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ABSTRACT

Gold-dithiol molecular junctions have been studied both experimentally and theoretically.
However, the nature of the gold-thiolate bond as it relates to the solvent has been seldom
investigated. It is known that solvents can impact the electronic structure of single molecule
junctions, but the correlation between the solvent and dithiol-linked single-molecule junction
conductance is not well understood. We study molecular junctions formed with thiol terminated
phenylenes from both 1-chloronaphthalene and 1-bromonaphthalene solutions. We find that the
most probable conductance and the distribution of conductances are both affected by the solvent.
First-principles calculations show that junction conductance depends on the binding configurations
(adatom, atop, bridge) of the thiolate on the Au surface as has been shown previously. More
importantly, we find that brominated solvents can restrict the binding of thiols to specific Au sites.
This mechanism offers new insight into the effects of the solvent environment on covalent bonding
in molecular junctions.
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One of the most studied classes of molecules towards their application in molecular
electronics are thiols and thiolates' due to their popularity as a testbed for self-assembled
monolayer systems? towards the fabrication of nanodevices. They have also been extensively
studied, both theoretically and experimentally, at the single molecule level.*” In particular, the
interaction between a thiolate substituent and a gold surface is of interest since forming bonds on
a gold surface is rare, owing to its inertness.® Despite this, sulfur containing substituents can form
o-bonds on an Au-surface. In addition, the sulfur substituent also has two lone pairs. These lone
pairs can interact with the gold surface to form dative bonds, which lends credence to the
possibility of the formation of stronger, multi-coordinate bonds.” For example, it has been shown
that in solution, “chemisorption”, or the formation of a covalent Au-S-R bond, is preferred over
“physisorption”, or the formation of a dative Au-SH-R bond, the latter of which dominate in self-
assembled monolayers.!® The multitude of binding geometries leads to single molecule junctions
formed with dithiols in solution having a range of conductances, which prevents the observation
of well-defined conductance values.!!- 1> However, the choice of solvent, as will be shown here,
may be able to rectify the issues previously stated!®, whether they be through physical means or
through chemical modulation.

In this work, we study the effects of two different halogenated solvents, 1-
chloronaphthalene (CIN) and 1-bromonaphthalene (BrN), on the conductance and binding
geometries of benzene-1,4-dithiol (BDT), biphenyl-4,4’-dithiol (BPDT), and p-terphenyl-4,4"-
dithiol (TPDT) junctions (see SI section S1 for details). We use the Scanning Tunneling
Microscope-Break Junction (STM-BJ) method for these studies to collect conductance.'* We also
employ first principles Density Functional Theory (DFT) calculations to determine the most stable
binding configurations as well as their binding energies in the presence and absence of a solvent
molecule. In addition, we use non-equilibrium Green’s function (DFT-NEGF)' to calculate the
transmission functions for BDT in different binding configurations. We find that molecular
conductance depends on the solvent environment in a manner that goes beyond solvent-induced
electrostatic effects and has implications on how thiols and thiolates bind to the Au surface.

We use a custom STM-BJ setup that has been described in detail previously for single-
molecule conductance measurements.!'® In this method, a gold point contact is repeatedly formed
and broken between the Au tip and substrate at a bias of 100 mV in a 100 uM solution of the target
molecule. Note that we choose this concentration as lower concentrations do not yield clear
conductance peaks in both solvents (see SI section S2). Conductance (//V) is measured as a
function of tip/substrate displacement and show plateaus around the conductance quantum (Go
=2¢/h) and molecular-dependent conductance values (<1 Gy). In a typical experiment, we collect
5000 conductance traces and analyze these as one-dimensional conductance and two-dimensional
conductance-displacement histograms without data selection.

In Figure 1, we show conductance histograms for all three molecules in both solvents. The
histogram of BDT shows two peaks (Figure 1a); focusing on the higher conductance peak we note
that the conductance is higher in CIN when compared with BrN. The same trend is also seen in the
BPDT (Figure 1b) and TPDT (Figure 1c) histograms. These results are in contrast to previous
work!”> 8 which found that HOMO-conducting molecules exhibited higher conductance in



brominated solvents than chlorinated ones due to the surface bound solvents altering the Au work
function.

The histograms in Figure 1 also show that the conductance peak heights and peak widths
are smaller in BrN than in CIN. In addition, when we fit the conductance peaks to a Gaussian
curve, the fitted curves in BrN appear to be a subset of the curves that we see in CIN. The observed
differences in the shape of the histogram peaks indicate that there are changes in the probability of
junction formation, ability for a junction to be elongated, as well as changes in the configurations
of the junctions that do form. We also note that when comparing between the TPDT junctions
formed in CIN and BrN solutions, we observe a decrease in the counts in the conductance range
between ~10°-10'> Gy and a sharper and better-defined 1 Gy peak. These differences between
measurements in CIN and BrN indicate that the origin is more chemical in nature i.e., changes in
the nature of the Au-S bond,!°-2* rather than physical i.e., an electrostatic effect.>>2” We note that
the histograms in Figure 1 also have a lower conductance peak, that is most clearly visible in the
measurements of BDT. We hypothesize that this is due to the formation of a dimer which could
be two molecules coupled through a disulfide bridge?®, a gold atom or through z-n stacking
interactions.?’ The exact origin of this lower conductance peak and flicker noise measurements are
further discussed in Section S3 in the Supplementary Information.
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Figure 1. One-dimensional conductance histograms of a) BDT, b) BPDT, and ¢) TPDT in CIN
(dark) and BrN (light) solution. Dashed lines are the Gaussian fit to the conductance peaks, and
arrows highlight the fit maxima. Insets: Molecular structures of BDT, BPDT, and TPDT.

We next turn to two-dimensional (2D) conductance-displacement histograms (Figure 2).
We must note that the 2D histograms do not contain correction factors for the snapback distance
as that is not a measured parameter in our experiments. Rather, the change in junction length as
the solvent is changed, regardless of snapback distance, is what we highlight here. The 2D
histogram for BDT in CIN (Figure 2a) show a more sloped feature when compared to BDT in BrN
(Figure 2b). This is more clearly seen in the 2D histograms for BPDT and TPDT (Figures 2c-f).
Junctions formed in CIN decrease in conductance as the displacement is increased, whereas in BrN
they have minimal correlation with displacement. This is an indication that changes in the binding
geometry may be occurring as the junction is elongated in CIN. By contrast, in BrN, our data could
indicate that binding configurations are restricted, similar to what is seen with selective linkers



such as phosphines, methyl sulfides or amines.’® We can also deduce this by observing the
difference in plateau lengths between junctions formed in CIN and in BrN. The longer junction
plateaus present in CIN may hint at the fact that there exists a variety of junction configurations
that we can observe, whereas these configurations may be limited in BrN.
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Figure 2. Two-dimensional conductance-displacement histograms. a) BDT in CIN. b) BDT in
BrN. ¢) BPDT in CIN. d) BPDT in BrN. ¢) TPDT in CIN. f) TPDT in BrN. The approximate
elongation length of the junction is indicated by the arrows in the histograms.

It is known that thiolates can bind to a gold surface through a single or multiple bonds to
Au atoms, specifically involving singly-coordinate (adatom, atop), doubly-coordinate (bridge),
and triply-coordinate (hollow) geometries.?!:3? To this end, we use DFT calculations to optimise
the structure of the BDT on a Au tetrahedron in each of these binding mode (Figure 3a-c). We
perform geometry relaxation using the Perdew-Burke-Ernzerhof?? functional as implemented in
the FHI-aims software package.>*3° To determine the binding energies of the four different binding
motifs, we bind a BDT to a 5-layer Au tetrahedron through a covalent Au-S bond after removing
the H on the thiol, and allow it to relax. We keep the Au electrode coordinates fixed and place the
H at the bottom of the tetrahedron during the relaxation. The calculated binding energies for each
configuration are given in Table 1. We note first that our binding energies are the energies gained
by the system when the molecule (with its hydrogen) bind to gold. These are much lower than the
energy required to break the Au-S bond starting for the relaxed configuration (see SI Section S4
for details). The latter number is also indicated in the table. Based on the trends in binding energy,



we find that the bridge geometry is preferred over the atop geometry on a flat Au surface consistent
with previous studies.*® We did not observe a stable hollow geometry, with the molecule reverting
to a bridge configuration after energy minimization similar to previous work by Tachibana er. al.’
The most stable geometry is however the adatom geometry since the S is bound to an
undercoordinated Au atom.

Figure 3. The optimized geometries of the Au-BDT showing different binding motifs for a)
adatom, b) atop, and c) bridge configurations.

Au-S bond distance Au-S-C angle Binding Energy (eV)*
(A)
Adatom 2.29 110.0° -0.59 (-1.78)
Atop 2.46 106.0° -0.21 (-1.40)
Bridge 2.53 112.9° -0.36 (-1.54)

Table 1. Bond distances, bond angles, and binding energies of BDT in three different geometries
attached to a 5-layer Au tetrahedron. *Values in the parentheses are the calculated Au-S bond
strength).

To understand the impact of the solvents, we calculate the binding energies for the
adsorption of a CIN or a BrN molecule on the Au tetrahedron (see SI Section S5 for details). We
find that the binding energy of BrN on the adatom site is around 0.51 eV while that of a CIN is
0.39 eV. At room temperature, the probability that a BrN binds to an Au adatom is roughly 120
times larger than that of a CIN. Although the probability that a thiol binds to an adatom is only 24
times larger than that of BrN, the concentration of the BrN around the Au is much larger than that
of the thiol (a factor of > 70000). There undercoordinated sites on the Au electrode are likely
decorated with BrN increasing the probability of observing the bridge site geometry when
measurements are made in BrN. In CIN however, since the CIN-Au bond is likely not strong
enough to be sustained at room temperature, the probability of observing atop and adatom bound
thiols becomes much more likely.



We next calculate transmission functions for BDT junctions in the three aforementioned
configurations focusing on symmetric junctions (Figure 4). The transmission function was
calculated using the non-equilibrium Green’s function (NEGF) as implemented in the FHI-aims
software package with the PBE functional.’’3 We first optimize the geometry of the molecule,
then attached it to one Austetrahedron after removing the H on the S and reoptimize the geometry
freezing the Au atoms. We then construct the junction by enforcing inversion symmetry. We see
in all junctions that transmission at Er, T(EF), is dominated by the HOMO of the molecule as
illustrated by the scattering state at Er. T(EF) is the highest for the adatom and atop configurations
and lower for the bridge configuration. Note that these transmission values, evaluated at Er, are
based on DFT, and have errors inherent to the method*® and thus although trends in transmission
are accurate, the magnitude is overestimated. Comparing the range of the peak in the histogram,
we find that theory overestimates conductance by a factor of 3-10. The understanding we gain
through the binding energy and transmission calculations indicate that in BrN, the bridge-binding
geometry is preferred, and this has a lower transmission at Er. In CIN, the solvent does not compete
with the analyte in binding to Au giving a larger spread in transmissions.
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Figure 4. Transmission functions of BDT in the adatom, atop, and bridge geometries calculated
for the junction structures shown.

In conclusion, BDT, BPDT, and TPDT single molecule junctions formed in BRN are seen
to have lower conductance, lower pickup rates, and shorter junction lengths than what was
observed in CLN. The shape and peak widths of the conductance histograms indicate that this



difference between solvents results from the nature of the Au-S bond in each solvent. DFT
calculations of binding energies for BDT show a binding preference in the order of
adatom>bridge>atop. The calculated transmission functions for all the binding configurations in
BDT show that the conductance values for the bridge geometry is lower than that of the atop or
adatom. Thus, the decrease in conductance observed in the experiments changing solvents from
CLN to BRN solution can be attributed to the increased probability of observing the bridge binding
mode in BRN. We have shown that the solvent environment can not only affect the molecule
physically through the change in work function caused by surface dipoles as seen in previous
work!8, but also chemically through the changes in binding modes of linker substituents that bond
to the Au electrodes.

SUPPORTING INFORMATION

Information on materials used, additional 1D conductance histograms, flicker noise
analysis and discussion, discussion on binding energy calculations, solvent binding energies.
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