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ABSTRACT: Reliability in molecular electronics break-junction experi-
ments has come from statistically sampling thousands of repeat measure-
ments. Here we discuss the computational challenges in reproducing the
experimental conductance histograms and introduce a computational
strategy to model molecular electronics experiments with statistics. The
strategy combines classical molecular dynamics (MD) of junction formation
and evolution, using a reactive force field that allows for bond-breaking and
-making processes, with steady-state electronic transport computations
using Green’s function methods in the zero-bias limit. The strategy is
illustrated using a molecular junction setup where an octanedimethylsulfide
(C8SMe) connects to two gold electrodes. To attempt to reproduce the
statistics encountered in experiments, we performed simulations using (1) a
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single MD trajectory of junction formation and evolution; (2) several MD

trajectories with identical initial geometry for the electrodes; and (3) several MD trajectories each with a different geometry for
the electrodes (obtained by separately crushing the electrodes and breaking the gold—gold contact). We find that these three
classes of simulations can exhibit an apparent agreement with the experimental conductance histograms. Nevertheless, these
simulations miss the time-averaging of the current that is inherent to the experiment. We further examined the simulated time-
averaged currents for an ensemble of trajectories with crushed electrodes and found that such simulations recover the width of
the experimental conductance histograms despite the additional averaging. These results highlight the challenges in connecting
theory with experiment in molecular electronics and establish a hierarchy of methods that can be used to understand the factors

that influence the experimental conductance histogram.

1. INTRODUCTION

Molecular electronics experiments have emerged as a powerful
and versatile platform where voltages, force, and light can
simultaneously be applied and used to investigate chemistry
and physics at the single-molecule limit." ™

However, currently, the quantitative agreement between
theoretically predicted and experimentally measured molecular
conductance is typically poor,””'* hindering the advancement
of molecular electronics as a general platform for molecular
spectroscopy and the development of molecular devices.'®
This discrepancy occurs partially because of the mismatch in
procedures that experiments and simulations use for capturing
molecular conductance. In break-junction experiments, repro-
ducible histograms are formed by collecting conductances from
hundreds of thousands of realizations on freshly formed
molecular junctions with different and uncontrolled config-
urations.">"” By contrast, most computational simulations are
limited to a few representative molecular and junction
configurations because modeling real-time experiments and
statistically sampling all experimentally relevant configurations
is computationally challenging. Even approaches based on
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molecular dynamics (MD) that can capture some of the
conformational variability inherent to the experiments have not
attempted to capture the full complexity inherent to the
experiments.'*™>* This is because these approaches often
invoke fixed or implicit electrodes and do not typically capture
bond-breaking and bond-making processes. In addition,
approaches that have included explicit electrodes and bond-
making/breaking using first-principle simulations are not able
to sample all possible conformational events because of their
computational cost.'”**~>” There have also been advances in
capturing structural complexity in these experiments by
sampling conformations using Monte Carlo methods.”*™*
However, a direct comparison with experiment remains
outstanding.

Such disparity between theory and experiment in molecular
electronics makes it difficult to connect simulated molecular
behaviors with actual experiments and develop atomistic
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insights. Such insights are needed to understand experimental
observations and, importantly, to determine the extent to
which this class of experiments informs about single molecules
despite the inherent averaging over realizations. Computing
minimum-energy conformations and transport through higher-
level electronic structure methods,®" while valuable, will not
resolve this disparity as conductance is not dominated by
minimum-energy conformations but by conformations with
high conductance in the molecular ensemble.”>*%3>73*

In this paper, we summarize our progress in simulating the
conductance histograms from atomistic simulations. Specifi-
cally, we propose a modeling strategy that takes into account
explicit electrodes and captures the conformational variability
during junction formation and evolution. The simulations are
based on classical MD with a reactive force field* that allows
modeling bond-breaking and -forming processes. These MD
trajectories are coupled to computations of the zero-bias
steady-state conductance using Green’s function methods.* As
an exemplifying case, we focus on the conductance histogram
of octanedimethylsulfide (C8SMe). We choose the Au—SMe
molecule—electrode contact because it exhibits simple donor—
acceptor bonding features®” —*” that allows us to focus on the
statistical variations in molecular and electrode conformations,
instead of the electrode—molecule binding configuration.
These simulations complement efforts by Reuter et al.*>*'
developing phenomenological models for the shape of the
conductance histograms.

The structure of this paper is as follows. Section 2 describes
the methods needed for modeling the dynamics and
conductance of molecular junctions. Section 3 discusses a
representative junction trajectory and contrasts its conductance
vs elongation against experiments. In turn, section 4 discusses
modeling of conductance histograms with and without time-
averaging the current and how they relate to experiments. Our
main results are summarized in section S.

2. MODELING MOLECULAR JUNCTIONS WITH
REACTIVE FORCE FIELD

2.1. Classical Molecular Dynamics. To capture all
relevant conformational events and model the experiments
with statistics, we employ classical MD simulations of junction
formation and evolution using force fields. Other MD
approaches®** that use first-principle-based interaction
potentials are too computationally demanding for our
purposes, even when employing semiempirical Hamiltonians.

In the MD, we employ the Au—S—C—H reactive force field
(reaxFF)™ that allows bond-breaking and -making events that
are essential to understand molecular electronics break-
junction experiments. This reaxFF parametrizes a bond-
order-based potential to potential energy surfaces computed
using density functional theory (DFT) for a variety of gold—
thiol systems. The force field allows modeling of the
mechanical distortion of the gold electrodes and the detach-
ment (reattachment) of the molecule from (to) the contacts at
an accuracy comparable to that of DFT but with the
computational cost of a classical FF.

The MD simulations were performed using LAMMPS™ in
the NVT ensemble. The dynamics was propagated using a
velocity-Verlet integration algorithm with a 1 fs time step and a
Langevin thermostat at 300 K. At initial time, the C8SMe
molecule was placed between a gold tip and a gold surface, as
detailed in section 2.4. To mimic the elasticity of bulk gold, the
top (or bottom) layer of the electrode was connected to a
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virtual spring with a spring constant of 8 nN/m along the
pulling direction** and rigid in perpendicular directions. The
junction was thermally equilibrated for 100 fs. Subsequently,
the junction was elongated by displacing the virtual spring
connected to the top electrode with a constant speed of 6 X
1077 A/fs that guaranteed that the MD properly sampled
molecular events with characteristic time scales up to ~100s of
ps. The total pulling time of the junction was 50 ns with
molecular snapshots recorded every 2.5 ps.

2.2. Transport Computations. Electron transport
through the junction is supposed to be at steady state and
well captured by the Landauer formula at all points during the
elongation. The Landauer current at an applied voltage V is
given bY ILD(V) = ﬁ/dE [fl(E; V) _fr(E; V)]T(Er V):
where f; is the Fermi distribution of lead f = I(left) or
r(right), and T(E, V) is the transmission function at energy E.

In our simulations, the conductance histograms are modeled
by computing the low-bias Landauer transport for snapshots
encountered during the MD. In this limit, the conductance G =
I/V = GoT(Egey;) is determined by computing the trans-

- . 28 .
mission at the Fermi energy T(Ep;), where G, = f is the

quantum of conductance. This quantity is computed for each
snapshot encountered in the MD using Green’s functions™ in
the wide-band limit and an extended Hiickel Hamiltonian as
implemented in Husky.*® This Hamiltonian captures the
essential electronic couplings and enables the simulations of
several thousand conformations at a reasonable computational
cost. In the method, the Fermi level Eg..; of gold is an
adjustable parameter chosen to be around the extended Hiickel
Au 6s orbital level (—10.92 eV). The precise value is chosen
such that the peaks of the experimental and computational
conductance histograms coincide. In the simulations below,
unless noted otherwise, Ep,; & —11.25 eV.

2.3. Model Electrode Geometries. In our MD
simulations, we used the two sets of electrodes shown in
Figure 1: (i) electrodes with well-defined predetermined

b.

a. Well-defined Crushed

Figure 1. Different electrode and junction initial geometries
employed in the simulations.

shapes and (ii) a statistical set of crushed electrodes. The
electrodes with well-defined shape consist of a pyramidal gold
electrode and a plate gold surface. The atomically sharp gold
pyramids are seven atoms deep, while the Au(111) surfaces
have three atomic layers and an extra apex atom to which the
terminal S in the molecule is connected. A set of 60 different
crushed electrodes is obtained by mechanically forcing
electrodes into contact and subsequently pulling in analogy
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Figure 2. MD during junction formation and evolution. The plot shows (a) the bond-breaking process of a C8SMe junction under pulling and (b)
simulated and (c) experimental conductance traces. The latter were kindly provided by Dr. Latha Venkataraman and Dr. Michael Inkpen.*” Note
that the simulated conductance trace exhibits larger fluctuation with respect to the experimental curves.

with experiments. For this, we start with the well-defined
electrode geometry with the gold tip 2 A away from the
surface. We then push the tip with a constant speed v = 6 X
1077 A/fs toward the surface and displace the base of the tip
for a fixed distance A > 2.0 A such that there is contact
between the gold tip and surface. During the process, the gold
atoms in the tip—surface interface rearrange. After crushing, we
retract the gold tip with velocity v to separate the electrodes
generating a crushed geometry. An ensemble of crushed
geometries was generated by using different A in the 2.1-5.8 A
range.

2.4, Starting Configurations. To ensure that a molecular
junction is formed in the simulations, we placed the extended
molecules with its terminal S atom 2.0 A away from the gold
electrodes and at an angle with respect to the surface at the
beginning of pulling. Specifically, we placed the molecule at a
45° angle with respect to the surface when using the well-
defined electrodes, while a 30° angle was used in the crushed
electrode case, as shown in Figure 1. Using this initial setup,
the molecular junction can be elongated for 4—5 A before
junction rupture, offering a significant window into the
junction evolution.

2.5. Criterion for Determining When a Junction Has
Broken. To construct histograms, it is desirable to include
only conductance of mechanically stable molecular junctions.
As a criterion, we suppose that junctions with log(G/G,) <
—10.0 correspond to broken systems and are not taken into
account when constructing conductance histograms.

3. JUNCTION FORMATION AND EVOLUTION

Figure 2a,b shows MD snapshots (0—®) during the evolution
of a molecular junction with a single C8SMe molecule initially
bonded with gold electrodes and the resulting conductance
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trace. For comparison purposes, sample experimental con-
ductance traces for this molecule are shown in Figure 2c.

3.1. Experimental Trace. In break-junction experiments,
the conductance trace starts with a gold point contact where G
coincides with the quantum of conductance G,. When the
electrodes are pulled such that the gold point contact is
broken, a drop in conductance occurs, as shown in Figure 2c.
After this, a conductance plateau forms near 107*G,,
representing the conductance of a C8SMe molecular junction
connecting two electrodes. As the junction breaks upon further
elongation, the conductance drops to experimental resolution
near 107G,

3.2. MD Strategy and Computational Trace. In the
simulations, as exemplified in Figure 2ab, a single C8SMe
junction is initially bonded to two gold electrodes and the
junction is subsequently mechanically extended until junction
rupture. At the beginning of pulling (snapshot @), due to
compression of the molecule, the molecule adopts gauche
conformations with low conductance features.”> Upon
extension, these gauche defects are eliminated and the
conductance increases. During pulling, we observe that the
isolated gold atoms on top of the gold surface (adatoms) move
on the surface and adopt positions that can maximize the
junction extension before breaking (snapshot @). This gold
adatom migration is also observed implicitly in experiments.*®
The junction is pulled until the junction bonds cannot resist
the applied force, the junction breaks, and the conductance
drops sharply to vacuum conductance (snapshot ®). A movie
of a typical MD trajectory showing junction formation and
evolution is included in the Supporting Information."’

The simulations focus on the case in which there is just one
molecule in the junction. Additional complexity can arise when
there is a dense coverage of molecules in the junction, as
illustrated in the simulations in refs 30, 48, and 49. The
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Figure 3. Simulated conductance histograms under different modeling conditions. (a) Simulated conductance distribution of the C8SMe junction
constructed from a single MD trajectory (blue), many MD trajectories with identical initial electrodes (red), and with different pre-crushed initial
electrode configurations (orange curve). For comparison purposes, the experimental histogram is shown in black. (b) Standard deviation of the
computed conductance histograms as a function of the length before rupture AL taken into account in the statistics. The histograms in (a) use a

distance AL for which the distribution is narrowest.

observed gauche defects with low conductance are in
agreement with the DFT-MD simulations of an alkane dithiol
molecular junction in ref 25. However, both studies contrast
with the results in refs 20 and 21 that suggest that when
enhanced sampling is considered the formation of gauche
defects for alkane dithiols becomes less favorable due to
migration of the anchor group to a side of the tip. Further, we
note that the bond that breaks during the pulling using the
ReaxFF is the S—Au bond. This contrasts with the DFT-MD
studies in ref 50 that predict, instead, deformation of the Au
electrode during pulling and breaking of the Au—Au bond.

3.3. Simulation vs Experiment. The simulated con-
ductance vs elongation trace above captures the essential
aspects of the experimental observations. Further, we note that
the experimental and simulated conductance values before
molecular junction rupture are comparable in magnitude and
in the 107" — 107G, range. Nevertheless, there are clear
differences between experimental and simulated traces. First,
experiments start with a gold point contact, while simulation
starts with a molecular junction. Thus, the compressed gauche
conformations encountered in simulations at the beginning of
pulling are not guaranteed to be encountered in experiments.
Second, while the simulations show a conductance “plateau” of
over 4 A of mechanical elongation, in most of the experiments,
the conductance plateau length is shorter than or around 1 A.*°
Third, the simulated conductance fluctuations are larger than
the experimental ones. This is particularly true for the initial
stages of the pulling where the molecular junction is
compressed and may undergo conformational transitions.
This disparity in the simulated and experimental fluctuations
in the conductance traces during elongation is because
experiments report an average conductance while the
simulations yield an instantaneous conductance. Because of
the difference in starting point for simulated and experimental
conductance vs elongation curves, we can compare only to
experiments within the last ~1.5 A of simulated elongation
where the junctions are extended. A more detailed quantitative
analysis is discussed below.

4. MODELING THE CONDUCTANCE HISTOGRAMS

We now examine the ability of different computational models
of increasing complexity to reproduce the experimental
conductance histogram.
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4.1. Single MD Trajectory. As a first attempt to model the
experimental conductance histogram, we consider a single MD
trajectory with initial well-defined electrodes, as shown in
Figure 1. The thermal fluctuations of the electrode and
molecule during the dynamics and the conformational changes
during pulling lead to a distribution of conductance values.
The conductance distribution p;(log(G/G,)) depends para-
metrically on junction elongation L as each L defines a
different molecular ensemble. We consider the conductance
distribution obtained by collecting data in the range AL = L —
Ly

pog(G/Gy) = = [, (og(6/6Gy) av

IALI (1)

where L, is the elongation at which the junction breaks. The
criterion employed to determine Ly is discussed in section 2.5.

Figure 3a shows p(log(G/G,)) for a single trajectory using
IALI'= 0.75 A (blue curve), and Figure 3b shows the influence
of changing AL on the width of the conductance distribution.
The value of AL chosen in Figure 3a is the one that offers a
minimal width. For comparison purposes, the experimental
distribution and width (black dashed line) are included in the
figure. We note that in the conductance computations the
Fermi energy is chosen such that the most probable
conductances value in theory and experiment coincide. The
simulated distributions are normalized, while the experimental
conductance histogram line shape is scaled to match the
maximum of the simulated distribution.

As shown, the shape and width of the simulated
conductance histogram are in qualitative agreement with
those from experiment. The standard deviation of p(log(G/
G,)) depends strongly on AL; see Figure 3b. The standard
deviation increases substantially for ALl > 0.75 A because as
AL increases gauche conformations with low conductance start
to play a role and broaden the histograms. In turn, for small
IALI < 0.75 A, while the shape of p(log(G/G,)) around its
peak is approximately independent of AL, we note that the
standard deviation also increases because low conductance
conformations of partially broken junctions with log(G/G,) ~
—10 contribute appreciably to the overall standard deviation.

4.2. Multiple MD Trajectories with Identical Initial
Electrodes. We now examine the influence of the stochastic
nature of the MD trajectory on p(log(G/G,)). For this, we

DOI: 10.1021/acs.jpcc.9b00342
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Figure 4. (a—c) Conductance traces for three MD trajectories with identical initial electrode geometries but different initial velocities and
stochastic Langevin evolution. (d) Rupture length of 40 different MD trajectories.
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Figure S. Individual conductance trajectories (upper panels) for three different crushed electrode geometries (lower panels).

repeated the simulations above with the same electrode and
initial positions for all atoms but with different initial (random)
velocities before pulling and a series of stochastic events that
are encountered in the Langevin dynamics.

Figure 4 shows three representative conductance traces (a—
c). While the overall shape of the trajectories is similar, they
reflect different conformational dynamics and break at different
points during the elongation. To explore the stochastic rupture
nature of the trajectories, in Figure 4, we plot the length AL of
each trajectory just before breaking in 40 different realizations.
As can be seen, AL changes between trajectories even when
the initial configuration is identical. Most junctions tend to
rupture with |ALl ~ 4.8 A, but there are cases where the
junction breaks with bigger and smaller AL. The results
demonstrate that the breaking point of a junction is stochastic
in nature, in agreement with the simulations in ref 30 and the
thesolrzr2 and experiment of single-molecule force spectrosco-

Figure 3a (red line) shows the resulting conductance
histogram obtained by taking into account 40 trajectories
with identical electrodes. The different histories of each
trajectory add sources of uncertainty to the conductance
histogram. We observe that including this additional source of
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uncertainties does not change appreciably the shape or width
of the simulated conductance distribution. Further, because the
electrode and junction geometries are similar for all 40
trajectories, the dependence of the standard deviation of
p(log(G/G,)) with AL (Figure 3b, red line) essentially
coincides with that observed for a single trajectory.

4.3. Multiple MD Trajectories with Different Initial
Electrodes. To investigate the effect of having different and
uncontrolled electrode geometries in the simulated con-
ductance histograms, we generated a set of 60 initial electrode
geometries by crushing a pyramid gold cluster into a Au(111)
surface in the MD as specified in section 2.3. This set was used
to generate an ensemble of molecular junctions and collect
statistics.

Figure 5 shows three representative conductance traces
obtained with different precrushed electrodes. Because the
crushed electrode geometries are different from each other, the
conductance vs elongation curves for each one of them can be
very different.

However, surprisingly, the resulting conductance histogram
around log(G/G,) = —4.4 (Figure 2a, orange line) is not
significantly affected by including these additional broadening
contributions. This suggests that the conductance histogram in

DOI: 10.1021/acs.jpcc.9b00342
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constructed from the conductance traces in Figure 6. The histogram in (d) combines all available data. Experimental histograms are shown in black.

simulations for elongated junctions is dominated by thermal
fluctuations and is insensitive to the precise geometry of the
electrodes. This result is consistent with simulations in ref 21
that showed that the electrode shape plays a minor role in
determining the conductance distribution of alkane dithiols. As
shown in Figure 2b, the standard deviation of the conductance
histogram in this case decreases with increasing AL for ALl <
1.5 A. This is because the smaller AL, the more important the
contributions of the conductance just after junction rupture to
the conductance variance. However, as in the two previous
cases, decreasing AL does not affect the main peak in the
probability distribution. Further note that the standard
deviation is larger in this case with respect to that obtained
with controlled electrode geometry because the tail (..,
log(G/Gy) < —6) in the conductance distribution for the
crushed electrode case is longer.

In summary, taking into account all instantaneous snapshots
encountered during pulling, the shape of the simulated
conductance histogram shows apparent agreement with
experiment for the C8SMe molecular junction using either a
single trajectory or multiple trajectories with identical or
different electrodes. The implication of these numerical
observations is that the distribution of conductance events is
not strongly influenced by the random changes in electrode
shape in and between experiments. Instead, the conductance
distribution in simulations is dominated by thermal fluctua-
tions of the molecule in the junction.

4.4. Taking into Account Time-Averages Inherent to
Experiment. Simulations above yield a conductance histo-
gram whose width and shape are in apparent agreement with
experiment (recall that these results are obtained by choosing a
Fermi energy such that the peaks of the experimental and
simulated conductance histograms coincide). Despite this
apparent coincidence between theory and experiment, there is
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still a disparity in the way that the statistics are constructed in
both cases. Specifically, the experiments record a current that is
time-averaged, while the simulations above report the
conductance of individual molecular snapshots encountered
in the dynamics. We now examine the influence of time-
averaging in establishing a connection between theory and
experiments. The time or, equivalently, ensemble-averaged
conductance distribution is

p(10g({G)/Gy)) = ——

ALl fLLUPL/(log«G)L/GO)) dr’

)

where (G)_ is the (time or ensemble) average conductance at
elongation L. To do so, we performed simulations in which for
each L during the pulling we determined the average
conductance (G); for the molecular ensemble. These
simulations are numerically demanding as they require a
different MD simulation and subsequent transport computa-
tions for each L during the pulling. In our simulatons, we
collected 3.75 ns of MD per L and investigated the resulting
(G)y vs L traces.

Figure 6 shows the (G); vs L traces for three different
electrode geometries (two crushed and one controlled). As can
be seen, there are still significant conductance fluctuations
despite the additional averaging that reflect different stable
conformers encountered during the pulling and, for long
extensions, the opening and re-forming of the molecular
junctions.

The average conductance (G); for the three junctions is in
the same conductance range of 107*—107°G, as experiments
and now also shows similar conductance fluctuations (compare
with Figure 2c). This contrasts with simulations in Figure 2b
where conductance is not time-averaged and fluctuations are
larger than the ones observed in experiments.

DOI: 10.1021/acs.jpcc.9b00342
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Figure 7 shows the conductance histograms that can be
generated from these three traces. The simulated histograms
are normalized, while the experimental conductance histogram
line shape is scaled as Figure 3. When comparing individual
histograms obtained from different trajectories (Figure 7a—c),
we can see that each trajectory leads to a different conductance
histogram shape. This contrasts with the observations obtained
for p(log(G/G,)) without time-averaging. Even when the
simulated conductance histograms do not quantitatively
recover the experimental distribution of C8SMe, the width
of conductance events obtained from a single (G); vs L
trajectory is comparable to the experimental one, despite the
additional averaging.

To better mimic experiments, we performed further
computations of (G); vs L for the ensemble of 60 crushed
electrodes. In these computations, we sampled L every 0.045 A
for the last 1.35 A before junction rupture. To match with the
experimental conductance histogram maximum, we choose the
Fermi energy to be Eg,,; = —11.1 eV. As shown in Figure §,
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Figure 8. Conductance histogram for C8SMe constructed from time-
averaged (G), for each point during the elongation for 60 trajectories
each with a different electrode shape. Note that the Fermi energy used
here is —11.1 eV.

the conductance histogram obtained with time averages and
crushed electrodes shows good agreement with the exper-
imental conductance histogram as it reproduces the width and
its shape.

By comparing time-averaged conductance histograms
obtained for different trajectories/electrode shapes, we find
that in this case the initial conditions for the MD play an
important role. This contrasts with the simulated histograms
constructed with instantaneous snapshots encountered during
pulling (without time-averaging) as those are dominated by
thermal fluctuations. Further, we observe that when including
multiple trajectories with different electrode geometries, the
simulated conductance histogram can resemble the exper-
imental one.

5. DISCUSSION

In conclusion, we simulated conductance histograms of the
C8SMe molecular junction and contrasted with experimental
observations. The simulations were conducted with classical
MD with a reactive force field of junction formation and
evolution that allows bond-breaking and -making processes
and Green’s function methods in the zero-bias limit for
electronic transport computation. As a first attempt, we
computed the conductance histograms resulting from all
instantaneous snapshots encountered during the pulling. The
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Fermi energy of the electrodes was chosen such that the peak
of the simulated conductance distribution coincides with the
experimental one. Under such conditions, we found that the
shape and width of the simulated conductance histogram
coincide with those of the experimental conductance histogram
and for elongated junctions are not sensitive to changes in the
electrode geometry or the initial conditions of the MD
trajectory. While such apparent agreement is at first sight
attractive, the simulations are not directly comparable to
experiments because they do not take into account that
experiments record a time-averaged current. To better
compare with experiment, we conducted simulations for
time-averaged conductance during C8SMe elongation with
crushed electrodes and found that such simulations can also
recover the width and shape of the experimental conductance
histograms despite the additional averaging. However, to
obtain such an agreement, we needed to take into account
several trajectories with different initial electrode configura-
tions.

From the analysis, to be able to match the experimental
histograms using atomistic simulations, it is necessary to (1)
take into account the electrodes explicitly and the bond-
breaking and -forming processes; (2) statistically sample over
break-junction trajectories and their conductance instead of
computing the conductance of just a few representative
configurations; and (3) take into account the time averages
inherent to experiments. The modeling complexity reflects the
many contributing factors for simulating conductance histo-
grams. An important aspect of modeling the histogram is that
junctions rupture stochastically.*® The simulations showed that
such stochastic rupture can lead to conductance broadening
even in the case in which the junction geometry is controlled
perfectly. The simulations further stress the disparity that can
exist between idealized models of the junction in a minimum-
energy geometry and the ensemble of conformations and
junction events that determine conductance.”>>%**73*

The proposed class of simulations can be used to establish a
stronger connection between theory and experiment in
molecular electronics and use that connection to understand
the capabilities of break-junction experiments as a platform for
constructing molecular devices and develoginﬁ multidimen-
sional single-molecule spectroscopies.””***¥*"%*73%  Future
prospects include using this class of simulations to atomistically
analyze contributing factors and fundamental limits in the
width of the experimental conductance histograms.
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