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ABSTRACT: Structure—function relationships constitute an N\
important tool to investigate the fundamental principles of — o
molecular electronics. Most commonly, this involves identifying a | / \ VS-H + =@9=
potentially important molecular structural element, followed by Backbone Structure
designing and synthesizing a set of related organic molecules, and "
finally interpretation of their experimental and/or computational \__ Coupling Geometry __/
quantum transport properties in the light of this structural element.
Though this has been extremely powerful in many instances, we
demonstrate here the common need for more nuanced relation-
ships even for relatively simple structures, using both experimental
and computational results for a series of stilbene derivatives as a Single-Molecule Conductance
case study. In particular, we show that the presence of multiple
competing and subtle structural factors can combine in unexpected
ways to control quantum transport in these molecules. Our results clarify the reasons for previous widely varying and often
contradictory reports on charge transport in stilbene derivatives and highlight the need for refined multidimensional structure—
property relationships in single-molecule electronics.
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1. INTRODUCTION electronics applications, especially in the context of photo-
activated switches.'"'” Single-molecule conductance—the
most fundamental transport property—has been investigated
both theoretically and experimentally for a stilbene-like

The field of molecular electronics—which involves building
circuits incorporating individual small organic molecules as
components'—has the potential to enable smaller, more

efficient, and more flexible electronic devices in the future” and molecule,'® as well as for several derivatives of the structurally
also serves as a useful testbed for fundamental investigations of similar azobenzene moiety.”~** However, such studies have
quantum transport and molecular physical chemistry.” To produced results varying from an ~2X higher conductance for
advance both of these goals, predictive structure—property cis over trans,'® to the exact opposite,”’ and even all the way
relationships are needed that allow transport properties to be up to ~100X higher conductance for trans'® or ~30X higher
intentionally controlled via molecular design. This widely conductance for cis.”> Aside from differences in measurement
embraced goal in the molecular electronics research methodology and slight variations in molecular design, an
community usually proceeds by identifying a potentially important reason for this inconsistency is likely that changing
important design element in a molecular structure, followed from trans to cis unavoidably causes multiple structural
by testing this prediction with a series of structurally related changes at once, each of which can affect conductance (Figure
molecules that seemingly isolate the importance of this 1): the length of the molecule decreases, which is expected to

particular element.””® While this often constitutes a powerful
approach, it ignores the potential for interaction—deliberate or
undesired—between multiple coupled degrees of freedom for
molecules in a junction. As a consequence, seemingly minor
modifications to the molecular structure may result in widely
different transport behavior, confounding the interpretation in
terms of underlying principles.

One such case where this is quite evident is cis vs trans
isomers of stilbene-like moieties,”” "> a structural element that
commonly appears in molecular scaffolds considered for

increase conductance by reducing the tunneling barrier
1123 iy . .
width; ™ steric hindrance causes each ring in the cis molecule
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Figure 1. Generic structures of trans (a) and cis (b) stilbene
derivatives with para-connected linker groups (represented by red
circles), illustrating three key differences that arise upon isomer-
ization: (1) the linker-to-linker length decreases by ~25%; (2) the
second ring twists out of plane with respect to the first; and (3) the
two linkers are no longer pointed 180° opposite each other.

to twist out of plane by ~35°, which is expected to decrease
conductance by partially breaking the conjugated z-
system;”**° the electronic structure of cis and trans isomers
and their respective energy-level alignments with the electrodes
may differ; and the modified geometry of the molecule,
especially the angles at which linkers attached in the standard
para positions extend out from the backbone, may impact the
orbital alignment between metal and molecule and hence the
efficiency of electronic coupling between the two. Attaching
linkers in positions other than para often produces destructive
quantum interference,”’ which would add yet another
confounding factor influencing conductance. Therefore, while
most previously developed structure— rogerty relationships
focus on one design property at a time,”****~° the effects of
cis/trans isomerization on single-molecule conductance cannot
be expected to be as simple. Instead, a more nuanced
structure—property relationship is required that considers the
roles of multiple effects simultaneously, especially interactions
between them.

In particular, previous results have suggested that differences
in how cis and trans geometries influence molecule/metal
coupling may play an important role in determining single-
molecule conductance. For example, calculations by Osella et
al."” suggested that chemisorption vs physisorption produce
opposite cis/trans conductance orderings, and Martin et al.'®
rationalized their experimental results by positing that the cis
geometry leads to stronger coupling by allowing not just the
linker groups but also one phenyl ring to come into close
contact with the metal electrode. Nevertheless, these effects
remain poorly understood. One especially important case that
has not yet been explored is how the coupling of conforma-
tionally flexible linker groups to the metal electrodes might be
differentially affected by cis vs trans backbone geometries. This
possibility is motivated by density functional theory (DFT)
calculations for the common —SMe (methylsulfide) linker
group, which have shown that the barrier to rotation of this
linker is quite small,>"*> while at the same time molecule/
metal electronic coupling, and hence conductance, is strongly
controlled by the angle between the S—Au bond and the 7-
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system, with maximal coupling occurring for a 90° angle.*"**

Any differences in the geometric constraints that cis and trans
geometries place on —SMe linker orientation therefore have
the potential to be a major factor by which cis/trans
isomerization impacts single-molecule conductance, and such
interactions likely apply more generally to other flexible linkers
as well.

To investigate this possibility and explore the interactions
between cis/trans isomerization and molecular conductance
more generally, in this work, we use a combination of
experiment and theory to investigate the single-molecule
conductance of a series of custom-designed stilbene derivatives
functionalized with —SMe linkers (Scheme 1). This series

Scheme 1. Structures and Color/Naming Conventions of
the Six OPV2 Molecules Considered in This Work
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includes the cis and trans versions of this structure (trans-
OPV2-2SMe and cis-OPV2-2SMe), as well as single-linker
versions (trans-OPV2-1SMe and cis-OPV2-1SMe) to help
understand the role of —SMe/metal orbital coupling. To help
elucidate and control for potential confounding effects from
molecular twisting that both breaks the 7-system conjugation
and potentially forces new linker/electrode geometries, we also
include a version of the cis molecule with the rings locked into
a fully planar geometry (L-cis-OPV2-2SMe) and a version of
the molecule with the 7-conjugation fully broken by saturating
the double-bond linkage (sat-OPV2-2SMe). Together, this
series thus explores and helps disentangle multiple key design
parameters used throughout the single-molecule literature and
sheds light on interactions between them that determine
molecular conductance. Our study therefore helps clarify the
reasons for the widely differing reported conductance values
for seemingly similar molecular structures with cis vs trans
double bonds.

In the remainder of this paper, we present experimental
evidence that, in doubly anchored stilbene derivatives, the
geometric constraints of the cis geometry result in less efficient
metal/molecule electronic coupling, and hence lower con-
ductance, compared to the trans geometry. We also show how
this interaction between backbone conformation and linker
orientation can explain the striking observation that cis-OPV2-

https://doi.org/10.1021/acs.jpcc.2c00761
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2SMe, cis-OPV2-1SMe, and L-cis-OPV2-2SMe all display
essentially the same peak conductance value. We then use
computational results to support these interpretations and offer
additional insight into how the —SMe linker orientation affects
single-molecule conductance. These findings illustrate the
limitations of “divide-and-conquer” structure—function rela-
tionships in systems where multiple effects interact, and the
need to begin to develop more nuanced relationships that will
help the readily accessible cis/trans structural motif to be
predictively used to control conductance. In addition, these
results highlight the fact that the potential complexity
introduced by —SMe linkers—and likely other common
linkers with conformational flexibility as well—must be taken
into account when designing molecules for transport experi-
ments.

2. METHODS

2.1. Experimental Methods. The experimental con-
ductance of each OPV2 molecule from Scheme 1 was
measured using a custom-built mechanically controlled break
junction (MCBJ) setup described previously.”**** Briefly,
MCB]J samples were fabricated on a phosphor bronze substrate
coated with an insulating layer of polyimide. A pattern
containing a thin (~100 nm) gold constriction was defined
with electron beam lithography and then coated with 4 nm of
titanium and 80 nm of gold. Reactive ion etching with an O,/
CHF; plasma was used to underetch the polyimide and create
an ~1 pm long free-standing gold bridge.

To collect breaking traces, each sample was clamped into a
custom three-point bending apparatus with a push rod
controlled by both a stepper motor (for coarse movements)
and a 40 pm piezo actuator (for movement during trace
collection). Conductance through the gold bridge or nanogap
was measured at 20 kHz while applying a 100 mV bias, using a
custom high-bandwidth Wheatstone bridge amplifier.’® For
each trace, coarse movements were used to achieve a junction
conductance between 5 and 7 G, (1 G, = 77.48 uS,”” the
quantum of conductance), and then the piezo was extended at
60 um/s to break the bridge while recording trace data.
Thousands of traces were collected for each sample using a
custom LabVIEW program.

All molecules were synthesized on site and characterized by
NMR and mass spectrometry (Supporting Information Section
S.1). Molecular solutions of 1 and/or 10 #M concentration in
HPLC grade (>99.7%, Alfa Aesar) dichloromethane (DCM)
were created for deposition on MCBJ samples. For each
sample, 2000+ consecutive breaking traces were collected after
the deposition of pure DCM as a negative control and to
determine a junction attenuation ratio.”” Next, the molecular
solution was deposited inside a Kalrez gasket placed in the
center of the sample using a clean glass syringe. Following the
approach of Bamberger et al,”* multiple data sets were
collected using each sample, and data sets from at least two
distinct samples were collected for each molecule (see
Supporting Information Section S.2 for details on all data
sets used in this work).

The molecular features observed for the OPV2 series often
have complex shapes due to convolution with the tunneling
background signal, which additionally is known to vary
between data sets.””*® A segment clustering tool described
previously’* was thus used to unambiguously identify a “main
plateau cluster” from each analyzed data set. The conductance
distribution of trace segments assigned to each plateau cluster
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was then fit with a single unrestricted Gaussian to determine a
peak conductance value. Following the method of Bamberger
et al,>* each data set was clustered 12 different times to
account for uncertainty in the optimal value of the minPts
clustering parameter (see Supporting Information Section S.3
for details).

2.2. Computational Methods. The molecules of interest
were first relaxed as isolated species with the Orca code™ using
the B3LYP*>*' functional with the 6—311++G(d,p) basis set.
The relaxed molecules were then placed between Au electrodes
that taper to a single Au atom, which interacts directly with the
lone pair of the —SMe group (see Figure S16a). For the single-
linker versions, the Au atom was arranged to interact directly
with the 7z-system of the benzene ring without the —SMe
group (see Figure S16b).

A series of structural relaxations were carried out in the
Vienna ab initio simulation package (VASP)**’ for each
molecule to determine the lowest-energy electrode—electrode
separation. We employed the Perdew—Burke—Ernzerhof
(PBE)*" functional with the DFT-D3 method of Grimme®*
to account for van der Waals interactions. The plane-wave
cutoff was set to 400 eV, and relaxations continued until
residual forces on atoms allowed to relax were lower than 0.02
€V/A. The optimized molecular junction was then built into a
two-probe geometry by extending the Au electrodes (see
Figure S16c).

Electron transport was calculated through the optimized
two-probe geometries using the nonequilibrium Green’s
function technique combined with density functional theory
(NEGE-DFT), as implemented in the Nanodcal code.***” The
NEGEF-DFT approach uses the retarded Green’s function to
obtain the transmission function, T(E), which represents the
probability that an electron with a given energy E is
transmitted from the left electrode through the molecule into
the right electrode. Integrating the transmission function over a
specific energy range gives the current for the corresponding
bias window. In the limit of the bias voltage approaching zero,
the transmission at the Fermi energy gives the low-bias
conductance in units of G,. Details of this approach have been
provided in our previous publications.***

3. RESULTS AND DISCUSSION

3.1. Experimental Results. Representative one-dimen-
sional (1D) conductance histograms for each OPV2 molecule,
as well as for pure DCM, are overlaid in Figure 2a. Each of
these histograms shows a broad peak whose location is largely
reproducible across the other data sets collected with the same
molecule (see Supporting Information Section S.3 for further
details). Moreover, the main plateau features identified in each
data set by segment clustering tend to agree well with these
peaks, indicating that segment clustering is reliably extracting
molecular signatures (Supporting Information Section S.4),
similar to previous results in which this agreement between raw
and cluster-specific histograms is discussed in detail.** The
segment clustering results are summarized in Figure 2b: each
point represents the median from among the set of all 12 peak
conductance values produced by segment clustering from all
data sets collected with each molecule, and the error bars
represent the range of the middle 67% of those values.” These
error bars are thus a measure of the uncertainty due to both
data set-to-data set variation and ambiguity about the exact
cluster bounds but should not be interpreted as a single
universal measure of experimental error.

https://doi.org/10.1021/acs.jpcc.2c00761
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Figure 2. (a) Overlaid example 1D conductance histograms for each
OPV2 molecule and a negative control with only DCM, constructed
using 2500—10,000 consecutively collected traces (see Supporting
Information Section S.2). (b) Summary of the peak conductance
values determined for each molecule, across multiple data sets, using
Gaussian fits applied to the main plateau clusters identified by
segment clustering.

Many of the relative conductance relationships in Figure 2b
are in agreement with the predictions of “standard” single-
dimensional structure—property rules. For example, going from
trans-OPV2-2SMe to sat-OPV2-2SMe, which fully breaks the
conjugated z-system while leaving the molecular length largely
unchanged, causes the conductance to drop by over an order of
magnitude, which is consistent with both previous measure-
ments'” and the widely accepted principle that conjugated 7-
systems extending from linker to linker are needed to produce
highly conducting molecules.>*’ Similarly, multiple stud-
ies' 7% have found that single-linker molecules (including
trans-OPV2 with single —SMe linkers)'” conduct significantly
less than double-linker molecules, and this agrees with our
results for trans-OPV2-1SMe vs trans-OPV2-2SMe. Either
direct gold—n couplingn’50 and/or two-molecule junctions
involving 7—7 stacking”*” have been proposed to explain the
lower conductance of single-linker molecules, and both
structures could arise in our experiments. The apparent
lengths of our molecular features suggest, however, that direct
gold—7 coupling is the more likely explanation (Supporting
Information Section S.5).

Strikingly, Figure 2b also reveals the surprising result that
approximately the same conductance was measured for all
three cis molecules, with all three less conductive than trans-
OPV2-2SMe. This finding does not conform to “standard”
structure—property rules: these might expect the shorter cis
molecules to conduct more than the trans; they would further
predict cis-OPV2-1SMe to have significantly lower conduc-
tance than cis-OPV2-2SMe, in analogy to the trans structures,
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and they would predict L-cis-OPV2-2SMe to have a
conductance perhaps as high or higher than trans-OPV2-
2SMe due to full conjugation combined with a shorter length.
A new, more nuanced structure—property relationship is thus
required to explain these results. In particular, the fact that the
—2SMe and —1SMe molecules have very different con-
ductances in a trans geometry but similar conductances in a
cis geometry suggests that the role of the identical —SMe linker
groups must depend on the backbone geometry in some way.
We thus next examine the role of those linkers in detail and
uncover how they can explain the surprising conductances of
each of the three cis molecules.

It has been previously shown by DFT that, for conjugated
molecules with —SMe linkers, the orientation of the Au—S
bond relative to the 7-system—quantified by the Au—S—C—C
dihedral angle shown in Figure 3—strongly controls the

Figure 3. Definition of the Au—S—C—C dihedral angle relevant for
molecule—electrode coupling.

strength of metal/molecule electronic coupling and hence
conductance. Coupling is maximized at an angle of 90°, which
allows the sulfur lone pair involved in the Au—S bond to align
with the extended z-system of the molecule, and is minimized
at 0°.°"* In light of this, we hypothesize that the geometric
constraints imposed by the cis-OPV2 backbone force the Au—
S§—C—C angles to spend more time farther from 90°, while in
the less-constrained trans-OPV2 geometry, these angles are
free to spend more time closer to the optimal 90°. As a result,
the average metal/molecule electronic coupling in cis-OPV2-
2SMe and L-cis-OPV2-2SMe would be weaker than in trans-
OPV2-25Me, explaining the lower conductances we measured
for these cis molecules despite their shorter length.

The fact that, relative to trans-OPV2-2SMe, conductance is
lowered to a similar extent in both cis-OPV2-2SMe and L-cis-
OPV2-2SMe, despite the absence of inter-ring twisting in the
locked version, suggests that the weaker metal/molecule
electronic coupling caused by the cis geometry is the more
important effect in this series of structures. That is not to say
that inter-ring twisting has no effect on conductance: the
central estimate of conductance for L-cis-OPV2-2SMe in Figure
2b is ~1.3X higher than for cis-OPV2-2SMe, on the same
order as the factor of ~2 predicted by the well-known “cos*
rule” for twisting in conjugated systems** > (though the
difference in Figure 2b is small compared to the uncertainties
in each measurement). However, even with this modest
increase in conductance for the planar locked molecule, L-cis-
OPV2-2SMe remains about two times less conductive than the
longer trans-OPV2-2SMe. We thus conclude that weaker
metal/linker electronic coupling is the dominant way in which
the cis geometry influences conductance in these structures.

https://doi.org/10.1021/acs.jpcc.2c00761
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Figure 4. Relaxed structures of each two-linker OPV2 molecule used for NEGF-DFT transport calculations. For trans-OPV2-2SMe, cis-OPV2-
2SMe, and L-cis-OPV2-2SMe, two relaxed conformations were generated by starting both S—Au bonds either in-plane (ip) or out-of-plane (oop)
with respect to their attached rings and then minimizing the energy. For sat-OPV2-2SMe, only a single conformation was considered because
saturating the double bond has a much larger effect on conductance than linker orientation.

Finally, to explain the near-identical conductances of cis-
OPV2-2SMe and cis-OPV2-1SMe, we propose that the overall
metal/molecule coupling is quite similar between the two
molecules, which could occur in two different ways. One
possibility is that constrained —SMe/Au binding and direct 7/
Au binding have similar electronic coupling strengths, and thus
the two molecules support similar conductance. Another
possibility is that, in cis-OPV2-1SMe, the lack of a second point
for covalent, mechanical coupling between molecule and
electrodes may result in less geometric constraint on the
remaining Au—S—C—C angle. In this case, cis-OPV2-2SMe
would have medium-to-weak, constrained —SMe/Au coupling
on both sides, whereas cis-OPV2-1SMe would have strong,
unconstrained —SMe/Au coupling on one side but weak 7/Au
coupling on the other, averaging out to produce similar
conductance values. In both scenarios, however, it is the effect
of geometric constraint on the efficiency of —SMe/Au coupling
that plays the key role.

Previous studies considering the role of —SMe linker
orientation on single-molecule conductance have focused on
how the range of orientations that might be probed by
experiment can help explain the breadth of measured
conductance distributions or the overall conductance relative
to other linker types.”'~****** The results in this work thus
constitute the first experimental evidence that —SMe linker
orientation interacts with other structural attributes such as cis
vs trans backbone geometry. This type of interaction is an
important consideration when using —SMe or other linkers
with multiple conformational degrees of freedom and
demonstrates that more nuanced structure—property relation-
ships are needed in such cases where multiple structural effects
are in play at the same time.

3.2. Computational Results. To further explore the
interaction between cis/trans geometry and —SMe/Au
coupling efficiency, we carried out NEGF-DFT calculations
for the four two-linker OPV2 molecules from Scheme 1. In the
case of the two single-linker molecules, calculations may not be
able to offer the same level of reliable insights into transport
through these structures because of the much larger conforma-
tional space available to single-linker molecules, combined with
significant ambiguity about how such molecules bind in
experimental junctions (see Supporting Information Section
S.7 for further details on these sources of ambiguity). In the
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following discussion, we thus focus exclusively on the
computational results for the two-linker molecular structures.

To approximately span the conformational space available to
their —SMe linkers, for each of trans-OPV2-2SMe, cis-OPV2-
2SMe, and L-cis-OPV2-2SMe, we rotated the methyl groups to
create two different junction conformations with both gold—
sulfur bonds either primarily in-plane (ip) or out-of-plane
(oop) with respect to the phenyl rings and then allowing the
geometry to fully relax from each of those starting points.
These two relaxed conformations, which we label ip and oop,
thus help us consider the two extremes of high- or low-
coupling efficiency for each molecule in physically reasonable
geometries (Figure 4). This is necessarily an incomplete
description of the experimentally probed junctions, which
likely sample a large number of conformations (see, e.g.,
Supporting Information Section S.8), and in which variations
in the atomic structure of the electrodes may also affect the
—SMe orientations. Nevertheless, these conformations roughly
span the available space and aid in interpreting our
experimental results. Note that quantitative agreement
between NEGF-DFT and experimental results is not expected
in any case due to, among other things, the well-known
tendency of DFT to underestimate band gaps.”*° For sat-
OPV2-2SMe, only a single conformation is considered since
the saturated backbone, rather than linker orientation,
dominates molecular conductance.

As shown in Table 1, the Au—S—S—C dihedral angles in
both cis molecules are significantly farther from the optimal
coupling angle of 90° compared to trans-OPV2-2SMe in either
the ip or oop conformations. This is consistent with our
hypothesis, based on the experimental results, that a cis

Table 1. Au—S—C—C Dihedral Angles D, and D, and Their
Sine-Squared Product for the Relaxed Structures in Figure 4

molecule D, (deg) D, (deg) sin*(D, )sin*(D;)
trans-OPV2-2SMe-oop 97.1 102.3 0.94
cis-OPV2-2SMe-oop 72.5 63.9 0.73
L-cis-OPV2-2SMe-oop 60.1 S1.9 0.47
trans-OPV2-2SMe-ip 65.0 62.1 0.64
cis-OPV2-2SMe-ip 4S5.1 381 0.19
L-cis-OPV2-2SMe-ip 47.1 385 0.21
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backbone imposes geometric constraints that force the —SMe
linkers to spend more time in positions that experience weaker
metal/molecule electronic coupling. The effect of these
deviations on molecular conductance can be approximated
by multiplying the square of the sine of each dihedral angle
(maximal for D, = D, = 90°), in analogy to how cosine-squared
terms are used to approximate the conductance reduction
caused by twisting within a z-system.”* ® As seen in Table 1,
this approximation shows that the differences observed in
Figure 4 have a significant impact on conductance. It also
agrees with the experimental result of higher conductance for
the trans- version of the doubly anchored molecule than the
two cis- versions.

The transmission functions for each of the conformations in
Figure 4 are shown in Figure S. The Fermi energy (Eg) in these

9'5\1

M

1074} trans ‘
. dotted = ip
Cis
solid = oop

E-E.(eV)

Figure 5. Overlaid transmission functions calculated for each of the
conformations shown in Figure 4. For the trans, cis, and L-cis
molecules, transmission in the oop and ip orientations is shown in
solid and dotted lines, respectively. The red rectangle indicates the
expected region of the experimental Fermi energy, Ep (ie., off-
resonant but nearer the HOMO peak than the LUMO peak). The
ordering of transmission functions within this region matches the
experimentally measured conductances in Figure 2b.

calculations falls very close to the lowest unoccupied molecular
orbital (LUMO)-like transmission peak, but NEGF-DFT often
misplaces Ep within the highest occupied molecular orbital
(HOMO)-LUMO gap,’”*” and the orbital composition of the
—SMe linker is expected to induce HOMO-dominated

transport.” We therefore focus on the region containing the
transmission function minima and the trailing edge of the
HOMO peaks (—0.75 to —1.5 eV in the calculated
transmission functions; shaded region in Figure S) to compare
the computational results to our low-bias experimental
conductance measurements. The ordering of the calculated
transmission functions throughout this region is consistent
with our experimental measurements. This agreement supports
the importance of the limiting computational conformations
considered here for understanding transport in these —SMe-
linked molecules, and we conclude that the Au—S—C—C angle
differences seen in Table 1 are relevant for the systems at hand.

We note that the calculated zero-bias transmission function
of trans-OPV2-2SMe-ip is larger than that of cis-OPV2-2SMe-
oop, despite the fact that the Au—S—C—C dihedrals are closer
to 90° in the latter. This implies that while the linker
orientation may be a large reason for the lower conductance of
the cis molecules vis-a-vis trans-OPV2-2SMe, additional factors
are also at play. We propose that the partially broken
conjugation caused by ring twisting in cis-OPV2-2SMe,
discussed above, explains this extra reduction in conductance.
While L-cis-OPV2-2SMe overcomes this internal twisting
problem, this may be counteracted by the locked-cis backbone
keeping the Au—S—C—C angles even farther from the optimal
value of 90° than in the unlocked cis structure (see Table 1).
In addition, both the transmission functions in Figure 5 and
gas-phase ionization energy calculations (SI Section S.9)
indicate that 1-cis-OPV2-2SMe has a slightly larger transport
gap than cis-OPV2-2SMe, which also partially counteracts the
increase in conductance when untwisted. This provides
another example of how complete structure—function relation-
ships in single-molecule quantum transport may require the
inclusion of multiple competing factors, a central finding of this
work.

To probe the impact of -SMe linker orientation on
molecular conductance more systematically, we also performed
NEGEF-DFT calculations on a series of structures with both
Au—S-C—C dihedral angles locked at values ranging from 0° to
90°. Rotation of these dihedrals can also be achieved in a more
physically plausible way by varying the junction gap size,
yielding qualitatively similar results (Supporting Information
Section S.10). We used the L-cis-OPV2-2SMe structure for this
investigation to eliminate the confounding factor of ring-

(b) 7 90°
‘M 2008

-4 3 2 -1 0
E-E. (eV)

Figure 6. (a) Overlaid transmission functions calculated for L-cis-OPV2-2SMe with both Au—S—C—C dihedral angles locked at values ranging from
0 to 90°, demonstrating the pronounced effect this rotation has on molecular conductance. (b) Scattering state for the 90° transmission function
from panel (a), calculated at E — Eg = —1.25 eV (the dark red arrow in panel (a)). (¢, d) Two different views of the scattering state for the 0°
transmission function from panel (a), calculated at E — Ep = —1.25 eV (the yellow arrow in panel (a)). In particular, the view in panel (d) shows
how the wave function on the sulfur is misaligned with the 7-system of the molecule, leading to poor electronic coupling efficiency and contributing
to the suppressed transmission.
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twisting degrees of freedom. The most striking feature of the
transmission functions for this series of structures (Figure 6a)
is that the valley between the HOMO- and LUMO-like
transmission peaks becomes much deeper as both Au—S—C—
C angles are rotated from 90 to 0°. Examining the scattering
states in the window where experimental transport is expected
to occur reveals that in the 90° structure (Figure 6b), the
electronic wave function is significantly delocalized onto the
entire molecule, whereas in the 0° structure (Figure 6¢), the
wave function does not extend appreciably onto the molecular
backbone due to the fact that the orbital symmetry around the
sulfur is near-perpendicular to the molecular z-system (Figure
6d). The transmission functions in Figure 6a thus provide
direct evidence that the Au—S—C—C dihedral angles are
important for controlling metal/molecule electronic coupling
efficiency in OPV2-2SMe, in agreement with both the
arguments made above and previous findings for conjugated
molecules with —SMe linker groups.”"**

The transmission functions in Figure 6a reveal that rotating
the Au—S—C—C dihedral angles from 90 to 0° also has the
effect of shifting the HOMO- and LUMO-like transmission
peaks toward more negative energies. As shown in Supporting
Information Section S.11, qualitatively similar shifts occur for
the molecular transport levels of these same structures in the
gas phase, suggesting that this energy-level alignment effect is
primarily caused by changes to the molecular structure on its
own rather than changes to metal/molecule interactions. In
particular, we find that changing the Au—S—C—C dihedral
angle also changes the angle between the —SMe and its
attached ring, which, in turn, controls how much the sulfur acts
as an electron donor to the z-system. The fact that —SMe
groups can act as molecular substituents in addition to their
role as linker groups thus adds another layer of complexity that
must be considered when employing —SMe and similar linkers
for use in single-molecule transport applications.

By providing insight into how —SMe linker orientation
affects both metal/molecule electronic coupling and energy-
level alignment, the full set of transmission functions in Figure
6a thus significantly expands on previous studies, which
connected —SMe orientation and conductance using simplified
models®" or only presented transmission functions for one or
two —SMe orientations.” >

4. CONCLUSIONS

In summary, we show both experimentally and computation-
ally the multifaceted reasons whereby single-molecule con-
ductance is modified by the simple modification from cis- to
trans geometry in —SMe-linked stilbene derivatives. In
particular, we find that a dominant role is played by the
different ways in which cis and trans geometries constrain the
binding conformations available to the —SMe linker groups,
which, in turn, control the metal/molecule electronic coupling
efficiency and even in-junction molecular electronic structure.
Our study thus shows how two common structural attributes
and design elements for single-molecule electronics—cis vs
trans isomerization and coupling efficiency of flexible linkers
such as —SMe—can interact with each other in nontrivial ways
to control molecular conductance. These lessons are relevant
to single-molecule transport studies employing structural
elements in molecular design that induce large geometric
changes and to those that rely on conformationally flexible
linkers like —SMe as design elements. More generally, this
reveals that, in many practical cases, “simple” single parameter
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structure—property rules and relationships may be insufficient,
and instead, more nuanced rules that take such interactions
between effects into account are needed.
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