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ABSTRACT: Switching effects are key elements in the design and 10E : ‘ : 3 Ejrr?r:‘;”n 8
characterization of nanoscale molecular electronics systems. They are used —~10'E 3 94 W
to achieve functionality through the transition between different ©.44.f E o
conducting states. In this study, we analyze the presence of switching 8 109k 4

events in reference molecular systems, which are not designed to have *§104§ !

switching behavior, such as oligo(phenylene ethynylene)s and alkanes, 210°F 3 From

using the mechanically controllable break junction technique. These events O 10’?5 E

can be classified in two groups, depending on whether the breaking trace 107 . ) ) ) g
shows exponential decay or plateau-like features before the switch happens. 0 2 4 6 8

We argue that the former correspond to junctions forming after rupture of

Displacement [nm]

the gold atomic point contact, while the latter can be related to a change in
the contact geometry of the junction. These results highlight how a proper choice of anchoring group and careful comparison with
reference compounds are essential to understanding the origin of switching in molecular break junctions.

B INTRODUCTION

Nanoscale molecular junctions have been investigated for
decades in order to use molecules as building blocks in
electronic devices." Charge transport properties of such
structures are often investigated using break-junction techni-
ques.” Among these, stretching-based methods [such as
scanning tunneling microscope break junctions (STM-BJ)
and mechanically controllable break junctions (MCBJ)] have
been widely employed because of the possibility of acquiring
large statistical sets of data,® which are then used to build one-
and two-dimensional conductance histograms. This statistical
analysis, however, hides information that can be obtained from
individual breaking traces. For instance, spring-like molecules
can show mechanosensitivity (i.e., conductance variations as a
function of displacement), which get smeared out when
averaged in a histogram.”

Another class of features that can be hidden by histograms is
switching events, that is, sudden changes of current flowing
through the junction. Unconventional increases of conduc-
tance during stretching have, for example, been linked to
deprotonation of the anchoring group in a pyrazolyl-
terminated molecule.” Another proposed mechanism of
switching consists of flipping between conformations in
crank-like molecules.® As an additional consideration,
Gonzalez et al” analyzed the elongation behavior of an
oligo(phenylene ethynylene)s (OPE3) diamine. In this study,
they indicate that the presence of traces with switching events
is linked to the formation of single-molecule junctions, where
the bonding to the gold electrode is broken and reformed
multiple times. Instead, traces showing no switching originate
from junctions where multiple molecules bridge the nanogap.
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A more recent study by Chen et al.® analyzed the presence of
switching events in diamine- and dithiol-terminated alkanes
using a novel technique. They found good agreement with
previously proposed explanations of multiple conductance
states in alkanes.”

Thus, the presence of switching events is a frequent feature
in STM-BJ and MCBJ measurements. It is observed both in
conjugated and non-conjugated molecules, in molecules whose
backbone is changing upon external stimuli, and it can also be
related to the nature of the anchoring group. A comparative
study that systematically analyzes the effect of both the
molecular backbone and the anchoring group would help shed
light on this phenomenon.

For this reason, we analyze the presence of switching events
in OPE3s derivatives and in two alkanes (hexane and octane).
Both systems are well-studied benchmark molecules in
molecular electronics, the former having a rigid conjugated
backbone,'’™" the latter having a flexible, non-conjugated
one.”'°*' Additionally, we consider different anchoring
groups for each molecule. For OPE3, we use amino
(=NH,), pyridine (—Pyr), thiomethyl (—SMe), and acetate-
protected thiol (—SAc). For alkanes, we opt for diamino
(=NH,) and dithiol (—SH) termination. This selection allows
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one to explore strong covalent binding to the electrodes (—SAc
and —SH), as well as the weaker dative one (—NH,, —Pyr, and
—SMe). The use of these backbones and anchors will
constitute a solid foundation for future studies on switching
in metal-molecule-metal junctions.

B METHODS

OPE3-SAc, hexanedithiol, hexanediamine, octanedithiol, and
octanediamine were purchased from Sigma-Aldrich and used
without further purification. OPE3-NH,, OPE3-Pyr, and
OPE3-SMe were obtained, as described in ref 15. The
chemical structure of the compounds analyzed in this study
is shown in Figure 1. The conductance of the molecules was

xL )= )= )-x opes

X =-NHz, -SMe, -SAc

Ny /= =\ N OPE3-Pyr
HZN/\/\/\/NHz CNH,
Hs S~~~ CSH

HNSNSNSSANE O N,

He NSNS s

Figure 1. Chemical structures
study.

of the compounds analyzed in this

characterized using the MCBJ technique. Details of the
method can be found in previous works.”” Prior to the
measurement, the devices were characterized without mole-
cules to assure their cleanliness (see Supporting Information,
Figure S2). Then, about S uL of the molecular solution was
drop-cast on the device. Unless otherwise stated, the OPE3-
based solutions had a concentration of 0.1 mM, while alkane-
based solutions were 1 4M, both in dichloromethane (Sigma-
Aldrich). After full solvent evaporation, thousands of
consecutive breaking traces were recorded on each device,
using a constant bias voltage of 0.1 V and actuation speeds of
either 50 or 200 V s™'. A detailed overview of the
measurements can be found in the Supporting Information,
Section S2.

B RESULTS AND DISCUSSION

Although MCBJ measurements consist of individual con-
ductance—displacement curves, the first step in the analysis is
to collect all the measured traces in histograms. In this way, it
is possible to observe the most prominent features in the
measurement. As an example, the two-dimensional conduc-
tance versus electrode displacement histogram of OPE3-NH,
is shown in Figure 2a and displays two plateaus, with
corresponding peaks in the one-dimensional histogram,
independently fitted to separate log—normal distributions
(shaded blue and green areas in Figure 2a): a high-
conductance one at 4.5 X 107°G, and a low-conductance
2
one at 1.0 X 107°G,. Here, G, = 27% 77.5 uS is the

conductance quantum, where e is the electron charge and h is

€
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Figure 2. (a) Two-dimensional conductance—displacement histogram (left) and the corresponding one-dimensional conductance histogram
(right) of OPE3-NH,. The light blue and green shaded areas are the fits to the high- and low-conductance plateau, respectively. (b) Examples of
individual traces showing different behaviors: stable plateau (blue), switching between tunneling and a molecular plateau (red), and switching
between two molecular plateaus (green). Curves are displaced in the x-direction for better visibility. (c) Illustration of the classification procedure
used to separate traces containing switches: in blue, an example of a molecular trace showing a switch, and in red, the corresponding derivative used
to identify jumps. The black cross identifies the average conductance identified after the jump. (d) Two-dimensional conductance—displacement
histogram (left) and one-dimensional conductance histogram (right) constructed using only traces that show jumps obtained from the same OPE3-

NH, measurement shown in panel (a).
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the Planck’s constant. The presence of multiple plateau-like 100

features in MCBJ measurements of OPE3 has been widely A

discussed in the literature. Plateaus with conductance around 10 10

1075G, are attributed either to the presence of z-stacked ° 107

dimers or to presence of multiple binding configurations.'>"* 2 103

Notice that the measurement also shows a peak at higher ] 10+

conductance than the 4.5 X 107°G, peak. Plateaus at S 5

conductance higher than the prevalent one have been observed 2 10

before for OPE3-SAc.”*** In particular, its intensity correlates 8 10°

with the molecular yield, that is, the number of traces showing 107

a plateau with respect to the total number of traces and it can

be observed in OPE3 with different anchoring groups, albeit 100

with varying intensity across measurements (Figures S3—S7). — 10"

Its origin is at present not fully understood; a detailed analysis o Counts [a.u.]
of this aspect lies outside the scope of this work. When ° 10 Loﬁgh
inspecting individual traces, most show a continuous plateau 2 108

until the junction ruptures (blue curves in Figure 2b), but not £ 10*

all of them: breaking traces can exhibit switching either after an 3 10

exponential decay (red curves in Figure 2b) or after a plateau 5 .

with a different conductance (green curves in Figure 2b). The o 10

same behaviors have been reported by others.”””' 107

In order to quantify the presence of such switching events,
we developed an algorithm that works as follows: the derivative
of the conductance is computed in a defined region of interest,
and its peaks were identified as possible locations for switching
events. Going in order of decreasing peak height, each peak
was further analyzed by checking the difference in conductance
before and after the switch. This was done to avoid noise
spikes being detected as switches in conductance. If the
difference clears the set threshold, the trace is marked as
having a switch, and the displacement at which the peak
appears is saved. An example of how the algorithm operates is
shown in Figure 2c. For further details on the algorithm, we
refer to Supporting Information, Section S1. Notice that we
restrict this analysis to the first switch found in each trace.
Additionally, in some cases, the conductance switches
downward after the high-conductance plateau ends. We
exclude this event from our analysis because first it is well
discussed in the literature”* and second, we want to focus on
the cases in which the conductance is able to switch back to a
higher value.

Focusing first on the OPE3-NH, measurement shown in
Figure 2a, the algorithm found switching events in 22% of
molecular traces. Figure 2d displays the histograms obtained
using only switching traces. The high-conductance plateau
built from those has the most probable conductance of 3.9 X
107G, Instead, when considering only traces showing no
switch the most probable conductance is 4.5 X 107°G,, higher
than the one containing the switching traces. This trend is
consistent across measurements (see Supporting Information,
Ta7ble S2) and with the previous observations by Gonzalez et
al.

Effect of the Anchoring Group. Switching events can be
detected across the OPE3s with different anchoring groups, as
shown in Figure 3. OPE3-SMe presents a similar behavior to
OPE3-NH,, meaning that the 2D-histograms built from
switching traces are similar to the ones built from raw data.
OPE3-Pyr exhibits a different behavior: the conductance
switch happens after an exponential decay, at a well-defined
displacement. This is emphasized when considering the master
trace, that is, the trace built using the most probable
conductance at each displacement in the 2D-histogram
(black lines in Figure 3). The yield of molecular traces with

o 1 2
Electrode displacement [nm]

Figure 3. 2D conductance—displacement histograms of OPE3-NH,,
OPE3-Pyr, OPE3-SMe, and OPE3-SAc built using only traces that
show switching. The master trace (black line) is superimposed on the
corresponding histogram. The yield of switching events is 27% for
OPE3-NH,, 41% for OPE3-Pyr, 16% for OPE3-SMe, and 3% for
OPE3-SAc. These values are obtained as the average of the
measurements at 50 V s™' reported in the Supporting Information,
Tables S1, S3, and SS.

respect to the number of molecular traces is similar among
different anchoring groups, with the exception of —SAc
anchoring. The latter has a drastically lower probability of
showing switching events (Supporting Information, Tables S1,
$3, and SS). The origin of this difference is likely the stronger
covalent bonds formed by the thiol groups upon depro-
tection.">** Additionally, we observe a large variation of
switching probabilities across different measurements of the
same molecule. For example, for OPE3-NH, this probability
ranges from 13 to 52% of molecular traces (Table S1).

Traces without switching show a plateau with a higher most-
probable conductance than the corresponding one in switching
traces: the peak position in the one-dimensional-conductance
histogram is 24% higher for OPE3-Pyr, 30% for OPE3-NH,,
42% for OPE3-SAc, and 59% for OPE3-SMe (Supporting
Information, Tables S2, S4, and S6). Notice that traces without
switching usually have comparable conductance to the raw
data. This can be explained by considering that if a trace is
switching, it will have fewer counts at the plateau conductance.
Hence, in the raw data, the most-probable conductance value
will be mostly determined by non-switching traces. These
results are compatible with the work by Gonzalez et al.” Here,
we show that the trend holds for OPE3 with several anchoring
groups.

Types of Switching Events. It is possible to distinguish
between two types of switching events, as hinted in the
previous section: the ones occurring after a steep exponential
decay (“tunneling” switch), and the ones that occur between
two different plateaus (“plateau” switch). To better character-
ize the presence of these types of events in the measurements,
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we further filter the switching traces by considering the slope
of the trace before the switch. In a measurement showing no
molecular plateaus, traces with a slope greater than —3 decades
nm~ are not expected (see Supporting Information, Section
S3). Thus, if a molecular trace shows a slope smaller than this
value before switching, it is labeled a tunneling switch. If the
slope is greater, it is considered to be from a plateau.

This procedure allows one to track the presence of both
types of events in OPE3-SMe (Figure 4a, Supporting

a) OPE3-SMe: 1 nm s™

- T T E ]
1096 Switch from 7§ Switch from §
— 10" tunnelling .. plateau
ts[a.u] 3
% 102 Couns[au]!
8 10_3 Low High 1
g 10
=] E
S -5
S 10 E
8 10° 3
107

o 1 2 o 1 2
Electrode displacement [nm]

b) OPE3-SMe: 4 nm s’
100 P

T T T
Switch from Switch from

— 10" tunnelling plateau

% 102 Counts [a.u.]

L High

8 103 ow igl
‘§ 10+
5
£ 1oe
§ 10
107

o 1 2 o 1 2

Electrode displacement [nm]
Figure 4. 2D conductance—displacement histograms of switching
traces in OPE3-SMe at (a) 1 and (b) 4 nm s™', divided in traces that
show switching starting from tunneling (left) and ones that show
switching starting from a plateau (right). An example trace (black

line) of each kind of switching event is superimposed to the
corresponding histogram.

Information, Table S10) and OPE3-NH, (Supporting
Information, Table S9). Tunneling switches occur after a
defined displacement, which is reflected by the isolated cloud
of counts between 0.8 and 1.4 nm in Figure 4a (left). This type
of behavior closely resembles that of OPE3-Pyr (Figure 3). On
the contrary, the histograms built with plateau switches do not
show this cloud-like feature. This hints an interesting behavior:
the junctions first show the slope typical of empty traces. Then,
they switch to the molecular feature at a consistent
displacement. Because of this, the area in the 2D-histogram
corresponding to the plateau appears isolated from the rest.
Increasing the breaking speed from 1 to 4 nm s~ does not
influence the presence of either type of switching event nor
does it change the displacement at which the switch happens in
the tunneling events (see Figure 4b). This implies that, in the
explored stretching rate range, tunneling switches are not
related to time-dependent phenomena, such as thermal
adsorption/desorption of the molecule from the electrode.
We note that according to previous reports”® these effects start

to be dominant only at stretching rates below 1 nm s™', or that
they are not relevant at all.”

A possible explanation for the tunneling switching is that
these are due to a junction forming while separating the
electrodes, with molecules initially anchored to only one, as
illustrated in Figure S17. Because in the experiments the switch
occurs at a well-defined displacement, one can conceive that
after this critical displacement is reached, the dangling side of
the molecule “snaps” to connect to the other electrode. In this
picture, the threshold should correspond to the minimum
distance between the free anchoring group of the molecule and
the apex of the electrode (i.e., the site at which the driving
force for binding is the largest). This is, in principle, a similar
mechanism to what drives atomic force microscopy or STM
tips functionalization procedures.”” However, this explanation
is in contrast with a previously reported study in STM-BJ,”®
where it is found that junction formation happens before the
rupture of the gold contact. Although, it is important to
highlight that in this study the measurements were performed
in solution. Additionally, the tip—substrate geometry of the
STM setup is different from the MCB]J lithographically defined
nanowire. These differences could be at the origin of the
contrasting results.

Plateau switching suggests that the junction is changing
between different configurations. Because there are no intrinsic
molecular switching mechanisms in the rigid OPE3 backbone,
the most likely explanation is that the contact configuration
with the gold surface is changing, similarly suggested by
Kaliginedi et al.'"* We therefore examined the length of the
segments in which the junction remains in the low-
conductance state, as described in Supporting Information,
Section S3.1. The resulting histograms are shown in
Supporting Information, Figures S12 and S15. We find that
OPE3-NH, and OPE3-SMe have a prominent narrow peak at
lengths of 0.1 + 0.02 and 0.1 + 0.04 nm, respectively. In
addition, we also observe broader peaks at 0.3 + 0.06 and 0.3
+ 0.04 nm, respectively (Supporting Information, Tables S12
and S13). As a first estimate, these values can be compared to
the distance between different sites on the gold surface.
Considering an Au(111) surface with an interatomic distance
of 0.2884 nm,”’ there are three types of adsorption sites: on-
top, bridge (in-between two gold atoms), and close packed
(surrounded by 3 atoms).”® The distance that a molecule
needs to cover to move from an on-top site to a bridge one is
0.14 or 0.25 nm depending on the direction, while moving to a
close packed site requires 0.17 nm.

An alternative explanation for plateau switching is the
disconnection (and subsequent reconnection) of one side of a
molecule in a m-stacked dimer, as illustrated in Supporting
Information, Figure S17. We cannot exclude this mechanism;
however, it is unlikely that an event that causes the rupture of
the gold molecule contact would still preserve the
intermolecular geometry. Theoretical studies combining
molecular dynamics with transport calculations are needed to
reveal the details of the junction evolution.

Switching in Alkanes Molecular Junctions. We also
analyzed a set of MCBJ measurements on alkanes previously
published by our group.”' Alkanes show a much smaller
difference between the conductance states before and after the
switch compared to OPE3. This is evident from the 2D-
histograms shown in Supporting Information, Section S2.2
(compare, e.g, the histograms of OPE3-NH, in Figure S3 with
the ones of C6 in Figure S8 and C8 in Figure S9). The other
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striking difference between alkanes and OPE3 is that in the
former the amount of switching events for the (—SH)-
terminated compounds is higher than for (~NH,) (Table S7).
However, alkanediamines show much clearer switching
behavior in their histograms (Figures S8 and S9). This can
have different explanations. First, dithiol—alkanes were
measured without the use of a deprotecting agent. This
could lead to the presence of weaker bonds to the gold
surface.”® However, this is unlikely to be the only cause. In fact,
when measuring OPE3-SAc without deprotecting agent, we
find a slight increase of switching events (Table SS), but the
value is not close to the one observed for OPE3-NH,. Another
possible explanation stems from the several junction
configurations that alkanes are expected to form when bound
to gold, such as gauche conformations,” or chaining of multiple
units.”’ This leads to more mechanisms through which the
conductance can switch, thus increasing the yield of such
events.

Additionally, the analyzed alkane measurements show
mostly tunneling type switching, although the classification is
less clear than for OPE3s (see Supporting Information, Section
S3). The origin of this observation could be purely technical:
because hexane and octane are relatively short molecules, it is
possible that they do not spend enough time in the junction to
spontaneously switch between different states, especially
considering the measurement speed at which these measure-
ments were carried out. It would be interesting to repeat such
measurements with a low measurement speed to see if the
presence of plateau switches increases.

Lastly, we analyzed the length of the low-conductance
segments for plateau switches in alkanes. We find that they
show a distribution with one peak at 0.2 nm for all of them
(only C6-SH showing a clear additional peak at 0.1 nm, see
Supporting Information, Figure S16 and Table S14), differ-
ently from OPE3s. In terms of displacement, this can still be
explained by the switch between different contact sites on the
gold surface. However, gauche defects in alkanes are also
expected to happen in a similar displacement range,'” making
it difficult to disentangle the two phenomena.

B CONCLUSIONS

In conclusion, we identify the presence of switching events in
MCBJ measurements of OPE3, hexane, and octane, having
different anchoring groups. However, in the case of OPE3-SAc,
the amount of switching events can be considered negligible.
Additionally, we identify two types of switching. “T'unneling”
switching happens after an exponential decay of conductance
typical of empty traces, which suggests the possibility of
junction formation after rupture of the gold bridge. “Plateau”
switching happens while the trace is already showing a clear
molecular plateau right after breaking of the gold contact.
These can be related to the junction changing its configuration
during the measurement, either to a junction with weaker
coupling to the electrodes, or to a n-stacked dimer. This study
highlights the necessity to carefully consider the anchoring
groups when studying abrupt conductance changes in
molecular switches. Acetate-protected thiol (—SAc) is
confirmed as a stable anchoring option showing no relevant
amount of switching. Otherwise, coexistence of contact-
dependent mechanisms and chemically introduced backbone-
related mechanisms thus requires either careful selection of
anchoring groups or one-to-one comparison to reference

compounds. Our study gives a perspective in what can be
expected from some of the most studied reference molecules.
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