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ABSTRACT: Chemistry of the Au—S interface at the nanoscale is / Flicker Noise
one of the most complex systems to study, as the nature and | :
strength of the Au—S bond change under different experimental
conditions. In this study, using mechanically controlled break
junction technique, we probed the conductance and analyzed
Flicker noise for several aliphatic and aromatic thiol derivatives and
thioethers. We demonstrate that Flicker noise can be used to
unambiguously differentiate between stronger chemisorption (Au—
SR) and weaker physisorption (Au—SRR’) type interactions. The
Flicker noise measurements indicate that the gold rearrangement in
chemisorbed Au—SR junctions resembles that of the Au rearrange-
ment in pure Au—Au metal contact breaking, which is independent
of the molecular backbone structure and the resulting conductance.
In contrast, thioethers showed the formation of a weaker physisorbed Au—SRR’ type bond, and the Flicker noise measurement
indicates the changes in the Au-anchoring group interface but not the Au—Au rearrangement like that in the Au—SR case.
Additionally, by employing single-molecular conductance and Flicker noise analysis, we have probed the interfacial electric field-
catalyzed ring-opening reaction of cyclic thioether under mild environmental conditions, which otherwise requires harsh chemical
conditions for cleavage of the C—S bond. All of our conductance measurements are complemented by NEGF transport calculations.
This study illustrates that the single-molecule conductance, together with the Flicker noise measurements can be used to tune and
monitor chemical reactions at the single-molecule level.
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B INTRODUCTION observations with theoretical predictions to arrive at a common

The Au—thiol (Au—S) bond has long been discussed in consensus on the structure of the Au—S interface poses a

. . . . o . challenge in itself, even though comparisons have been
experimental and theoretical studies owing to its importance in . .
. .12 3 . 4 rigorously attempted. However, understanding the nature
biosensing, ” nanomedicine,” drug delivery,” molecular elec-

. s . .2 12-14 . and geometry of the Au—S interface is critical in designing
tronics, molecular spintronics, molecular recogni- , . ) ,
15,16 . . 7,17 new synthesis techniques and developing new systems with
tion, and noble metal nanoparticle catalysis. Au=S otential applications. The nature of the bonding is also the
interactions are used to stabilize different sizes of Au P pp ) 8

N . . . . deciding factor for the reactivity of these interfaces, and
nanoclusters by passivating with thiolate ligands, giving a ,
) . conversely, the mechanism and the nature of products formed
platform to study different aggregates of metal atoms with a

. 7 . when Au—S$ interfaces are subjected to chemical reactions.”®
myriad of functionalities.” Self-assembled monolayers of thiol- S . . . .
Au—S bond formation involves different kinds of interatomic
anchored molecules on an Au surface have been the most

- . . chemical (covalent and ionic bonding) and physical (van der
characteristic systems studied for molecular scale devices for . . . . .
518 i - i Waals dispersion forces) interactions, and the interplay of
decades.” ® A number of surface analysis techniques like X-ray . . ) ) .
1921 these interactions decides the structural, physicochemical, and
photoelectron spectroscopy (XPS), near-edge X-ray

absorption fine structure measurements (NEXAFS),”” scan-
ning tunneling microscopy (ST™M),”** auger electron spec- Received: December 13, 2023
troscopy (AES),” temperature-programmed desorption Revised:  February 1, 2024
(TPD),”>*® high-resolution electron energy loss spectroscopy Accepted:  February 1, 2024
(EELS),* and X-ray diffraction (XRD)>” have been used to

study the intricate nature of Au—S bonding under different

environmental conditions.”** Comparing various experimental
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Figure 1. Schematic representation of different single-molecule break junction experimental scenarios. In the left column, we illustrate two
archetypical situations when performing single-molecule break junction experiments: Either no molecule incorporates into the junction and we only
have Au—Au atomic junction where the conductance is G > 1 G, (black box—third column) or a molecule will incorporate into the junction, and
we will measure G < 1 G, (red and blue boxes). For the situation with an incorporated molecule, two more qualitatively different situations exist:
the molecule forms a strong chemical bond with Au, potentially pulling out the Au atoms of the Au tip during the evolution of the junction (red
box). Or the molecule forms a weak dative bond that breaks at the Au—anchor interface during the evolution of the break junction (blue box). As
the flicker noise differs between situations in which an Au—Au bond or a dative bond is broken (illustrated by the scatter plots in the final column),

this method can be used to delineate between different binding situations.

spectroscopic properties of the Au—S$ interface.””**’ A simple
description of the Au—S bond as either covalent or ionic fails
to explain its properties and oversimplifies the complex
bonding scenario.”®”” The best description of the Au—S
bond can be thought of as a resonance hybrid with varying
proportions of dispersive-force-dominating Au(0)-thiyl and
covalent/ionic-force-dominating Au(I)-thiolate character.”****
The energies of these contributing resonance forms change
with the environmental conditions, thus the ground state
resultant hybrid can vary between these two extreme forms,
often with one prevailing over the other.””**’ Both of these
chemically and physically driven contributing structures are
themselves resonance hybrids of other canonical forms, often
depending upon the hybridization of the Au atom.””
Experimental studies and electronic structural calculations
have reported the signatures of the contributing canonical
structures with their contributing proportions changing with
environmental conditions.'”>***7*% In the case of Au
compounds, the Au(I)-thiolate character dominates due to

Au-s orbital binding to S, while for Au nanoparticles and Au
surfaces, the bonding is closer to Au(0)-thiyl in character due
to the preferential Au-d orbital binding to S. Nevertheless, due
to these complexities, there are numerous discrepancies
between the findings of various experimental and theoretical
groups. However, it is widely accepted that the formation of
Au—S bond with a deprotonated thiyl radical (RS) leads to a
stronger chemisorption bond (hereafter referred to as an Au—
SR bond) than that formed with a protonated RSH group,
leading to a weaker coordinate (or dative) bond (hereafter
referred to as Au—SRR’).%**! It has also been observed that
the Au—S bond is stronger than that of the surface Au—Au
bonds, and therefore the formation of Au—S affects the Au—Au
bonding and geometry at the surface.””*~** Numerous studies
have investigated the rupture mechanism of the Au—S bond,
for instance, by using atomic force microscopy (AFM)-based
surface molecular force spectroscopy. Rupture force quantifies
the strength of the bond and thus can differentiate between the
Au—SR and Au—SRR’ bonding scenarios (Figure 1). A
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number of these studies,”> " performed on alkanethiols,

demonstrated a rupture force of about 1.2 + 0.3 nN. Molecular
dynamic simulations®® and break junction experiments*®>*
have demonstrated that, while pulling a thiol, an Au atom can
get pulled from the surface, leading to Au—Au bond breakage
with a rupture force of about 1.2—1.5 nN. Pulling an Au atom
from the surface is plausible in light of previous reports that the
strength of the Au—SR bond is stronger than that of an Au—Au
bond at the surface, as the rupture force of an Au—Au bond is
about 1.4 nN.>”*® On the other hand, other AFM-based
experiments’*' have reported a bond rupture force of less
than 1.2 nN for similar experiments, leading to ambiguity.

One of the possible reasons for the substantial variation in
experimental results could be the difference in environmental
conditions under which the studies were performed, thus
giving a range of rupture force values, as demonstrated by Xue
et al.”" Similarly, substantial variations have been found in
single-molecule conductance values for thiol anchoring group-
based molecular junctions.”**** This further strengthens the
assertion that the nature of the Au—S and Au—Au bonds and
the surface structure of Au are highly dynamic under different
conditions, often leading to inconsistent experimental ob-
servations between different studies. To resolve this incon-
sistency in the experimental results, a new experimental
approach is needed to probe these complicated Au—S
interfaces and clarify our understanding. One such tool that
takes advantage of correlating the electronic coupling and Au—
Au/Au—anchor interface changes is the flicker noise analysis of
single-molecule junctions. Figure 1 summarizes the events and
the corresponding experimental observations upon junction
evolution involving different types of interelectrode inter-
actions during break junction experiments.

Introduced by Adak et al,*™ flicker noise analysis in single-
molecule junctions is primarily used to differentiate between
through-bond and through-space tunneling. Flicker noise has
served as a great tool to probe the electronic interactions in
single-molecule junctions, including studies of quantum
interference*® and 7—7 or 6—¢ stacking,*”** Flicker noise in
break junctions builds upon the established toolbox employed
in conventional electronics which study 1/f noise to model
low-frequency fluctuations in the spectral density of a current
signal.*’

Using the mechanically controlled break junction (MCBJ)
technique, herein, we probe the conductance and analyze the
flicker noise for several aliphatic and aromatic thiols and
thioethers. We demonstrate that flicker noise can be used to
unambiguously differentiate between stronger chemisorption
(Au—SR) and weaker coordinate (Au—SRR’) type interactions
and also to probe the corresponding interfacial Au rearrange-
ments in single-molecule break junction experiments. Fur-
thermore, we show that thiols lose their H upon binding with
Au to form the stronger Au—SR bond that leads to interfacial
Au rearrangement, irrespective of the backbone of the
molecule forming the junction, even though the molecular
backbone can have a profound effect on the Au—S coupling
strength in single-molecule junctions that in turn affects the
strength of the Au—S bond.”® The flicker noise measurements
indicate that the Au rearrangement in Au—SR junctions
resembles that of Au rearrangement in pure Au—Au metal
contact breaking, irrespective of the molecular backbone. In
contrast, thioethers show the formation of a weaker Au—SRR'’
type bond, and the flicker noise measurements indicate

changes in the Au/anchoring group interface, but not the
Au—Au rearrangement like in the Au—SR case.

We also demonstrate that in the case of cyclic thioethers, the
cyclic ring containing S can be opened under mild environ-
mental conditions and is catalyzed by an interfacial electrical
field. Under normal circumstances, cyclic thioethers are very
stable and do not undergo hydrolysis. The cyclic thioether ring
can only be opened under harsh chemical conditions.”' ~* By
employing in situ conductance and flicker noise measurements,
we monitored the ring-opening reaction of cyclic thioether
under the influence of an interfacial electric field at the metal/
molecule nano constriction and probed the corresponding
interfacial changes during the evolution of the reaction. These
observations open a chemical pathway to tune the electrode—
molecule interactions (physisorption to chemisorption) at the
interface and our results establish single-molecule break
junction flicker noise as a reliable new method to probe
interfacial reactions and interactions.

B RESULTS AND DISCUSSION

The conductance of a molecule in a break junction is
determined by the coupling strength and energy-level align-
ment of the frontier orbitals with the Fermi energy of the metal
electrodes.”™*> The coupling strength and the Fermi level
alignment, in turn, are heavily influenced by the anchoring
species.”** 7>’ Hence, to probe the Au—S interactions, we first
performed single-molecule conductance measurements.

Conductance measurements were performed using our
custom-developed mechanically controlled break junction
setup (MCB], Figures 24, S6, and §7).%° More than 1500
conductance-displacement traces were recorded for each
molecular system by repeated formation of molecular junctions
using atomically sharp electrodes. The data was compiled
without any data selection (see the Supporting Information for
further details on the setup and measurement procedure). We
used 4,4'-(ethene-1,2-diyl)dibenzenethiol (A1) and 1,2-bis(4-
(methylthio)phenyl)ethene (A2) as initial model systems
(Figure 2B). 1D conductance histograms of the two molecular
systems are shown in Figure 2D. The data exhibit a sharp peak
at 1 Gy &= 77.5 uS, which corresponds to the conductance of a
single Au—Au atom point contact. After the Au atomic contact
rupture, the Au atoms retract quickly, producing the Au
snapback region, where the conductance decreases rapidly. In
the case a molecular species incorporates into the junction,
molecular conductance plateaus can be seen. Numerous traces
with similar molecular plateaus yield a peak in the 1D
conductance histogram, which can be fitted by a Gaussian
distribution whose mean is the most probable single-molecule
conductance.

Comparing the 1D histograms in Figure 2D, the
conductance of Al (107""° G,) is higher than that of A2
(1077 G,) by more than half an order of magnitude. As the
molecular backbone (stilbene) is the same in both cases, the
conductance change can be attributed to the difference in the
coupling strength of the anchoring groups with the electrodes.
The higher conductance of Al can be an indication that the S
in A1l binds stronger to Au via Au—SR type interactions after
losing its H (forming A0, Figure 2C)° compared with that of
A2, which binds via weaker Au—SRR’ type physisorption
interactions.”®" The conductance value is consistent with the
reported literature.”’

Further, we measured the plateau length values (Az) of the
conductance plateaus of Al and A2, which gives an estimate of
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Figure 2. (A) Schematic representation of 3-point bending
mechanism used in MCB] setup. (B) Structure of A series molecules
employed in this study. (C) Reaction illustrating the binding of S to
Au by loss of its R-group (R = H or —COCH3;). (D) 1D conductance
histograms, (E) Plateau length histograms of single-molecule
junctions formed by A series molecules systems. 2D conductance
histogram of (F) Al and (G) A2. Note the prominence of the G,
(A1) plateau in (F). (H) Calculated electronic transmission of Au—
molecule—Au junctions for A0 (red), A2 (blue), A3 (green), and A4
(royal blue). In the lower left corner is an illustration of the junction
setup used for the transport calculations. The dashed black line is a
guide to the eye for the Fermi level.

the maximum distance to which a molecular junction can be
stretched before the Au—molecule—Au junction ruptures. This
value correlates with the molecular length after adding the Au

snapback distance (Az,,) of about 0.5 + 0.1 nm.”> As with

molecular conductance, a 1D histogram of plateau lengths of
numerous traces approximates a Gaussian distribution, whose
mean correlates with the most probable molecular junction
length (z). Since the molecular structures of Al and A2 have
the same backbone, and near similar anchor-to-anchor lengths,
it is expected that both molecules yield similar mean plateau
lengths (Az). From Figure 2E, we see that the mean plateau
lengths for Al and A2 are 0.76 + 0.2 and 0.81 + 0.2 nm,
respectively, matching our expectations. After correction for
snapback (z = Az + Az,), these results match with the
theoretically calculated molecular junction length of about 1.29
nm for both Al and A2.

To further demonstrate the loss of H in Al upon binding
with Au electrodes (forming A0, see Figure 2C), we probed
the conductance of two other stilbene derivatives where the
fate of S is already fixed, namely, S,S'-(ethene-1,2-diylbis(4,1-
phenylene))diethanethioate (A3) and (1,2-bis(2,3-
dihydrobenzo[b]thiophen-5-yl)ethene) (A4). It was shown in
the literature that the S atoms in A3 get deprotected with the
elimination of acetyl groups when in interaction with sharp Au
electrodes in break junction techniques (also forming
A0),”7°%% thus the Au—S interface should behave similarly
to that of Al as both of these molecules form the same
chemical species upon junction formation (A0) (Figure 2C).
In contrast, A4 has cyclic thioether anchoring groups, which
cannot undergo elimination of the alkyl group under normal
circumstances, meaning it is expected to bind similarly to A2.

It is evident from Figure 2D that the conductance of Al and
A2 matches A3 and A4, respectively, which strongly suggests
that the Au—S interface in Al and A3 is similar. Likewise, the
conductance measurements suggest that the Au—S interface of
A2 and A4 is also similar. Furthermore, the plateau lengths
(Figure 2E) of all of the A series molecules are the same within
the measurement error of the break junction technique. Both
pieces of evidence suggest a common stilbene backbone is
trapped between the Au electrodes, yielding the same
molecular length irrespective of the anchoring group.

Figure 2F,G shows the 2D conductance histograms of Al
and A2. Two distinct conductance plateaus can be seen in
Figure 2F, where the second plateau corresponds to the
formation of Au(SR),.°* The two plateaus in Figure 2F yield
two peaks in the full-scale 1D conductance histogram of Al
(Figure S11). All of the molecular systems employed in this
study having Au—SR type electrode—molecule interactions
show this behavior of having two distinct conductance plateaus
with comparable probabilities, while aromatic systems with
weaker Au—SRR’ bond with electrode only show a less
prevalent second low conductance peak, which can be
correlated to a dimer formation (stabilized via aromatic 7—n
inter'actions).47’65

In Figure 2H, we plot the Landauer transmission of fully
extended A0, A2, and A4. Note that we also calculated and
plotted transmissions for A3 in its hypothetically protected
forms for comparison. The more realistic predictions for the
conductance of A3 is represented by the transmission of A0,
when both Al and A3 are in their deprotected forms (A0)
where S binds covalently to Au. We see that the trend of the
calculated transmissions at the Fermi level matches well with
the experimental conductance values, ie., the conductance
trend is predicted to be A0 > A2 ~ A4 > A3. We note that
DFT calculations tend to overestimate actual conductance

66
values.
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As the thiolate anchor group of Al and A3 (equivalent to
A0, Figure 2C) binds more strongly to Au than the thiomethyl
anchor groups of A2 and A4, we see that the resonances are
broader for A0. We also see that because the backbones of A2
and A4 are identical and their anchor groups are similar, their
resonances lie close to each other. Finally, we calculated the
transmission for A3 where the acetate does not cleave off
(Figure 2H). When the anchor remains a thioacetyl group, the
transmission at the Fermi energy is the lowest relative to the
rest of the molecules in the A series. This very low predicted
transmission is further evidence that if the acetyl group had
remained on A3, we would expect the measured conductance
to lie lower than the conductance of Al. The electronic
transmission calculations further corroborate the experimental
measurements, suggesting that Al and A3 bind similarly to Au
with an Au—SR bond, and that A2 and A4 bind similarly with
the weaker Au—SRR’ bond.

To get a better understanding of the nature of the Au—S§
interfacial chemistry, we performed the flicker noise analysis of
the conductance signal of molecular junctions. Flicker noise
analysis aims to quantify the 1/f noise in single-molecule
junctions that originates from many two-level fluctuations in
conductance when the molecular junctions are stretched.
These fluctuations arise due to configurational changes in the
electrodes which lead to variations in electrode—molecule
coupling, and thus to fluctuations in the measured con-
ductance (Figure 3A).0

The idea in single-molecule break junction flicker noise
analysis is to calculate a flicker noise power scaling exponent
value, n, that minimizes the correlation between normalized
flicker noise (N-P/G") and average conductance, G, for
thousands of junctions. The value of the scaling exponent is
indicative of the type of electronic coupling which in turn
depends on the junction structure. Previous studies have
shown that for a Au—Au contact (atomic contact) the scaling
exponent is ~0.5, for molecular junctions with through-bond
coupling its value is around ~1.0, and for tunnel junctions or
through-space coupled junctions is ~2.0."> Please refer to the
Supporting Information for further details on our flicker noise
measurements and analysis procedure.

Figure 3B shows the 2D histogram of flicker noise power
plotted against average conductance for molecular junctions
formed by Al and the red curve in Figure 3F shows the
variation of Pearson’s r value with scaling exponent (see the
Supporting Information for further details on measurement
and analysis procedure of flicker noise data). It is evident from
the plot that the value for A1 which minimizes the correlation
between the flicker noise power and conductance is 0.53 (red
curve in Figure 3F), which closely corresponds to that of
metal—metal atomic contacts (~0.51, black dotted line in
Figure 3F,G).

As discussed above, the strength of Au—SR interactions is
higher than that of Au—Au metal interactions; thus, we expect
that the variation in conductance of these junctions is due to
the Au rearrangement itself and not due to the variations in the
Au—S coupling as those variations are being constrained due to
strong Au—SR interactions. Thus, under these circumstances,
the noise power factor of the Au—SR bonded junctions is
comparable with that of Au—Au metal contacts (that is, n
~0.5), where the source of the fluctuations is the Au atom
rearrangements within the junction cross-section area (propor-
tional to the square root of conductance).
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Figure 3. (A) Piezo ramp as a function of time (blue line) and the
corresponding single-molecule conductance trace recorded for noise
power analysis (black line). The red area shows the portion of
conductance trace selected for further analysis, and the green area
shows the conductance with standard deviation (for A2). Inset: power
spectral density of the data portion selected, and the green area
represents the 100—1000 Hz region between which the power
spectral density is integrated to get flicker noise power value. 2D
histogram of flicker noise (noise power (G,?)) against average
conductance (avg. log(G/G,)) of molecular junctions formed by (B)
Al, (C) A2, (D) A3, and (E) A4. (F) Plot of linear (Pearson’s)
correlation coefficient against value of scaling exponent for various
molecular junctions and Au metal atomic contacts and (G) 2D
histogram of flicker noise (noise power (G,?)) against average
conductance for Au atomic contacts with conductance from 10 G, to
1 Go.

Next, we measured the flicker noise power of the A2
molecule (Figure 3C) where the Au—S interactions are of the
weak physisorption type (Au—SRR’). The blue curve in Figure
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3F shows the variation of Pearson’s r with scaling exponent for A THFTOB 410

A2 and the value at near zero correlation is 0.98. 24hr, %
This value is in agreement with the values reported for Ad-H o

molecular junctions with through-bond conductance with Ho,

similar molecular structures, where the fluctuations in the
conductance of these junctions are due to the variations in the
Au—S coupling.” This change in the flicker noise scaling
component of 0.53 to 0.98 from Al to A2 further indicates the
different nature of Au—S bonding in these two systems. As the
conductance data (Figure 2C) suggested that Al and A3
molecular junctions have a similar strong Au—SR interface
(A0, Figure 2), while A2 and A4 molecular junctions show
weak physisorption Au—SRR’ interface, the same is supported
by their flicker noise analysis as well.

Figure 3D,E shows the 2D histogram of flicker noise plotted
against average conductance for A3 and A4 molecular
junctions, respectively (note that the flicker noise measure-
ments for A4 were performed in TCB solvent only, while for
the other molecules, a 1:4 ratio of THF and TCB was used due
to reasons mentioned later). Figure 3F shows the variations of
correlation factor for all of these four stilbene derivatives, and it
is evident that the scaling exponent value of A3 (0.54, green
curve) is close to that of Al (0.53, red curve) and the value of
A4 (1.04, royal blue curve) is close to that of A2 (0.98, blue
curve).

From these experimental observations, it is apparent that the
noise power analysis can differentiate between different Au—S
binding scenarios (Au—SR and Au—SRR’). It further confirms
that Au—SR interactions are stronger than that of surface Au—
Au interactions in single-molecule junctions and it is the Au—
Au linkages that break and not the Au—S bonds in the case of
A0 (Al and A3) during the break junction experiments. In
contrast, the Au—S bond breaks in the case of A2 and A4, not
the Au—Au bond.

Ring Opening of Cyclic Thioether. Cyclic thioether
anchoring groups are commonly used in single-molecule
conductance measurements due to their well-defined junction
geometry leading to well-defined conductance histo-
grams.***®” Surprisingly, when we probed the conductance
of A4 at 100 mV bias in THF/TCB (1:4, v/v) for a longer
period of time (about 24 h), we observed a shift in the single-
molecule conductance peak from 107%¢ to 107> G, (Figure
4B). Interestingly, the conductance of A4 after 24 h matches
that of A0 (deprotected form of Al and A3). Under the given
experimental conditions, a small amount of H,O present in the
solvent might be sufficient to hydrolyze the thioether rings to a
thiol derivative (A4-H) under the influence of an interfacial
electrical field (100 mV to 10® V/m). These observations were
further corroborated by NMR experiments where no evidence
for cyclic thioether ring opening was found under similar
environmental conditions but in the absence of bias voltage
(Figure S18). The effect of the interfacial electric field on
catalyzing the reaction has been shown to drive several
reactions at such interfaces.'”*%%’

To further prove our assumption of cyclic thioether ring
opening, we performed a flicker noise analysis for A4 using a
freshly prepared solution of A4 in THF/TCB (1:4, v/v) at 100
mV. Figure 4C shows the 2D histogram of flicker noise against
the average conductance. As can be seen in the figure, two
distinct regions of high counts are evident. These two regions
correspond to two different chemical species probed during the
course of measurement (24 h). We hypothesize that the initial
molecular junctions were formed with cyclic thioether as the
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Figure 4. (A) Thioether ring opening of A4 under different
conditions. (B) 1D conductance histogram of A4 measured
immediately after solution preparation in THF/TCB (1:4, v/v) and
after 24 h. (C) Flicker noise against average conductance for A4
molecular junctions in THF/TCB (1:4, v/v). Note the two distinctive
regions in the histogram. (D) The correlation coefficient plotted
against the value of the scaling component for the two regions
observed in (C). The color of the graphs corresponds to the color of
the squares overlaid in (C). (E) 1D conductance histogram of A4
before and after adding acid to the MCBJ cell. (F) Calculated
electronic transmission of Au—molecule—Au junctions for A4 (blue)
and A4-H (red). The dashed black line is a guide to the eye for the
Fermi level. (G) 1D conductance histogram of A4 measured
immediately after solution preparation in TCB only and after 48 h.
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anchoring group, and as time passed, the molecular junctions
are formed with A4-H instead of A4. This hypothesis explains
the two discrete regions in the noise power histogram and a
corresponding shift in molecular conductance: a lower
conductance region corresponding to A4 (blue box in Figure
4C) and a higher conductance region corresponding to A4-H
(red box in Figure 4C).

We then separated the two regions of the flicker noise plot
and performed separate normalization to obtain the scaling
exponent of the two regions separately. As seen from Figure
4D, the value of the scaling components of the two regions are
1.0S for A4 (blue line in Figure 4D) and 0.45 for A4-H (red
line in Figure 4D). These values of the scaling factor suggest
the cyclic ring opened with time under the influence of an
interfacial electric field and small amounts of H,O present in
the solvent which resulted in a change in the interfacial thiol
binding from Au—SRR’' (weak physisorption of cyclic
thioether, A4) to direct Au—SR (strong chemisorption with
thiol, A4-H) like bond formation (Figure 4A). To further
verify the thioether ring hydrolysis theory, we checked the
influence of acid on the reaction catalyzed by an interfacial
electric field. For this, we first measured the conductance of
freshly prepared solution of A4 in THF/TCB (1:4, v/v) and
then 2 equiv of trifluoroacetic acid was added into the MCB]J
cell and the conductance measurement was started again.
Figure 4E shows the 1D conductance histogram of A4 before
(blue) and after (red) the acid was added. The resulting
histograms closely resemble the measurement shown in Figure
4B. To benchmark the role of water, we performed
conductance measurements in nonhygroscopic solvent
(TCB) only and the resultant conductance data showed no
change even after 48 h (Figure 4G). This experimental
observation confirms the in situ cyclic thioether ring-opening
reaction in the presence of water catalyzed by the electrical
field. This case study demonstrates the unique capability of in
situ single-molecule break junction experiments to catalyze and
probe interfacial reactions at the nanoscale, when aided by
flicker noise analysis.

In Figure 4F, we plot the Landauer transmission of fully
extended A4 and A4-H. The trend of the calculated
transmissions matches well with the experimental conductance
values. We note that despite A4-H having a resonance close to
the Fermi energy, it is likely due to the inaccuracy of DFT to
determine the exact energetic placement of the frontier
molecular orbitals. This corroborates the evidence that the
thioether ring opens to enable the formation of an Au—SR
bond.

Effect of Nature, Length, Aromaticity, and Molecular
Backbone on the Au-S Interfacial Chemistry. As the
molecular backbone can have profound effects on molecule—
metal coupling in single-molecule junctions,so we explored the
effect of molecular backbone on Au—S bond strength in single-
molecule junctions. Our goal was to see whether the strong
Au—SR bonded interface is present in all thiols and weaker
physisorption Au—SRR’ bonding in thioethers with different
molecular backbones. For this, we probed the conductance and
flicker noise of a range of thiol- and thioether-containing
systems with a different backbone compared with the A series
molecules. These systems include molecules with a short
aromatic backbone (B series in Figure SA), an aliphatic
backbone (C series in Figure S29A), and a long aromatic
backbone (D series in Figure S29A).
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Figure 5. (A) Structures of the B series molecules. (B) 1D
conductance histogram of B series biphenyl molecular variants. 2D
histogram of noise power against the average conductance of (C) B1,
(D) B2, and (E) B3. (F) The correlation coefficient plotted against
the value of the scaling exponent for B1, B2, and B3 molecular
junctions. (G) Calculated electronic transmission of Au—molecule—
Au junctions for Bl (red), B2 (blue), B3 (green), and B4 (royal
blue). The dashed, black line is a guide to the eye for the Fermi level.

Among the molecules with a short aromatic backbone, we
explored the following: [1,1’-biphenyl]-4,4'-dithiol (B1), 4,4'-
bis(methylthio)-1,1’-biphenyl (B2), [1,1’-biphenyl]-4,4’-diyl-
dimethanethiol (B3), and S,5’-bibenzo[b]thiophene (B4). The
chemical structures of these molecules are shown in Figure SA.
The conductance histograms of the molecular junctions
formed by these compounds are shown in Figure SB. It is
apparent from Figures 5B and 2C that the conductance trend
is similar to that of the A series molecules. The most probable
conductance of Bl is 1077 G, due to the stronger Au—SR
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coupling compared with the rest of the molecules in the series.
As expected, the conductances of B2 and B4 are close to equal
due to their similar coupling strength and molecular backbone.
However, the conductance of B3 is the lowest, even though
there are strong Au—S interactions. This happens due to the
methylene groups between the thiol anchor and the benzene
rings, which increases the tunneling gap leading to a substantial
decrease in conductance. The same trend is reflected in the
plateau length histograms of the corresponding molecular
junctions (Figure $22B). Even though the conductance of B2
and B4 is the same, the junction formation probability for B4
is smaller compared with B2 as is apparent from the 2D
conductance histograms of the corresponding molecular
junctions (Figures $26—S28).

To further explore the Au—S bonding strength for these
short aromatic systems, we analyzed the flicker noise power of
their molecular junctions. Figure SF shows the Pearson’s r
variation with scaling exponent. From this plot, we can see that
the scaling exponent for B1 and B3 is similar and close to Au—
Au atomic contacts as expected while that of B2 is close to that
of the molecular junctions with weak physisorbed Au—SRR’
interactions. Even though the conductance of B1 and B3 is
more than an order of magnitude different, their similar scaling
exponent highlights the ability of noise power analysis in
identifying the similarities in the nature of binding (i.e., Au—
SR). The same conclusions cannot be inferred from the
conductance measurements alone. We could not evaluate the
flicker noise power of B4 due to the extremely low junction
formation probability of the B4 molecule. This made it
impractical to obtain enough successful molecular junctions for
noise power analysis.

In Figure SG, we plot the Landauer transmission of fully
extended B1, B2, B3, and B4. Although B4 is predicted to
have a slightly lower electronic transmission than B2, the
overall trend matches the experimental trend. This discrepancy
is likely due to the fact that transmission calculations are only
of a single configuration, whereas the experiment samples a
large variety of configurations. Choosing a fully extended,
geometry-optimized junction structure generally matches the
average conductance of experiments though slight variations
will occur.

We also explored the aliphatic systems, namely, hexane-1,6-
dithiol (C1) and 1,6-bis(methylthio)hexane (C2), and longer
aromatic systems like [1,1':4’,1”-terphenyl]-4,4’-dithiol (D1)
and 4,4’-bis(methylthio)-1,1":4',1"-terphenyl (D2) (Figure
S29A). The conductance and noise power analyses of these
systems are summarized in Figure S29. It can be clearly
interpreted from Figure S29B,C that irrespective of the
molecular backbone aliphatic or aromatic, the conductance
of thiol derivative is always higher than that of its thioether
counterpart due to the stronger Au—SR interaction in thiol
derivatives. The same is reflected in the flicker noise power
analysis of their molecular conductance traces (Figure S29D).
In Figure S29E, we plot the Landauer transmission of fully
extended C1, C2, D1, and D2. Again, we see that the predicted
trend for the electronic transmission matches well with the
measured experimental conductance, ie., the conductances of
C1 > C2 and D1 > D2.

All of the measurements described above demonstrated that
it is the Au—Au bond that breaks when Au—SR interactions are
involved (corresponding to the noise power value of ~0.5),
while few AFM-based studies have shown less rupture force for
similar experiments than is required to break the Au—Au bond

(1.4 nN). One of the many possible reasons for these
discrepancies can be explained on the basis of the
thermodynamic effect on measured rupture force among
other environmental conditions. During AFM ex_})eriments, the
rupture force depends on the force loading rate’® (r = dF/dt)
as well as on cantilever stiffness.”" If the force is loaded slowly,
the bond might break prematurely before maximally stretched
due to thermal fluctuations resulting in less rupture force that
is actually required to break the bond.”” Thus, taking rupture
force as a measure of bond strength might not be correct under
these circumstances and will always show underestimated
values. The rupture force is only a measure of the bond
strength when the force loading rate is fast enough to ensure
that thermal fluctuations play no role in the breaking process.
Also, the rupture force is sensitive to the local temperature of
the molecule—electrode interface which strongly depends on
the applied bias.”””*

Further, in AFM studies, the rupture force is measured once
a bond breaks; it is reasonable to argue that the rupture force
depends on the initial, i.e., bonded and final broken states as
well. Thus, its magnitude captures the signatures of both of
these states. As a bond is being stretched, the resultant
molecular states are stabilized by the surrounding environ-
ment, and these processes happen concurrently. Now depend-
ing on the environmental conditions, the product can be
stabilized or destabilized upon breaking, which can lead to a
change in rupture force. Instead, the flicker noise is measured
while the bond is still intact experiencing some fluctuations
due to the Au rearrangement in the electrode. As these
measurements are from static junctions, the value of the noise
is in fact a signature of the bonded state alone. Further, the
events of any bond breakage due to thermal effects that would
affect the flicker noise measurement are removed by ensuring
that the conductance is still within the range of the molecular
conductance. Hence, flicker noise can be a better tool in
analyzing interfacial chemistry under these circumstances.

Bl CONCLUSIONS

In this study, we have shown that flicker noise analysis can be a
great tool in differentiating between strong chemisorbed Au—
SR and weak physisorbed Au—SRR’ type of interfacial
interactions irrespective of molecular backbone and the
resulting conductance. Using a series of molecular systems,
we have demonstrated that the strength of the Au—SR linkage
is always higher than the Au—Au linkage irrespective of the
nature of the molecular backbone (aromatic or aliphatic). As a
result, flicker noise analysis has shown clear signatures for Au—
Au bond breaking during the break junction experiments with
thiol derivatives but not Au—S bond breaking. In contrast,
thioethers displayed signatures for Au—S bond breaking during
break junctions. We have demonstrated that it is not trivial to
study the Au—S interfacial chemistry changes based on
conductance measurements only. The measured noise scaling
exponent of molecules with different conductance values but
similar anchoring group chemistry highlights the ability of
flicker noise power analysis in identifying the similarities in the
nature of binding. The same conclusions cannot be inferred
from the conductance measurements alone.

We further exploited the unique capabilities of single-
molecule conductance and flicker noise measurements to
probe interfacial chemical reactions at the single-molecule
level. Typically, cyclic thioether anchoring groups are very
stable under mild solvent conditions and have been widely
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used in several single-molecule conductance studies. Using in
situ conductance and flicker noise measurements, we have
observed the cyclic thioether ring opening. These results are
complemented by the corresponding conductance measure-
ments and theoretical calculations. This study illustrates that
the single-molecule conductance, together with the flicker
noise measurements, can be used to monitor and tune the
chemical reactions at the single-molecule level.
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