooth (see Fig. 2). The roughness of

-3.0

Fig. 2 Tapping-mode AFM topography image for Au™—RuapNCS.
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the monolayer was found to be similar to that of the blank
Au™ substrate (see Fig. S5t), with rms values of 2.6 and 2.9 A,
respectively. The main difference between the two samples
appeared to be a smaller number of particles on the surface of
the monolayer and the disappearance of the grain boundaries
of the underlying gold substrate in the SAMs. The AFM topo-
graphy image for the control sample Au"®-RuapCl (see
Fig. S5t) was visually similar to that of the Au"-RuapNCS
sample and presented a similar roughness to that of the other
samples, with an rms value of 3.0 A.

ToF-SIMS was performed in both negative and positive
modes for substrates incubated in RuapNCS and RuapCl solu-
tions. The spectra recorded for the Au-RuapNCS sample show
several Au clusters and three peaks related to the complex can
clearly be identified (Fig. 3a and S61) thanks to their rather
unique isotopic distribution while the negative mode was
found to be not very informative (Fig. S6t). In particular, in
the positive mode, fragments corresponding to [M - NCS]" are
observed at m/z = 880.03. Besides, a minor contribution from
the molecular peak is observed at m/z = 939.18, which can be
assigned to [M + H]". Altogether, these results suggest the for-
mation of self-assembled monolayers of the complex RuapNCS
over template-stripped gold (Au">-RuapNCS), where RuapNCS
molecules are anchored to the substrate through the isothio-
cyanate axial ligand. Moreover, a two-dimensional mapping
analysis of the main peak was performed and the resulting
ToF-SIMS image is shown in Fig. 3b. These 2D ToF-SIMS
results show good homogeneity of the samples with a rather
constant signal across the substrate and no significant local
concentration of species that could result from aggregates. The
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Fig. 3 (a) ToF-SIMS spectrum of ions derived from Au—RuapNCS in the
positive mode. (b) 2D ToF-SIMS mapping for [M — SCN]* ions.
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ToF-SIMS positive spectrum for the control sample Au-RuapCl
(see Fig. S71) also showed a prominent [M — X]" fragment but
its intensity was reduced by a factor of approximately 3 with
respect to the Au-RuapNCS monolayer sample (see Fig. S8T).
This result likely indicates the presence of some physisorbed
RuapCl molecules on the gold surface, with the amount likely
depending on the amount of solvent used during the rinsing
procedure.

The PM-IRRAS spectra recorded for the Au-RuapNCS
(Fig. 4) and Au-RuapCl (Fig. S91) samples mainly show the
same bands as observed in the IR spectrum of the bulk com-
pounds. Importantly, for Au-RuapNCS, a clear shift in the
-N=C=S asymmetric stretching band can be observed, which
is due to the anchoring of the complex to the substrate
through the sulfur atom. The band is shifted from 2034 cm™
to 2083 cm™’, a variation that is consistent with an NCS brid-
ging ligand (Au-SCN-Ru).*® Moreover, as expected based on
the selection rules of PM-IRRAS, there is a clear effect of the
orientation of the molecules on the surface in the PM-IRRAS
spectrum with respect to the isotropic ATR spectrum. Some
bands are essentially suppressed while others are enhanced.
These bands were assigned (Fig. S10t) on the basis of DFT cal-
culations on the isolated molecule at the B3LYP/LANL2DZ
level. The -N=C=S asymmetric stretching band is clearly
intense, supporting the attachment of the molecule via the
sulfur and aligned with the S=C=N-Ru-Ru direction normal
to the substrate.

The pyridine ring (C=C and C=N) stretching band at
1540 cm~ " which has a transition dipole along the Ru-Ru
direction (Fig. S117) is also clearly enhanced. In contrast, the
pyridine in-plane CH deformation and phenyl in-plane CH
deformation bands at 1284 and 1215 cm ™" (Fig. S111), respect-
ively, that both correspond to transverse modes, are strongly
suppressed in the PM-IRRAS spectrum. Altogether, this ana-
lysis confirms that the molecules are grafted on the surface via
the sulfur atom with the Ru-Ru bond essentially normal to the
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Fig. 4 Comparison between the bulk FTIR-ATR spectrum for RuapNCS
and the PM-IRRAS spectrum for Au—RuapNCS.
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Au"-RuapNCS//Ga,0,/EGaln molecular junctions

In order to evaluate the robustness of the monolayers with
respect to charge transport measurements, we then studied
the Au™-RuapNCS SAMs using eutectic gallium-indium
(EGaln) top electrodes by using the classical conical tip
method at room temperature. The resulting Au">-SAM//Ga, 03/
EGaln large-area junctions were measured in the +0.5 V range.
To obtain statistically robust data, we measured 14 junctions
and accumulated 520 traces. The results are shown in Fig. 5.
The junction yield was excellent; in fact, we did not observe a
single short in the 14 junctions, and there were no significant
outliers in the dataset.

The current density values were also found to be very robust
and repeatable, with an average value of log(|J/A cm™?|) = 0.45
+ 0.24 (N = 520) at 0.5 V; the standard deviation is essentially
as good as that seen for model SAMs of n-alkanethiols®* and
the current density histogram presents a well-defined normal
distribution (see Fig. S121). There is no significant rectification
in these junctions, which is not surprising given the molecular
structure of the compounds, and this is consistent with the
fact that the highest occupied molecular orbitals (as calculated
by DFT, see Fig. S13f) are essentially delocalized over the
whole complex. Moreover, the current density at 0.5 V (log|J| =
0.45) is of the same order of magnitude as that observed for
oligophenyl-methanethiol SAMs of similar length.>® For the
sake of comparison, we also attempted to measure molecular
junctions of a control sample of Au™-RuapCl. However, as
expected, the stability and/or quality of the physisorbed layer
was too poor to allow measurement of its charge transport
characteristics, and the EGaln junctions invariably led to
shorts.

Conclusions

We have shown here, with a model compound, that substitut-
ing linear coordination clusters with an axial isothiocyanate

This journal is © The Royal Society of Chemistry 2025
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ligand provides an interesting method for preparing mono-
layers in solution. These monolayers are both smooth and
robust and can be easily incorporated into large-area mole-
cular junctions whose electrical characteristics are outstand-
ing. Specifically, the robustness of the SAMs allows for the
measurement of EGaln junctions without any shorts, and the
distribution of current density values is as narrow as that of
the best-performing organic SAMs. In this proof-of-concept
study, we used a racemic mixture of a rather simple diruthe-
nium paddlewheel complex. Although this racemic mixture is
not directly relevant for the CISS effect because it contains an
equal mixture of both enantiomers, the methodology applied
here opens multiple avenues for future studies. In particular,
in future work, we intend to resolve the enantiomers from the
racemic mixture, which should yield enantiopure compounds
that are expected to show a sizeable CISS effect. We will also
study the possibility of spontaneous resolution on the surface
using magnetic fields, which is a highly interesting prospect.
Alternatively, we will synthesize and study closely related enan-
tiopure analogues by using enantiopure chiral ligands, for
which the strategy exposed herein will be directly applicable.
Finally, this methodology will be applied to more complex
coordination compounds such as EMACs which are expected
to show an outstanding CISS effect due to their great optical
activity.
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