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Four molecules containing identical tripodal anchor and p-
oligophenylene molecular wire of increasing length were used to
demonstrate tuning of the asymmetric molecular junction to
desired geometry by probabilistic mapping of single molecule
junction configurations in the scanning tunnelling microscopy
break junction experiment.

Understanding the charge transport mechanism at single
molecule level is regarded as an essential requirement for the
realization of molecular electronic devices.? Break—junction
techniques derived from scanning tunnelling microscopy
(STMBJ) represent the most widely used experimental
approach to investigate the charge transport in individual
molecules.3® The conductance of a single molecule junction
can change significantly due to changes in the contact
geometry and configuration of molecules within the molecular
junction (MJ).6 Therefore, repeated measurements are
required to determine the most probable single molecule
conductance value by a statistical approach.

Multipodal platforms’:2 are recently engineered molecular
architectures proposed to serve as geometrically well-defined
bases for functional elements in molecular electronic

applications.>'® Cyclohexane trithiol,1%?2 adamantane tri-
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thiol, 1314 triazatriangulene,'>16 trioxatriangulene,'’ tris(azo-
benzyl)amine,® spirobifluorene,’®21 tetraphenylsilane?? and
tetraphenylmethane?3-25 tripodal platforms were synthesized
to secure an attachment of a molecule to an electrode by
three anchoring groups. First single molecule charge transport
measurements were reported for symmetric molecules
containing the same tripodal anchor on both ends.?>:26 Single
molecule charge transport studies within asymmetric
molecules containing one multipodal platform with covalently
attached functional element (molecular wire) have been
reported only recently.2021.2427 A series of molecular wires
consisting of a tetraphenylmethane tripodal platform and
phenylene repeating units terminated by CN group have been
studied in terms of the optimal anchor group position (three
thiol groups in meta or para position relative to the sp3
hybridized carbon atom). It was shown that meta anchored
tripod forms more compact self-assembled monolayers on
Au(111) surfaces compared to para substituted platforms.2427
However, the single molecule conductance obtained by break
junction technique was independent of the molecular wire
length for both tripods. This was attributed to the fact that in
the derivatives containing CN-terminated molecular wire the
conductance path involves two thiolate groups of the tripod
rather than the wire itself.?”

Charge transport studies in asymmetric MJs often involve
several conduction pathways and a great care must be taken
to understand all of them and to tune the MJ geometry to the
desired one.?027.28 |n this communication we demonstrate
tuning of the charge transport pathway in asymmetric
molecules through the backbone of a wire on a series of
molecules 1 to 4 having identical meta tripodal platform
covalently linked to a p-oligophenylene molecular wire of
increasing length terminated by a thiol group (Chart 1). Such
molecules differ from previously reported ones?’” in their
ability to promote wire-based charge transport. Our strategy
towards controlled asymmetric molecular junctions with
tripodal contact geometry involves combined systematic
theoretical and experimental approach described below.
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Chart 1. Chemical structures for molecules 1, 2, 3 and 4. Blue and red color
indicates two principal conductance pathways.

Synthetic and full characterization of

compounds 1 to 4 are given in the Supporting Information (SI).

procedures

STMBIJ technique was used for charge transport studies, where
two gold electrodes were repeatedly brought in and out of
contact in a solution of selected molecule, while current was
measured as a function of the distance between electrodes. All
STMBJ measurements were carried out in mesitylene solvent
at ambient temperature using constant bias voltage AE =
130 mV between the electrodes. Current—distance retraction
curves were measured in a wide dynamic range?® enabling
detection of the gold—gold atomic contact as well as of the
metal-molecule-metal junction conductance in the same
curve. Up to 4000 individual current—distance curves were
collected for each compound. They were first converted to
conductance—distance curves using Ohm’s law (G = I/AE) and
further processed statistically without any data selection
generating 1D conductance, 2D conductance—distance and
plateau length histograms. Detailed description of the
histogram construction has been reported elsewhere.?°
Additional experimental details are given in the SI.

Figure 1 shows 1D conductance histograms for MJs
containing single molecules 1 to 4. Peak at log(G/Gg) = 0
corresponds to the gold—gold atomic contact, whereas
features between —6.2 < log(G/Gy) <-2.5 indicate true single
molecule conductance. All members of the investigated series
show a high conductance Gy peak (blue) centred between -5
< log(G/Gp) < —3. Compounds 2 to 4 show another peak (red)
at more negative log(G/Gy) values that will be referred to as
low conductance G,. All experimental conductance—distance
curves were transformed to 2D conductance—distance
histograms that report the most probable log(G/G,) versus Az
values. Figure 2 shows such 2D histograms for molecules 1 to 4
highlighting the weighted average values of [log(Gh/Go);Az]
pairs as blue traces and [log(G./Gy);Az] pairs as red traces.
Insets in Fig. 2 show plateau length histograms constructed at
constant log(G/Go) = —6.2 value. Further details on the data
treatment are reported in the SI. Blue peak in the inset
represents the most probable plateau length Az* for high
conductance value Gy of molecule 1. Red peak represents the
most probable plateau length for low conductance values G, of
molecules 2 to 4, respectively. Black peak for molecules 2 to 4
gives either the junction length in the absence of molecules or
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Fig. 1. 1D conductance histograms for molecules 1 (a), 2 (b), 3 (c) and 4 (d) with high
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log(G/G,)
conductance peak Gy (blue) and low conductance peak G, (red) features. Signal below
log(G/Gy) = —6.2 corresponds to the noise level observed also in the absence of
molecules.

for MJs in the presence of G, feature. Experimental MJ length
was calculated plateau length histograms as
Zexp = AZ* + Zcor,, Where zeo = 0.4 nm represents the correction

from

for a snap-back distance.?® Summary of all experimental
log(G/Go), 10g(G/Go) and ze, values is given in Table S1 of the
Sl. Data show that the experimental junction length ze,,
corresponding to G, conductance feature increases with
increasing length of the molecule. Furthermore, height of the
low conductance peak G, in Fig. 1 increases with increasing
molecular wire length at the expense of Gy peak indicating a
preferential formation of G_ type of molecular junction.
Therefore, we have analysed individual conductance—distance
traces in terms of the appearance of G, and G features in the
entire data sets for molecules 1 to 4. Figure3 shows
representative conductance—distance traces obtained during
the STMBJ experiment for molecules 1 to 4.

Overall, four types of individual conductance—distance curves
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Fig. 2. 2D conductance—distance histograms for molecules 1 (a), 2 (b), 3 (c) and 4 (d),
respectively. Inset shows corresponding plateau length histogram, where blue and red
peaks represent Gy and G plateau length distribution, respectively. Black peak in the
inset indicates junction length in the absence of G, feature.
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Fig. 3. Representative examples of conductance—distance curves for molecules 1
to 4 with probability P; of their occurrence in the data set.

were observed representing junction without a molecule
(black curve) showing only exponentially decreasing tunnelling
current; junction with a single molecule showing a high
conductance plateau (black—blue), low conductance plateau
(black-red) and both (high and low) conductance plateaus. A
value of the junction formation probability P, is reported next
to each curve as a percentage of the manually selected type of
trace(s) within the entire set of experimentally—obtained
conductance—distance traces. Fig. 3 shows that with increasing
number of p-phenylene units n (see Chart 1 for structures of
molecules 1 to 4) the P, value of curves showing low
conductance G, feature increases. This trend is also visible in
Fig. 1 as G_ peak increases in height compared to Gy one.
Indeed, the P, value of curves showing high conductance Gy
feature in Fig. 3 decreases with increasing number of p-
phenylene units n.

Charge transport in single molecule junctions of 1 to 4 was
analysed further theoretically by combining density functional
theory (DFT) and non-equilibrium Green's function (NEGF)
formalism. Computational details are in the Section 4 of the SI.
Two possible scenarios for MJ configuration were considered.
First one is called a platform configuration and represents
charge transport through the tetraphenylmethane platform.
The second one is named a tower configuration and accounts
for the charge transport through a principal p-phenylene-
based molecular axis. Chart 1 outlines these two conductance
pathways for molecule 4 in blue (platform) and red (tower)
colour.

Theoretical
anchors (tower case) or two thiolates of the tripod (platform
case). An example of the resulting geometry optimized MJ
configurations for molecule 4 is shown for platform
configuration in Fig. 4a and for tower configuration in Fig. 4b.
Summary of all geometry optimized MJ configurations for
molecules 1 to 4 is provided in the SI. These configurations
were used for the determination of the energy dependent
transmission functions t(g), from which theoretical G values for
platform (Gp) and tower (Gy) configurations were calculated.
These are represented by grey dotted lines in Fig. 4c, whereas

calculations employed either four thiolate

This journal is © The Royal Society of Chemistry 20xx
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experimentally-obtained Gy and G, values are shown as blue
squares and red circles, respectively. Transmission functions
t(¢) and theoretical conductance values for both sets of MJ
configurations are summarized in Table S1 and in Section 5 of
the SI. Transporting orbitals for each MJ configuration are
shown in Section 7 of the SI. For both tower and platform MJ
configurations, the Fermi level g of the electrode lies closer to
HOMO than to LUMO. This indicates that occupied orbitals are
responsible for the charge transport.

Experimental MJ length z., increases with increasing
number of p-phenylene units (see Fig. 4d) and is associated
with low conductance values G,. It is in very good agreement
with theoretically obtained Ly values.

Figure 4e shows graph of the probability P, of the tower MJ
formation as a function of the number of phenylene units in
the molecular wire backbone. Even though it is impossible to
distinguish between Gy and G, features for molecule 1 (thus
we labelled it as Gy only) this is not the case for molecules 2 to
4, where probability of the tower MJ configuration increases
with increasing molecular wire length n. For molecule 4 we
achieved 68% probability for the junction formation
corresponding to tower configuration and only 14%
corresponding to platform configuration. The rest represented
junctions without any molecules. Thus, almost 83% of events
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Figure 4. Example of (a) platform and (b) tower configurations for MJ of molecule 4.
Summary of the (c) log(G/Go) values, (d) ze, junction length values, (e) junction
formation probability P, values for G, feature of molecules 2 to 4, and (f) reaction
energy AE, for transition from platform to tower MJ configuration, respectively. Gy
(blue squares) and G, (red circles) are experimental G values, G, and G; are theoretical
G values, L, and L; are theoretical MJ length values for platform and tower
configurations.
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leading to junctions bridged by a molecule 4 were those with
tower configuration. The characteristic plateau length of the
G, feature also increases with n. Thus in a dynamic system of
molecules 1 to 4 an increase of the p-oligophenylene backbone
promotes a contact by three thiolate groups of the tripodal
platform (see Fig. 4b). Ultimately, by increasing the length of
the p-oligophenylene wire one can steer the orientation of the
asymmetric tripodal molecule to desired tower contact
geometry inside the molecular junction (see Fig. 4e).

This behaviour was rationalized by an analysis of the
energetics of tower and platform MJ configurations for
molecules 1 to 4. The electronic energies of tower (E;) and
platform (Ep) configurations were obtained by Turbomole
program with DFT functional PBE (for further computational
details see Section 4 of the Sl). Then, the reaction energy AE,
for a process of transformation of the platform (P) to tower (T)
junction configuration was computed as a function of n. The
following reaction P 2 T + H, was considered, in which two SH
groups of the platform are being transformed to thiolates and
one hydrogen molecule. A graph of the reaction energies AE,
for molecular wires of different lengths is shown in Fig. 4f (for
values of the electronic energies of the reactant and products
see Table S4 of the SI). It demonstrates that the reaction
energy for the above-mentioned process becomes more
negative as the molecular wire length increases explaining
preferential stabilization (higher probability) of the tower
configuration with increasing molecular wire length which was
observed experimentally. This stabilization can be explained by
changes in the electronic structure of the molecule within the
MJ (for further details see Section 9 of the SI).

In summary, we have successfully demonstrated control
over the contact geometry of the asymmetric MJ by molecular
design, namely by increasing the molecular wire length. An
increase in the probability of tower configuration with
increasing number of phenylene units was verified by the
probabilistic  mapping of single molecule junction
configurations. We have shown that a rigid molecular tripod
bearing sufficiently long molecular wire has favourable
arrangement in the MJ, which allows further incorporation of
sterically demanding molecular electronic elements into the
molecular electronics architecture.
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