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ABSTRACT: We demonstrate that conductance can act as a sensitive probe of

conformational dynamics and electrode—molecule interactions during the equilibrium and
nonequilibrium pulling of molecular junctions. To do so, we use a combination of classical
molecular dynamics simulations and Landauer electron transport computations to investigate
the conductance of a family of Au-alkanedithiol-Au junctions as they are mechanically
elongated. The simulations show an overall decay of the conductance during pulling that is due
to a decrease in the through-space electrode-molecule interactions, and that sensitivity depends
on the electrode geometry. In addition, characteristic kinks induced by level alignment shifts
(and to a lesser extent by quantum destructive interference) were also observed superimposed
to the overall decay during pulling simulations. The latter effect depends on the variation of the
molecular dihedral angles during pulling and therefore offers an efficient solution to
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experimentally monitor conformational dynamics at the single-molecule limit.

Understanding the electromechanical behavior of single
molecules has become an important objective for the
design of molecular electronic devices and the understanding of
molecular junction properties.l_15 In molecular junctions,
electromechanical processes are used to monitor and control
junction evolution,”'® provide a powerful platform to develop
multidimensional single molecule spectroscopies,17 and are
used to develop mechanically activated electronic devices'®"’
or current-triggered mechanical actuators.”””!

Here we focus on experiments that combine single molecule
pulling with electron transport measurements. In these experi-
ments,”>~>” a molecule is covalently bonded to metallic elec-
trodes that are slowly moved away from each other, inducing
a mechanical stress on the molecular structure. Throughout
the experiment, a bias voltage is applied across the junction,
allowing measurement of the electronic current flowing through
the molecule. Typically,”>**~*” the conductance profile during
elongation shows an initial decay due to the breaking of the
metal—metal contact, before one or multiple plateaus are
reached, signaling the formation of a metal-molecule-metal
junction. The molecule subsequently detaches from one
electrode, breaking the electronic connections and ending the
experiment. Experiments usually”>****~** focus on the con-
ductance plateau associated with the fully elongated molecule
to characterize the junction and study physical or chemical
processes,”>~>#*%*%% yhile the electromechanical response of

the molecule during its elongation is less commonly investi-
17,19,25,27,34,35
gated. >
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Here we computationally investigate the information content
in the conductance of molecular junctions during their mechan-
ical elongation in a family of alkanedithiols linking gold
electrodes. We show that the overall decay of the conduc-
tance during pulling arises due to a decrease in through-space
electrode—molecule interactions. In turn, we associate addi-
tional fine features or kinks observed in the conductance profile
during pulling with changes of the molecular dihedrals. Such a
connection between conformational changes and conductance
in the context of alkane-based junctions has been encountered
before,”****>*” but its physical origin is unclear. Here we
demonstrate that this connection is due to changes in the
energy of the frontier molecular orbitals induced by dihedral
rotation. The simulations show that the conductance profile
during pulling offers a sensitive probe of electrode—molecule
conformational dynamics in equilibrium and nonequilibrium
molecular ensembles, and highlight the potential utility of
molecular junction measurements as a route to develop single-
molecule spectroscopies.

The simulations were performed using an in-house modifi-
cation of TRANSpull.*® In these simulations, classical molecular
dynamics (MD) of the pulling of Au(111)-alkanedithiol-
Au(111) junctions were performed in the NVT ensemble
using TINKER 7.1,% as schematically shown in Figure la.
The dynamics was propagated using the modified Beeman
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Figure 1. (a) Schematic representation of the pulling of a molecular junction. Both electrodes are truncated Au(111) flat surfaces. The alkanes are
bonded to the electrodes through thiol bonds at the fcc position. (b) Effect of pulling speed on the probability density distribution of the
transmission coefficient T(Eg) of Au(111)-S-(CH,),-S-Au(111) system. The solid lines represent the average of log,, T(E) during the elongation
and the crosses represent the average of log;, T(Eg) during the contraction. The probability distribution shown correspond to the elongation
process. The range of the color scale in the probability density was chosen in each case such that all molecular events would be visible. Equilibrium
behavior is achieved for a pulling speed of 4.0 X 1077 nm/ps, where the transmission during pulling and subsequent contraction essentially coincide.
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Figure 2. Tunneling decay coefficients during pulling ¢ versus pulling speed and molecular length. (a) Tunneling decay coefficient /3¢ for the
equilibrium and nonequilibrium pullings of the Au(111)-S-(CH,),-S-Au(111) junction. (b) Tunneling decay coefficient f,; as a function of
molecular length; the /3 obtained from the homologous series of fully elongated alkanedithiols is included (solid green line) for comparison purposes.
The variation of /3, with respect to pulling speed and molecular length is small (RSD equal to 0.05 and 0.09, respectively), which suggest that f, is
not an intrinsic molecular property.

algo1‘ithm4o’41 with a 1 fs integration time and a Nosé—Hoover literature.*® At initial time, the end-to-end (sulfur to sulfur)
chain at 298 K as a thermostat.””~** MM3 was selected as a distance in the molecule, is chosen to be 3.5 A for all the pulling
force field because it properly describes the behavior of simulations. To mimic the pulling, one electrode is moved
alkanethiols.”™*” To mimic the effects of the electrode surfaces away from the molecule at a constant speed. The pulling

on the MD, we built two parallel hexagonal-shaped double layer
surfaces made of impenetrable dummy atoms arranged in a
Au(111) pattern. The hexagonal surfaces have a side length of
8.65 A and a maximal diameter of 17.30 A. The terminal sulfur
atoms were attached to a stiff isotropic harmonic potential that
mimicked the chemical bond to the surface at the fcc position )
and fixed the S—Au distance to 2.35 A, as described in the limit G = 2%T(EF),I’49 was computed with TRANSpull*® using

direction is defined by a vector perpendicular to the electrode
surfaces. The molecules were pulled until the potential energy
increases abruptly due to deformation of the molecular
backbone. Subsequently, the transmission at the Fermi energy
T(Eg), which is proportional to the conductance in the low bias
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Figure 3. Transmission, variation of dihedral angles, and change of the Eygpo — Eg energy gap during the equilibrium pulling of three representative
alkanedithiols (Cg, C4 and C,). Upper panels: Probability density distribution of the transmission as a function of end-to-end distance (black lines
indicate averages). Middle panels: Average value of the dihedrals among carbon atoms in the chain (colored lines) and their collective distribution
(gray dots) during elongation. The dihedrals are labeled consecutively along the chain. The first and last dihedral include the terminal thiol group.
Bottom panels: Average variation of the Eyoymo — Eg energy gap with respect to the end-to-end distance. Note that the generation of gauche
conformations during pulling leads to dips in the transmission due to changes in the HOMO alignment. This correlation makes the transmission a

sensitive probe of conformational dynamics.

nonequilibrium Green’s functions® for molecular conforma-
tions reached during the pulling. The electronic structure of the
junction was modeled using an extended Hiickel formalism,”"
because it captures the essential electronic couplings and
enables the simulations of several thousand conformations at a
reasonable computational cost. While the density of states of
the electrodes was considered in the wide band limit approxi-
mation,>” bilayers of gold atoms were explicitly introduced in
the simulations to define the electrode-molecule couplings. The
zero-bias conductance was computed using the 6s Au orbital
energy as the Fermi level (Eg) for 2000 snapshots per A of
pulling, and the resulting statistical set was used to obtain
averages.

One of the challenges in simulating single molecule pulling
processes is the 6—12 orders of magnitude disparity between
experimental and computational pulling speeds. Here we
overcome this problem by using pulling speeds slow enough
to get reversible behavior, where the transmission during
elongation and contraction essentially coincide and the simu-
lation is considered to be in the equilibrium regime. Figure 1b
shows the effect of the pulling speed on the probability density
distribution of the transmission coefficient of the Au(111)-S-
(CH,);-S-Au(111) system during elongation and contraction.
The equilibrium pulling is reached for a pulling speed of
4.0 X 1077 nm/ps; at this point the simulations recover the
equilibrium behavior where results become independent of the
pulling speed. The broad distribution of conductance values
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under equilibrium conditions are due to thermal fluctuations of
the junction. The width of the conductance distribution during
nonequilibrium conditions reflects the conformational space
visited by the molecule during pulling. Note that, as seen in
Figure 1b, the zero bias conductance exhibits kinks along the
pulling superimposed to an overall decay.

We observe that the overall conductance decay is due to a
decrease of through-space molecule-electrode interactions and,
surprisingly, not due to changes in molecular conformation
during pulling. The first evidence for this claim comes from the
examination of the transmission versus elongation for different
pulling speeds. During equilibrium pulling, the molecule
samples all accessible conformational space, while during non-
equilibrium conditions the conformations encountered during
pulling depend on the initial conditions. Figure 2a shows the
values of the tunneling decay coeflicient 3, during the pulling
of the Au(111)-S-(CH,),-S-Au(111) junction for different
pulling speeds, obtained by fitting the transmission to the
exponential function T = Tye <, where d corresponds to the
end-to-end distance during the pulling and f,¢ is the tunneling
decay coeflicient during the pulling of the corresponding
alkanedithiol with a molecular chain of n carbons. While the
decay of the conductance during pulling is not necessarily expo-
nential, to be able to compare our results with the literature,
throughout we choose to use the exponential form as a quali-
tative descriptor of the decay. As shown, the observed overall
decay of the conductance is very similar for equilibrium and
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Figure 4. Probability density distribution of the transmission as a function of the end-to-end distance of the S,C4H,, alkanedithiol (black lines
indicate averages) using different electrode shapes: (a) flat Au(111), (b) pyramidal Au cluster, and (c) single Au atom. The sharper the electrode, the
weaker the electrode—molecule interactions. Note that the overall decay of the conductance changes when the strength of the electrode—molecule

interactions change.

nonequilibrium simulations. In fact, the f,¢ values are around
0.95 A™" and largely insensitive to the pulling speeds (relative
standard deviation (RSD) of 0.05), indicating that the details of
the molecular conformations encountered during pulling do
not influence the overall conductance decay.

To further show that the decay coeflicient f,. is not an
intrinsic molecular property but that it depends on changes of
electrode—molecule interactions, we computed the equilibrium
transmission versus elongation of S-(CH,),-S (n = 3-8)
alkanedithiols in the Au(111) junction. Note that by keeping
the same electrode and the same kind of molecules, the
electrode—molecule interactions are expected to be compara-
ble. The top panels of Figure 3 contain the probability density
distribution of the transmission as a function of the end-to-end
distance for three representative cases. In all cases (n = 3—8),
the transmission profile shows an overall decay along the
pulling accompanied by some kinks. The resulting tunneling
decay coefficients f,c are shown in Figure 2b. As can be seen,
the values of 3, are around 1.00 A~ and exhibit only a mild
dependence with system size (RSD of 0.09). Notably, for the
larger molecules (n = 5—8) the f,¢ coefficient is highly inde-
pendent of the molecular length (RSD of 0.02).

The fact that the equilibrium S, coefficients do not change
appreciably with the molecular chain size, along with their
independence with pulling speed, strongly suggests that the
tunneling decay coefficient during pulling is not an intrinsic
molecular property but that it depends on electrode—molecule
interactions. To demonstrate this, we changed the electrode
shape during the transport while keeping the same equilibrium
molecular dynamics trajectory for the S-(CH,)¢-S pulling. As
shown in Figure 4 the overall decay of the transmission strongly
depends on the shape of the electrode. Hence, a modification of
the electrode—molecule interactions result in a significant
change in the overall decay of the conductance. This is impor-
tant to consider when examining experimental results, as this
component of the electron transport is sensitive to junc-
tion geometry. Additional computations shown in Figure S1
(Supporting Information) show that through-space electrode-
molecule couplings are responsible for the overall decay, except
for very short distances where through-space intramolecular
interactions also play a significant role.

Contrary to the hypothesis in ref 35, we find that the f§,’s
coefficients shown in Figure 2b do not numerically coincide
with the tunneling decay coefficient # (solid green line in
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Figure 2), obtained by doing computations in the homologous
series of fully elongated molecules and fitting the transmission
versus molecular length D to the exponential function T =
ToeP. The reason for this is that, unlike f, the physical origin
of the fB,c is determined by electrode—molecule interactions
and not by intrinsic molecular properties. Hence,  and j, are
unrelated quantities.

In contrast with the overall decay, our results demonstrate
that the fine features or kinks in the transmission are related to
the conformational dynamics of the molecule in the junction.
In fact, Figure 1b shows that the kinks in the transmission
strongly depend on the pulling speed and thus on the details of
the ensemble encountered during elongation. Furthermore, the
pattern of kinks encountered for a given molecule does not
qualitatively change when changing the electrode geometry
(see Figure 4). In addition, comparing the conformational
dynamics of the molecule with the conductance (Figure 3)
reveals a qualitative connection between the kinks and the
evolution of dihedrals during pulling, as we explain below. The
middle panels of Figure 3 shows the evolution of the dihedral
angles during pulling for three representative molecules. The
distribution of dihedral angles behaves like a bimodal function
in which each dihedral angle can adopt either a gauche
conformation (~60°) or an anti conformation (~180°). A clear
example of the connection between the conductance and the
molecular conformation is provided by the kink in the
transmission for the S,C;Hg alkanedithiol. This kink is due to
removal of gauche defect by pulling. This connection is also
seen in longer molecules, albeit somewhat obscured by other
competing processes.

The changes of the conductance due to changes in the
molecular dihedral angles can be tracked to level alignment
during pulling. Specifically, the bottom panels of Figure 3
shows the average variation of the energy of the HOMO along
the pulling for these three representative cases. Here, the trans-
mission is governed by hole transport through the HOMO,
which dominates charge transport in alkanes.” A comparison
between the bottom, middle, and top panels of Figure 3 shows
a qualitative correlation between the kinks in the transmission,
the conformational changes and the variation of the energy
of the HOMO. Thus, the sensitivity of the conductance to
dihedral angles arise because changing the dihedrals changes
the energy of the MO’s responsible for the transport.

DOI: 10.1021/acs jpclett.7b03323
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Notably, in many of our simulations (e.g., the S,C4H,, case
in Figure 4), the bimodal behavior of the conformations is
reflected as a bimodal conductance for pulling distances close
to the fully elongated molecule. This is due to the pre-
sence of two conformational groups: one in which one last
gauche conformation is present, and a second one free of gauche
defects.

The connection between molecular conformation and con-
ductance, which makes molecular electronic experiments a use-
ful witness of conformational dynamics, has also been recog-
nized in different contexts. In ref 34 and ref 37, the authors
studied the effects of molecular rotation and gauche confor-
mations in the conductance of o-bonded molecules, identifying
gauche conformations as possibly responsible for the switching
of the conductance during scanning tunneling microscopy
(STM) experiments. Reference 26 suggests that different junc-
tion configurations can lead to multiple peaks in conductance
histograms. In turn, ref 53 and ref 27 showed how the conduc-
tance changes with respect to the variation of the torsion angles
in biphenyl systems. In particular, the decrease of the conduc-
tance of alkanes due to gauche defects has been attributed to
interferences that arise due to the interaction between non-
nearest neighbors in the molecular chain.’® Our simulations
in Figure S2 agree with this result. However, as shown in
Figure S3a, the kinks observed in the transmission due to
variation in the dihedral angles are not necessarily related to
through space interactions that lead to quantum interference. In
fact, the kinks survive even when the quantum interference
effects are suppressed. This implies that, while interferences due
to gauche conformers are clearly present, the kinks during
pulling are best understood by examining changes in orbital
level alignment as shown in Figure 3.

In conclusion, through simulations we have shown that the
conductance profile during pulling of single-molecule junctions
(before the conductance plateau where the molecule is fully
elongated) contains valuable information about the conforma-
tional dynamics of the molecule and its interaction with
the electrode. These insights enhance the information that can
be extracted from molecular junction experiments and thus
the utility of this class of measurements as a general route to
develop multidimensional single-molecule spectroscopies.

Specifically, we performed pulling coupled to transport
simulations of Au—S-(CH,),-S-Au (n = 3—8) junctions, and
considered different electrode shapes and pulling speeds. The
simulations demonstrate that through-space coupling between
the molecule and electrode is responsible for the overall decay
of the conductance during pulling. This implies that the value
of the conductance decay coefficient during pulling is sensitive
to the precise shape of the electrodes and other factors that
could affect the through-space interactions like the presence of
solvent. In addition, the simulations show kinks in the
transmission that are related to the variation of the backbone
dihedral angles of the alkane chains. This structure-transport
relation offers an efficient solution to experimentally monitor
conformational dynamics at the single-molecule level. Further,
the simulations clarify the physical origin of the dihedral-
conductance connection. As shown, both quantum destruc-
tive interference and changes in molecular orbital’s energies are
present when changing these dihedrals. However, the latter one
is dominant and responsible for the kinks in the conductance
profile during pulling. Importantly, these results illustrate how
molecular junction experiments can be used to probe non-
equilibrium conformational ensembles that can be generated
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during pulling, with the favorable sensitivity offered by
tunneling-based conductance measurements. Even when these
results pertain to a particular class of molecular junctions, they
illustrate the information content in this class of experiments
and can be used as a starting point to interpret measurements
in other molecules.
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