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Sheathed Molecular Junctions for Unambiguous
Determination of Charge-Transport Properties

Lucia Herrer, Saman Naghibi, lvan Marin, Jonathan S. Ward, Jose Maria Bonastre,
S. J. Higgins, Santiago Martin, Andrea Vezzoli, Richard John Nichols,*

José Luis Serrano,* and Pilar Cea*

Future applications of single-molecular and large-surface area molecular
devices require a thorough understanding and control of molecular junctions,
interfacial phenomena, and intermolecular interactions. In this contribu-

tion the concept of single-molecule junction and host-guest complexation to
sheath a benchmark molecular wire—namely 4,4’-(1,4-phenylenebis (ethyne-2,1-
diyl))dianiline — with an insulating cage, pillar[5]arene 1,4-diethoxy-2-ethyl-
5-methylbenzene is presented. The insertion of one guest molecular wire into
one host pillar[5]arene is probed by '"H-NMR (nuclear magnetic resonance),
whilst the self-assembly capabilities of the amine-terminated molecular wire
remain intact after complexation as demonstrated by XPS (X-ray photoelec-
tron spectroscopy) and AFM (atomic force microscopy). Encapsulation of the
molecular wire prevents the formation of 7~ 7 stacked dimers and permits the
determination of the true single molecule conductance with increased accu-
racy and confidence, as demonstrated here by using the STM-B]J technique
(scanning tunneling microscopy- break junction). This strategy opens new
avenues in the control of single-molecule properties and demonstrates the
pillararenes capabilities for the future construction of arrays of encapsulated
single-molecule functional units in large-surface area devices.

inspired by equivalent macroscopic func-
tional homologous systems.?* The combi-
nation of the drastic reduction in size with
the appearance of new properties at the
nanoscale have opened new avenues in the
use of supramolecular materials,P® with
a number of nanodevices being described
and developed for technological®!¥ or bio-
logical applications.!"?! In the field of mole-
cular electronics single molecule devices
represent the ultimate miniaturization con-
cept. These have evolved from the seminal
paper from Aviram and Ratner,®l which is a
foundational work in the field of molecular
electronics, and which proposed that mole-
cular devices can act as electrical molecular
rectifiers. There has been a renaissance of
this area in recent years, which has been
boosted by promising applications beyond
the initially envisioned one (electrical cir-
cuitry at the nanoscale), including single
molecular sensing, thermoelectrics, heat
transfer, spintronics, switching devices, and
biomolecular electronics.['>*]

1. Introduction

Challenges in nano and supramolecular research have emerged
from the interest in building nanoscopic devicesl! that are

Despite intense research in the areas of molecular electronics
and single molecule devices some key challenges remain
unsolved. Reproducibility in the conductance measurement
is a recurrent problem in the single-molecule electronics field
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Complex 1c2

Figure 1. Chemical structure of compounds 1 and 2, and molecular models for the host-guest complex 1c2.

for several reasons,?*-28 with a key one being the formation of
multi-molecular junctions. Formation of multi-molecular junc-
tions can result in a distribution in several conductance values
and, eventually, loss of the desired single-molecule function-
ality of the device. Interactions between neighboring molecules
may also result in differing behavior of molecules embedded in
large molecular area devices as compared to their single mole-
cule counterparts.?”l The optimal situation for the unequivocal
measurement of the electrical properties of a single molecule
junction involves disperse, non-interacting molecules, that
assemble one at a time in the break-junction nanogap. This can
however be difficult to attain both in solution!**3! and in “dry”
measurements (in air or vacuum).? Significant variations in
the measured conductance of purportedly single-molecule junc-
tions have been observed when the experiments are performed
at different concentrations, accompanied by dramatic effects on
the stability of the fabricated junctions.*!

The foregoing discussion highlights that new approaches
are needed for conductance measurements on molecular junc-
tions and the subsequent fabrication of molecular devices, with
the clear need to reduce the influence of intermolecular inter-
actions. A possible solution to these problems is to provide
each molecular wire with an insulating “sheath”. The sheath
inhibits both intermolecular effects by uniformly spacing the
molecular wires deposited on a surface or within the device.
This prevents formation of multimolecular junctions, with the
single molecule configuration being thereby preferred. This
concept turned our attention to host-guest chemistry, as there
are a wide variety of systems that have been used as a host
for active molecules resulting in supramolecular complexes
for a wide range of applications.**38 Among host molecules,
pillar[n]arenes®*#%! represent a widely explored material for a
number of reasons: 1) Their potential use as chemical sensors
based on host-guest mechanisms, with examples including
the detection and separation of volatile organic solvents or
air pollutants,#? selective adsorption and sensitive detec-
tion of metal ions,*** and supramolecular networks for light
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modulation,®! thereby giving rise to an extensive range of
applications.*->71 2) Pillar[n]arenes are synthetically easy to
functionalize on their upper and lower rims;P® last but not
least 3) they spontaneously arrange themselves in layers, and
are readily deposited on surfaces.l>*-1]

A large number of compounds have been reported to act as
cavity guests inside pillar[5]arenes.’262%4 In addition, there
are a few examples in the literature of host-guest complexes
in molecular electronics, using different macrocycles. In 2012,
Kiguchi et al.[% studied the single molecule conductance of a
m-conjugated rotaxane by STM break junction, finding a sup-
pression of conductance fluctuations by covalently encapsu-
lating a molecular wire with a cyclodextrin. Single molecule
conductance of host-guest complexes composed of cucurbituril
and viologen moieties, was studied by STM formed molecular
junctions (using the I(s)-STM technique), showing that robust
junctions could be formed for viologen molecules located
within nano-sized molecular cavities.[® Viologens were also
shown to be efficiently complexed by crown ethers, with an
overall reduction of intramolecular coulombic repulsion.l*?!
In 2019 Tang et al.l’) demonstrated that the single molecule
conductance of organoplatinum(II) metallocycle hosts can
be enhanced by an order of magnitude by the inclusion of a
Cgo guest molecule. Very recently, Wang et al.l showed the
gating effect of cation-7 interaction in a viologen-pillar[5]arene
host-guest complex. Other examples of molecular manipula-
tion at the single molecule level that make use of host-guest
interactions include the positioning of molecules or host-guest
assemblies within nanogaps between surfaces and plasmonic
nanoparticle top contacts.l®®”% These platforms could be used
in a number of applications such as single-photon emitters,
photon blockades, non-linear optics and reactions triggered
at the single molecule level. Moreover, understanding how
host-guest complexes behave at the single molecule level not
only opens new avenues for a better understanding of supra-
molecular chemistry but also could provide precise control
of the local environment in molecular assembles to create
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nano-environments for better control of molecular properties
at the nanoscale.

In this contribution, we focus our efforts on the com-
plex illustrated in Figure 1. This comprises a host com-
pound, pillar[5]arene, bearing ten ethoxy groups in the 2 and
5 position of the aromatic rings (compound 1), and a
guest material, which is an amine-terminated OPE (oli-
gophenyleneethynylene) with amine termini at both ends
(4,4-(1,4-phenylenebis(ethyne-2,1-diyl))dianiline, (compound 2)
which enables the fabrication of single-molecule junctions.
Importantly, the host pillar[5]arene is unfunctionalised so that
it does not interact with the metallic electrodes and acts only
as a non-conductive sheath for the encapsulated single mole-
cular wire. Primary amines are well-known anchoring groups
that form molecular junctions with a variety of different metal
contacting electrode, thus facilitating the electrical and spec-
troscopic characterization of the complexes and comparison
with the pure compound.”*”?l In what follows, it is demon-
strated that i) the pillar[5]arene used here (compound 1) is
able to act as a supramolecular host for an OPE derivative
(compound 2). ii) the complex maintains the self-assembly
properties of the guest molecule and iii) the host can be used
as a “molecular sheath” to suppress the formation of dimeric
junctions, insulating the single-molecule wire and preventing
it from interacting with its neighbors.

2. Results and discussion

The synthesis of compound 1, 2 and the 1c2 complex is
described in the Supporting Information (section 1, with Fig-
ures S1, S2, Supporting Information showing the NMR of
compounds 1 and 2). The formation of the 1c2 complex was
studied by 'H-NMR (Figure 2). All the signals corresponding
to the protons in the complex 1c2 are clearly visible in the
spectra, Figure 2a), showing signals at 6 ppm, 743 (s, 4H),
735 (d, ] = 8.7 Hz, 4H), 6.71 (s, 10H), 6.65 (d, ] = 8.7 Hz, 4H),
3.83 (q, ] = 6.8 Hz, 20H), 3.77 (s, 10H), 1.27 (t, ] = 6.8 Hz, 30H).
The relative intensities of the signals reveal a 1:1 stoichiometry.

As can be seen in Figure 2a,b, a small downfield chemical
shift is observed in the signals corresponding to the I, j, and
i protons of compound 1 upon complexation. A more signifi-
cant variation is observed in the mobile amine protons of com-
pound 2. As can be seen in Figure 2a,b, these protons appear at
3.83 ppm in the spectrum of compound 2, whereas in the NMR
spectrum of the complex this signal becomes broader and it is
not clearly visible. It is important to take into account that the
signal at 3.7 ppm corresponds to 30 protons attributable to the
j and k protons of the pillararene moiety.

A key aim of this work is that the 1c2 complex forms mole-
cular junctions, which requires good coordination of compound
2 between a pair of gold electrodes. In other words, compound
2 must be bonded to both the bottom gold substrate and to the
gold-tip of the STM to form a robust molecule junction. It is
therefore necessary to evaluate the surface bonding properties
of the 1c2 complex on a gold surface. X-ray Photoelectron Spec-
troscopy (XPS) was used to evaluate this for a self-assembled
monolayer (SAM) of 1c2 on gold (see the experimental section
for the SAM preparation). Figure 3 shows the Nls region for
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the powder of 2 as well as the SAM of 1c2. Whilst the powder
of 2 shows a single N peak at 399.5 eV, attributed to the ter-
minal free amines, the SAM of 1c2 shows a Nls peak which
can be deconvoluted into two separate peaks at 399.7 and
400.4 eV, corresponding to the free amine of 2 oriented towards
the upper part of the monolayer, and to the amine bonded to
the gold surface of the substrate, respectively.”!! Additionally,
the peak integration ratio of these to N1s peaks is ca. 1:1 which
is in good agreement with half of the —NH, terminal groups
bonded to the electrode whilst the other half —NH, terminal
groups remain free (the slightly higher value for the —NH, free
terminal groups is due to the high sensitivity of the XPS spec-
trum to the location of the involved atom within the film, and
in this case the external nitrogen atom in the unbonded —NH,
group results in a slightly higher integrated peak as compared
to the inner nitrogen atom from the amine group chemisorbed
to the gold surface?’)). This result demonstrates that the com-
plex 1c2 is chemisorbed onto the gold substrate through one of
the terminal amine groups of 2.

In order to obtain further evidence for the assembly of 1c2
monolayers on the gold electrode, an atomic force microscopy
(AFM) lithography method”?! was used to scratch through
the SAM of 1c2 with the AFM tip (see section 2 in the Sup-
porting Information). Using this procedure, a thickness for
the 1c2 complex monolayer of 1.81 + 0.07 nm was obtained.
Importantly, the thickness of the SAM is in agreement with
the theoretical value calculated with the Spartan'l4 V.1.1.4.
software, assuming that the length of the complex equals the
length of the guest molecule, ie., 1.98 nm for compound 2.
The thickness of 1c2 monolayers (1.81 + 0.07 nm) is larger than
the thickness of 1 monolayers (1.27 nm + 0.33 nm) and sim-
ilar to (or slightly higher than) the thickness of 2 monolayers
(178 £ 0.14 nm), which is an indication of the presence of the
1c2 complex, when taken together with the deductions from
AFM on the surface (otherwise films with areas showing two
different thicknesses or at least an averaged thickness between
those of 1 and 2 would have been obtained). Taking together the
data provided by the XPS and AFM experiments, it can be con-
cluded that compound 2 is chemisorbed onto the gold electrode
and it is also inserted into the pillararene cavity of compound
1, following the deposition of the 1c2 complex on the bottom
electrode.

Having established the suitability of 2 for efficient encap-
sulation by 1 and the capability of the 1c2 complex to form
monolayers on gold surfaces, we then performed the single-
molecule charge transport characterization by using the scan-
ning tunneling microscopy-break junction (STM-BJ]) tech-
nique.” In this technique, a metallic point contact is fab-
ricated between a Au STM tip and a Au substrate by driving
the two together with a piezoelectric transducer. After reaching
conductance values > 5G, (where G, is the quantum of con-
ductance = 7748 uS) the two electrodes are pulled apart at a
relatively slow speed (20 nm s7}) to rupture the Au-Au contact
and create a nanogap where molecules can self-assemble and
form a metal-molecule-metal junction. The molecular junction
is then stretched until rupture occurs. The process is performed
with a bias V applied between the substrate (source) and the
tip (drain) in the dynamically formed two-terminal device
configuration, and the current I flowing through the junction
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Figure 2. a) '"H NMR of complex 1c2 (400 MHz, CDCl;). b) Comparison between the 'H NMR spectra of the compounds 1 and 2 and complex 1c2
spectra in CDCls. c) Enlarged sections of b) highlighting the chemical shifts.

is monitored as a function of the electrode relative position.
Several thousand junction formation and breaking cycles are
performed, and the obtained current-distance traces are com-
piled in conductance (G = I/V) histograms showing conduct-
ance peaks. 2D conductance versus electrode separation maps
are constructed, where the distribution of conductance values
versus junction stretching distance is visualized by the boldly
colored high-density regions.

It is well known that aromatic conjugated molecular wires
have a tendency to stack and form dimeric junctions in

Adv. Mater. Interfaces 2023, 2300133 2300133 (4 of 9)

which each monomer can be bound to the electrodes through
only one of their termini (Figure 4a). In such stacked and
staggered configuration charge tunnels through the eigen-
channel opened by the efficient 77 interaction between the
two face-to-face molecules. The effect has been observed for
oligophenylenes,”® imidazoles,”® (oligo)thiophenes,”! and,
particularly relevant to this study, oligophenyleneethynylenes
(OPEs).’87 The eigenchannel opened by the 77 interac-
tion is generally less transparent to tunneling than intera-
tomic bonds, and charge transport through stacked dimers
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Figure 3. XPS spectra of the powder of compound 2 (upper) and for the
1c2 SAM complex in the N1s region (lower).

is associated with lower conductance values than the corre-
sponding single-molecule junctions.

The formation of stacked junctions was favored in STM-B]
experiments performed in air on a sub-monolayer of 2 depos-
ited on the Au substrate by incubating it for 1 h in a 1 mM
acetone solution. As can be observed in Figure 4c, this resulted
in a strong contribution from the mstacked junction, as the
most intense peak in the 1D conductance histogram centered
at =103 G, in addition to a secondary peak at the higher con-
ductance of =107*2 G,. The latter was confirmed to correspond
to the single-molecule conductance by repeating the measure-
ments in a solvating environment (a mixture of mesitylene and
tetrahydrofuran 4:1 v:v) where the formation of stacked dimers
is hindered by the presence of a solvent shell surrounding
the molecular wire. Here, only a single conductance peak at
=10"*2 G, is present in the 1D histogram (Figure 4c, shaded
gray). The signal for the stacked dimer (the lower plateau in
Figure 4e), after addition of the gold electrode snapback of
0.65 nm,Bl extends to electrode separations larger than the
length of the molecule (Figure 4e). This extension beyond the
length of a single molecule clearly demonstrates its supramo-
lecular character and consequently the lower plateau is attrib-
uted to the stacked dimer. The same set of measurements
performed on a substrate incubated for 1 h in an equimolar
solution of 1 and 2 resulted in the single-molecule conductance
peak only (Figure 4d) and similarly its conductance versus elec-
trode separation density map did not show significant features
extending beyond the molecular length of 2 (figure 4f). There-
fore, encapsulation of 2 in 1 gives an overwhelming propensity
for single molecule junctions by preventing z-stacking through
1c2 complex formation.

To further confirm the supramolecular nature of the junc-
tions made with 2 in air arising from the m-stacking, we per-
formed flicker noise analysis on these fabricated junctions.
In this technique, the current signal of molecular junctions is
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Figure 4. STM-B| studies. a) Idealized structure of a single-molecule
junction of 2 (top) and its stacked dimer (bottom) also (b) with an
idealized structure in which the molecular wire is assumed to be sym-
metrically placed within the host molecular cage to form the 1c2 supra-
molecular complex junction. c) 1D conductance histogram of 2 measured
in air, 200 mV bias (orange) and in mesitylene:tetrahydrofuran 4:1 (grey).
d) 1D conductance histogram for the 1c2 complex measured in air,
200 mV bias. e) Conductance — electrode displacement density map for
2 in air. f) Conductance — electrode displacement density map for 1c2 in
air. g) PSD flicker noise analysis for 2. h) PSD flicker noise analysis for
the 1c2 complex. Histogram and density map in c) and e) compiled from
5209 traces with no data selection. Histogram and density map in d) and
f) compiled from 5209 traces with no data selection. Histogram for 2
in THF c) normalized at 0.5 counts/trace to avoid overlapping with the
histogram obtained in air. Flicker noise heatmaps in g) and h) compiled
from respectively 12706 and 15282 traces using the data analysis routine
described in our previous publication on the subject.®% Colors in a) and
b): C=gray, N = blue, H = white, O = red, Au = yellow. Dashed contours
in €) as guide to the eye. Solid contours in g) and h) are the 25%, 50%,
and 75% height of the 2D Gaussian fit to the map.

analyzed in the frequency domain, and the noise power is calcu-
lated by integrating the power spectral density between 100 Hz
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and 1 kHz. The noise power follows a power law dependence
of the conductance (NPe<G"), with the scaling exponent n
being close to 1 when charge transport is purely through-bond.
This scaling exponent increases toward 2 when charge trans-
port has a through-space component. As an example, in a ter-
phenyl molecular wire, the scaling component associated with
the single-molecule junction was found to be 1.16, increasing
to 1.78 for its stacked dimeric junction.®?l To acquire data
significant to this analysis, we performed a “pull and hold”
STM-B] experiment, where the tip is retracted in a step-like
manner, and its position relative to the substrate is held stable
for 100 ms between each step. The junction current is recorded
at high speed (100000 samples s7}), sliced between steps and
fed to an automated algorithm for data selection, average con-
ductance G,y calculation, and fast Fourier transform (FFT)
analysis. Details on the instrumentation and the data analysis
procedures can be found in our previous publication on the
subject.®% The results for 2 are presented in Figure 4g as nor-
malized noise power versus average conductance in order to
analyze their correlation. While in this plot the contributions
from the stacked dimer and the single-molecule junction
cannot be distinguished as they lie too close in conductance,
the overall noise power follows the power law dependence with
a scaling exponent of 1.55 (obtained by finding the value of n
at which the Pearson’s correlation coefficient between NP/Gjy¢
and G,y¢ is minimized), indicating significant contribution
from through-space coupling. Repeating the same experiment
on 1c2 (Figure 4h) gave a reduced scaling coefficient of 1.21,
consistent with single-molecule through-bond transport (see
Supporting Information for normalized heatmaps).

To further verify the proposed “molecular sheath” behav-
iour of the pillar[5]arene, we turned our attention to another
class of molecular wires that are known to form robust dimeric
junctions. Oligothiophenes are reported in the literature as
being able to form robust dimer junctions with high prob-
ability even in solvating environment,””] and they are therefore
the ideal candidates for our study, as a control experiment. The
dimeric nature of the junctions was confirmed by flicker noise
measurements, which reported high scaling coeflicients (e.g.,
>1.5) for the whole family of oligothiophene-based wires. We
performed STM-B] experiments on 5-(4-(methylthio)phenyl)-
2,2”:5”,2""terthiophene (compound 3, structure shown in
Figure 5) under the same conditions reported by Li et al.
(1 mM in mesitylene:THF 4:1) and we were able to reproduce
the observed behavior.”] 3 can form robust dimeric junc-
tions with remarkably high charge transport efficiency. Per-
forming the same experiment in the presence of an equimolar
amount of the pillar[5Jarene, however, resulted in an almost
complete suppression of junction formation, with no evi-
dence of m-stacking dimerisation of 3 within our experimental
window. This result is in agreement with the observations of
Hua et al.®3 who observed clear supramolecular association
between thiophene and pillararenes. We further confirmed
that the observed behavior was due to encapsulation of 3 rather
than by pillar[S]arene-Au interactions disrupting junction for-
mation by performing another control experiment, where a
two-fold excess of 3 was present in solution (thereby ensuring
some non-encapsulated material would be available to form
stacked junction). In this control experiment, the results of

Adv. Mater. Interfaces 2023, 2300133 2300133 (6 of 9)

INTERFACES

www.advmatinterfaces.de

Counts / Trace

0+

T T T

5 4 3 2 4 0

Log (G / Gy)

Figure 5. Control Experiment: a) Structure of the compound 3 (top) and
its stacked dimer junction (bottom). b) 1D conductance histogram of 3
and the complex1c3 (as equimolar solution in mesitylene:tetrahydrofuran
4:1v:v) at 200 mV bias. Histogram in b) compiled from 4841 (3) and 4733
(1c3) traces, with no data selection.

which are available in the Supporting Information, the forma-
tion of stacked junction is indeed recovered, contributing to a
peak in the conductance histogram.

Overall, our results suggest that while encapsulation with a
pillar[S]arene does not change significantly the overall junction
conductance, such encapsulation significantly affects the ability
to form stacked dimers.

3. Conclusions

In this contribution a molecular wire (compound 2) has been
encapsulated into a molecular cage (compound 1) to form a
host-guest complex. The host-guest complex preserves the self-
assembling capabilities of the molecular wire and is shown to
form self-assembled monolayer films on gold, which have been
characterized by XPS and AFM lithography. This propensity to
self-assemble into monolayer films opens up new opportunities
for the formation of large area molecular junctions of defined
host-guest complexes. The electrical properties of the host-guest
complex in air (1c2) have been determined using the STM-B]
method. The conductance of 1c2 has then been compared with
that of the bare molecular wire, 2. These results clearly dem-
onstrate that the encapsulation of the molecular wire does not
result in a change in the electrical properties but, importantly,
encapsulation prevents the formation of stacked dimers. There-
fore, this encapsulation strategy enables the determination of
“true” single-molecule conductance by sterically inhibiting the
formation of multi-molecular junctions. The surface analysis of
the 1c2 complex within the self-assembly films (with XPS con-
firming the presence of free amines and amines chemisorbed
onto the gold substrate, and AFM determining of a film thick-
ness compatible with the 1c2 complex) together with the elec-
trical characterization (conductance value identical to the free
molecular wire and suppression of the signal for the stacked
dimer) are indicative of a complete insertion of the molecular
wire into the pillararene cavity with free access from both ter-
minal groups of the molecular wire in the complex to both
electrodes. Additionally, this encapsulation strategy also opens
the path for the formation of large area molecular devices that
are composed of extended arrays of single-molecule functional
units which are individually shielded from their neighbor

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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molecules. Future work will be devoted to assessing the suit-
ability of other molecular compounds to encapsulate and
“insulate” functional molecules from surrounding molecules.
Exploitation of the template capabilities of hosts is a further
attractive possibility.

4. Experimental Section

Synthesis of compounds 1 and 2 was adapted from previously reported
procedures (see Supporting Information section 1). All chemicals were
used as received, with the exception of 1,4-diethynylbenzene which was
purified by sublimation before its use. Gold-on-glass substrates were
purchased from Arrandee and flame annealed prior to use. Gold-on-
mica samples were purchased from Georg Albert PVD-Coating. Mica
substrates were purchased from Ted Pella Inc. V1 quality.

NMR characterization ~was performed in  Bruker AV-300,
Bruker AV-400 and Bruker AV-500. Mass Spectra were registered in
a Bruker Microflex equipped with a MALDI+/TOF spectrometer and
a nitrogen laser of 337 nm. Ditranol was the matrix in all cases. A
Varian Cari 50 Bio spectrophotometer with a dual beam and a Czerny-
Turner monochromator was used for UV-vis characterization. Imaging
and scratching on samples were registered in ambient air conditions
with a Multimode 8 from Veeco-Bruker equipped with a Nanoscope V
control unit in Tapping and Contact modes. RTESPA-150 AFM probes
(90-210 kHz, 1.5-10 N m™ and nominal radius of 8 nm) were used
and purchased from Bruker. AFM nanolithography (“nano-shaving or
scratching”) was achieved in contact mode (scan rate 3 Hz) by selecting
a high deflection set point (=2 V) in order to apply a high force (higher
than 100 nN) onto the sample and thereby remove the organic material.
The RMS (root mean square) roughness, surface coverage and height/
depth statistical analysis were obtained using the Nanoscope V.1.40
software. XPS spectra were recorded on a Kratos AXIS ultra DLD
spectrometer equipped with an Al Ko X-ray monochromatic source
(1486.6 eV) and using 20 eV as pass energy. Binding energies were
calibrated according to the Cls peak at 284.6 eV.

Self-assembled monolayers of the 1c2 complex for XPS and AFM
experiments were prepared by immersing the substrate (gold on glass
or mica) for 24 h into a 0.5 x 107 m solution in MeOH:CHCl; solvent
mixture (1:1, v/v) at 20 °C. The solution was sonicated for 20 min before
substrate incubation to ensure that no aggregates were formed in
solution prior to the SAM formation. After incubation, the sample was
thoroughly rinsed with the solvent mixture and dried with a N, flow.

STM-B] experiments were performed with a modified commercial
system (Keysight Technologies 5500 SPM). Two different current-
voltage converters: a custom-built®? low-bandwidth, four-channel
amplifier for wide dynamic range measurements, and a high-bandwidth
commercial amplifier (Femto DLPCA-200) for high-speed acquisition
and flicker noise analysis were used. The piezo transducer and bias of
the STM were controlled by an arbitrary waveform generator (Keysight
Technologies 33522B), and data acquisition was performed with a
National Instruments PXl system (PXle-1062Q chassig PXle-4464
DAQ PXle-PCle8381 controller). All signals were routed in and out of
the STM through a break-out box (Keysight Technologies N9447A).
STM tips freshly cut from a spool of Au wire (Goodfellow Cambridge,
0.25 mm dia, 99.999+%) was used and gold-on-mica substrates
(=200 nm of Advent Research Materials 99.99+% Au deposited on
freshly cleaved Agar Scientific Muscovite Mica with an Edwards E306A
evaporator). STM tips were mechanically annealed® before starting
the data acquisition process. Substrates were thermally annealed with
a butane micro-torch before use. Dry, analytical grade Fisher Scientific
acetone was used during sample preparation. The experiments in
liquid environment were performed with Tokyo Chemical Industry
mesitylene (98%) and Fisher Scientific tetrahydrofuran. The latter
was dried by passing it through an alumina column and stored over
molecular sieves (4 A) under a N, atmosphere until use. Data analysis
was performed with bespoke algorithms written in Python 2.7 and
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National Instruments Labview 2022. A detailed description of the
instrument used and the data analysis routines was available in our
recent publications.[8%:86]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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