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ABSTRACT: DFT calculations were performed on a biphenyl-based
molecule bonded to gold nanoleads in order to evaluate its potential as a
reversible molecular switch. The torsion angle (@) between the aromatic
rings may be controlled by means of reducing a disulfide functionality that
bridges the two rings, giving rise to a “closed” species (disulfide bridge
oxidized, ¢ ~ 28°) and an “opened” species (disulfide bridge reduced, ¢ ~
65°). The mechanical properties of the nanojunction formed by this
molecular species sandwiched between gold cluster pyramids mimicking
metallic electrodes were determined. The thermodynamics of the reduction
reaction was studied on the disulfide bridge as well as on the potentially
competing anchoring sulfur atoms. A highly favorable product ratio toward
the disulfide bridge reduction was found. Conductance values were
calculated by means of non-equilibrium Green functions techniques.
Interestingly, a significant difference between the closed (high conductance)

and opened (low conductance) species was found.

Bl INTRODUCTION

Single-molecule junctions have attracted considerable attention
from both an experimental and a theoretical point of view,' ™
as they constitute the building blocks for a new paradigm in the
fabrication of electronic devices known as “molecular
electronics”.* The fabrication of such molecular junctions, as
well as understanding and controlling their properties, has
become one of the major goals for scientists and engineers.
Computational simulations have been shown to be an excellent
tool, not only to provide insight into the underlying
mechanisms of the making and breaking of such devices but
also to contribute to the targeted design for a desired property.®

One of the main reasons that makes using single molecules in
integrated circuits very attractive is that one can tailor the
properties of the device by modifying a small portion of the
building unit. The backbone of the molecule will ultimately
determine the specific function of the molecular device. Many
molecular structures with interesting electronic properties, such
as poorly conducting wires (a resistance), highly conducting
wires, diodes or rectifiers, and two- and three-terminal switches,
have been identified.>®

An interesting structure that has shown potential to be used
as a molecular switch is the biphenyl. This molecule has
attracted considerable interest as a model compound because of
its size and the availability of numerous derivatives obtained by
chemical modification. Its potential as a molecular switch is
based on the fact that the two 7 systems can either be on the
same plane or perpendicular to each other, thus representing
the “on” and “off” states of a switch, respectively. This concept
has been experimentally proved by Wandlowski and co-
workers.”™” The conductance of a family of biphenyl molecules
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linked to two gold electrodes by means of a Au—S bond has
been measured. In these experiments the torsion angle (¢)
between the aromatic rings was fixed in each molecule by a
CH, bridge of variable length. It was found that when twisting
the biphenyl system from flat (@ = 0°) to perpendicular (¢ =
90°) the conductance decreased by a factor of 30. Venkatara-
man et al. also found a similar behavior for biphenyl molecules
with different ring substitutions that alter the twist angle of the
molecules.'® In this case the molecules were attached to gold
electrodes through amine groups.

Some interesting open questions remain unanswered. How
stable are these molecular contacts when subject to an external
force? How could one modify the biphenyl structure to change
the torsion angle with an external chemical or electrochemical
signal and thus turn it into a reversible molecular switch? We
will address these questions by means of a molecular structure
based on the biphenyl motif with two thiol groups in 4,4’
positions for anchoring to the metallic electrodes and a
disulfide bridge between 2,2" positions (SH-Ox). The disulfide
bond is prone to a reversible redox reaction that leads to a
reduced species (SH-Red).

The molecule of interest is connected to two gold electrodes
via Au—S bonds. In the oxidized form, the disulfide bridge
holds the torsion angle at a fixed position, whereas when it is
reduced this constraint is removed and the torsion angle can
take a different value, which affects the transport properties of
the system.
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Figure 1. “Cis” and “trans” geometries considered when bonded to gold clusters.

We show that this system has the potential to constitute a
reversible molecular switch. It should be noted that although
this work does not deal with the kinetic aspects of the
reduction—oxidation of the disulfide bridge in the target
molecule, the reversibility of the switch could be achieved by
means of appropriate electrochemical conditions to drive the
reaction in one or the other direction.

B METHODOLOGY

General. All calculations were performed using the DFT
code SIESTA." Exchange and correlation effects were taken
into account using the generalized gradient approximation
within the Perdew—Burke—Ernzerhof (PBE) functional.'?
Norm-conserving pseudopotentials (with relativistic corrections
in the case of Au) §enerated according to the scheme of
Troulliet and Martins '* were used. The separation between
the periodic images was maintained at 15 A in all directions to
ensure there was no interaction betweem them. The
calculations were performed using the I" point of the Brillouin
zone and a double { basis set with polarization. Other relevant
parameters for the quality of the calculations are the energy
shift used to confine the electrons in the pseudoatomic orbitals
(0.01 eV) and the energy cutoff that defines the grid used to
represent the charge density (200 Ry). We took care to test
convergence of our results with respect to all these parameters.
Geometry optimizations were performed using the conjugate
gradient (CG) algorithm until a maximum force of 0.01 eV A™
was reached.

Initial Structures and Mechanical Stretching of the
Molecular Junction. The initial structures were built on the
assumption that the molecular wires are formed using the
“STM/AFM—break junction” technique as implemented by
Tao and co-workers,"> Venkataraman and co—workers,16 and
Wandlowski and co-workers.'” Initially, a mechanical contact is
established between the tip and the surface (both Au). Upon
retraction, a metallic neck bridges the gap between the tip and
the surface, which at some point turns into a monatomic
metallic wire identified by its characteristic signature of 1 G,
conductance (where G, = 2e*/h = 7.748 X 107> Q7' is the
quantized unit of electrical conductance). When the external
stress reaches the breaking point for the gold wire, the
molecules establish a bridge between the tip and the surface.
Experimental and theoretical work has shown that the
monatomic Au wire can be of up to 4 atoms long.'®'® The
maximum stretching for such a wire leads to a structure in
which the Au—Au distance is 2.88 A,*° leaving a gap of ~8.6 A.
This is the initial point for our simulations, in which we model
the molecular junction formed by a 4,4’-biphenyl dithiol with a
disulfide bridge between the 2 and 2’ atoms (SH-Ox) using two
23-atom clusters as contacts. The Au pyramids were obtained
from a Au(111) slab by taking 12, 7, and 3 atoms from

consecutive layers. The atom in the apex of the pyramid was
placed at an adatom site. We have considered two different
possible geometries for the SH-Ox molecule bonded to the Au
clusters that we have called “cis” (Au-S-Ox-cis) and “trans”
(Au-S-Ox-trans). In the “cis” geometry, both terminal thiol
groups are appended to the gold clusters on the same side,
whereas in the “trans” geometry, the thiol groups are appended
on opposite sides of the gold clusters. These are illustrated in
Figure 1.

We are aware that competition between 4,4’ and 2,2" sulfur
atoms for binding to gold electrodes is likely to exist. This
would certainly lead to different junctions with different
properties than those studied here. Nonetheless, using the
appropriate experimental conditions it should be possible to
minimize this competition, as has been shown to be the case for
the adsorption of cysteine and cystine on Au(111).*'

To relieve the stress of the molecular junction that might
arise from the particular choice of the initial geometries, we
performed a stretching of the molecular nanojunction. A
COGEF (constrained geometries simulate an external force)
approach was used to model the external pulling force of an
AFM tip.”* This was accomplished by constraining the most
external planes of gold atoms in each cluster to be fixed at their
bulk positions. The distance between these two planes was
increased in a stepwise fashion in increments of 0.1 A, and the
entire system was allowed to relax at each step with the
aforementioned constraints. This procedure was continued
until the rupture of the molecular junction was observed. This
allowed us to determine the mechanical properties of the
nanojuctions, which were evaluated from the binding energies,
Ey, and rupture forces, F,, obtained from an energy profile
upon stretching of the nanojuntion. The energy profiles were
fitted with an appropriate Chevyshev polynomial. The force at
each point was obtained as the derivative of the fitted energy
curve.

Reduction Reactions. The thermodynamics of the
reduction reactions on both sulfur sites (anchoring and
disulfide bridge) were studied. The first minima from the
stretching energy profiles for the oxidized species (Au-S-Ox
“cis” and “trans”) were taken, and hydrogen atoms were added
at suitable positions close to the sulfur atoms of either the
anchoring sites or the disulfide bridge. Geometry optimization
with the aforementioned constraints was performed for each
structure. This procedure emulates an electrochemical reduc-
tion process in which potential control would allow the
controlled reduction of the molecules.

Conductance Calculations. The current flowing through
the molecule coupled to two electron reservoirs (leads) was
calculated by means of an in-house code based on the non-
equilibrium Green function operator (NEGFC).>® The details
about the implementation of the code and its use to calculate
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Figure 2. Mechanochemical behavior of Au-S-Ox-cis. Left panel: Energy and force profiles for the stretching of the nanojunction. Right panel:

Selected structures along the stretching simulation.

the transport properties of 1,8-octanedithiol sandwiched
between a gold surface and a gold tip can be found elsewhere.**
In this work the electronic structure of selected configurations
along the stretching profiles were determined using the SIESTA
Hamiltonian. All “s”, “p”, and “d” pseudo orbitals for Au are
considered to be equally coupled to the leads through the
parameter y. In the present work a total of 24 leads were used
to contact the Au atoms laying in the outermost planes of the
clusters. The fitting procedure for the y parameter, as described
in ref 24, was used, yielding a value of —2.82 eV, which was
used throughout the calculations (refer to Figures S1 and S2 in
the Supporting Information).

B RESULTS

Mechanical Stretching of the Molecular Junction.
“Cis” and “trans” geometries gave identical results with respect
to the energy profile while stretching the nanojunction. The
typical mechanochemical behavior of these systems is illustrated
in the upper plot in the left panel of Figure 2. A sawtoothlike
curve with three well-defined minima along the stretching curve
is observed. At the final stage, the rupture of the nanojunctions
occurs at a S—Au bond.

Bonding energies (E,) and rupture forces (Fmp)
from the energy profiles are summarized in Table 1. E, values
are defined as the energy difference between the minimum
structure for the step that leads to the breakage of the
nanojunction and the “broken” structure. Likewise, the F,
values are obtained as the maximum value from the force
profile for the rupture step.

obtained

Table 1. Mechanical Properties of the Systems Studied in
This Work Characterized by Their Bonding Energies (E,)
and Rupture Forces (F,,,)

system E, (eV) Fp (nN)
Au-S-Ox-cis 1.53¢ 1.86°
Au-S-Ox-trans 1.50% 1.94%

“Taken as the energy difference between structures III and IV as
illustrated in Figure 2. bMaximum value along the stretching
simulation between structures III and IV as illustrated in Figure 2.

Reduction Reactions. The reduction of the disulfide
bridge would allow us to modify the torsion angle between the
aromatic rings in the biphenyl structure, and thus it would have
an impact on the transport properties of the molecular wire.
The thermodynamics of this reaction was studied along with its
competing, and in principle undesirable, side reaction which is
the reduction of the anchoring sulfur atoms.

The corresponding energy changes, AU, for the reduction
of the structure corresponding to the first energy minimum
encountered along the stretching of Au-S-Ox “cis” and “trans”
were calculated as given by eq 1, where R is the fully oxidized
species and Py and Py are the products that result from
reducing the terminal or anchoring sulfur atoms and the
disulfide bridge, respectively. This is illustrated in Figure 3. The
corresponding reduction potentials, E,4, were then approxi-
mated according to eq 2, where n is the number of electrons
transferred in the reaction (n = 2 for the reations studied here)
and e is the charge of an electron. The calculated E, 4 values are
relative to the standard hydrogen electrode (SHE). Table 2
summarizes the calculated values for AU, 4 and E, .

AUy = E(PT or PB) — E(R) — E(HZ) (1)

Ered = _A[]red/ne (2)

Conductance Calculations. Conductance values at zero
bias were calculated for the first energy minimum along the
stretching simulations for Au-S-Ox “cis” and “trans” as well as
for the reduced products on the disulfide bridge and on the

anchoring sulfur atoms. The results are summarized in Table 3.

B DISCUSSION

Electronic Structure and Bonding. The results obtained
from the stretching of the molecular nanojunctions show that
the proposed system has mechanical properties similar to those
of other thiolate—gold nanojunctions. Bonding energies of ~1.5
eV for thiolate-bonded systems are in good agreement with
calculated values for thiol and thiolate adsorption on
Au(111).27% Rupture forces of ~1.9 nN are also in excellent
agreement with other calculated values from isotensional
stretching of a octanedithiol/ate—gold nanojunction.m’32

A detailed account of the mechanochemical properties of this
system and for similar systems in which the molecule is subject

dx.doi.org/10.1021/jp4046963 | J. Phys. Chem. C XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry C
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bridge (PB)

Figure 3. Illustrative example for the reactant and products of the reduction of sulfur atoms in the Au-S-Ox-cis system stretched at 0.4 A.

Table 2. Thermodynamic Quantities for the Reduction of
Bridge and Anchoring Sulfur Atoms of Au-S-Ox-cis and Au-
S-Ox-trans and Reduction Potentials Relative to the SHE for
These Reactions

AUred AI-]rec] red (bndge)
(bridge)  (terminal) E,q4 (bn (termmal) vs  E,q (terminal)
(ev (eV) vs HRE HRE (V) A%
Au-S-Ox-cis”
—0.426 0.163 +0.213 —0.082 0.295
Au-S-Ox-trans®
—0.384 0.266 +0.192 —0.133 0.325

Structure for the reactant taken from the stretching path at 0.4 A.
bStructure for the reactant taken from the stretching path at 0.2 A.

Table 3. Conductance Values in Units of G, and Dihedral
Angle between the Aromatic Rings for Au-S-Ox, Au-S-Red,
and Au-SH-Ox “cis” and “trans”

reduced at disulfide
bridge (Pg)

Reduced at terminal

reactant (R) sulfur atoms (Pr)

dihedral dihedral dihedral
angle (deg) G/G, angle (deg) G/G, angle (deg) G/G,
Au-S-Ox-cis”
25.5 0.046 54.7 0.021 323 0.0025
Au-S-Ox-trans”
33.5 0.042 68.1 0.0063 30.8 0.0081

“Structure for the reactant taken from the stretching path at 0.4 A.
bStructure for the reactant taken from the stretching path at 0.2 A.

to different degrees of reduction on the sulfur atoms will be the
subject of a future contribution. For the purpose of this work,
we will now focus on the first minimum encountered along the
stretching profile (structures labeled as I in Figure 2 for Au-S-
Ox-cis and in Figure S3 of the Supporting Information for Au-
S-Ox-trans).

To gain insight into the nature of the chemical bonding of
the molecule to the gold clusters, we performed an analysis of
the charge density difference between the Au-S-Ox “cis” and
“trans” systems and the combined isolated Au clusters and
molecular radicals. Figure 4 shows the calculated isosurface for

Figure 4. Calculated isosurface (at an isovalue of 0.005 e bohr™®) for
the differential charge density of Au-S-Ox-cis. Top and bottom panels
show two different views. Blue indicates a positive value (i.e., charge
accumulation) and red indicates a negative value (ie., charge
depletion).
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Table 4. Mulliken Population Analysis on the Sulfur Atoms, Charge Transferred from Gold Clusters to the Molecule and
Mulliken Overlap Population Analysis for Au—C and Au—S Interactions for Au-S-Ox “cis” ans “trans” (R) and Their Respective
Reduction Products on the Sulfur Terminal Atoms (Pr) and on the Disulfide Bridge (Pg)
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Egg (eV)” A charge (e Au/ molecule)? S terminal population® S bridge populationd MOP Au—S°¢ MOP Au—C'
Au-S-Ox-cis
R —2.00 +0.37/-0.37 6.32 6.12 0.22 0.10
Py —0.36 —0.24/+0.24 5.94 6.11 0.09 0.00
Py —2.08 +0.32/-0.32 6.34 5.92 0.20 0.10
Au-S-Ox-trans
R —=2.12 +0.35/-0.35 6.34 6.12 0.22 0.11
Pr —0.46 —0.28/+0.28 5.93 6.11 0.06 0.05
Py —-2.24 +0.33/-0.33 6.35 5.93 022 0.11

“Calculated as the energy difference between the optimized molecular junction and the combined fragments, gold clusters, and isolated molecule
without further relaxation. “Obtained by summing up the Mulliken charges for the gold clusters and molecule respectively. “Average value for
terminal S atoms. dAverage value for S atoms in disulfide bridge. “Obtained by summing up the MOP values between the terminal sulfur atoms and
all Au atoms in the cluster to which it is bonded. The values reported are the average for both terminal sulfur atoms in the molecule. ’Obtained by
summing up the MOP values between the carbon atoms in each ring and all Au atoms in the nearest cluster. The values reported are the average for

both aromatic rings.

Au-S-Ox-cis as an illustrative example (refer to Figure S4 in the
Supporting Information for the corresponding isosurface for
Au-S-Ox-trans). As can be observed, charge transfer occurs
from the gold clusters to the molecule. Mulliken population
analyses show that ~0.4 e is being transferred (see Table 4),
where e is the magnitude of the charge of an electron. Changes
of ca. 0.2 ¢ have been reported for experimental studies on thiol
chemisorption.*”** DFT calculations have also shown that a
charge transfer of ~0.14—0.17 e is typically transferred from the
surface to the molecule in the case of alkyl thiolates adsorbed
on Au(111) surfaces.’**’

As can be gathered from Figure 4, the charge density gain is
partially transferred from the anchoring sulfur to the carbon
backbone. This takes place through extended conjugation of 3p
S orbitals with the 7 system of the ring. This is demonstrated by
examining the projected DOS for the 3p orbitals of the
anchoring sulfur atoms and the 2p orbitals of the carbon atoms
to which they are directly bonded. Figure 5 illustrates this
bonding situation, where it can be observed that the PDOS of S
3p shares some peaks in common with both Au 5d and C 2p
orbitals.

Another interesting feature that emerges from the differential
charge density analysis illustrated in Figure 4 is that there is a
bonding interaction between the Au atoms in the apex of each
cluster with a carbon atom in each aromatic ring of the
molecule. This interaction was quantified by means of the
Mulliken overlap population (MOP) analysis,>® and the
corresponding values are summarized in Table 4 as MOP
Au—C. For comparison, MOP values for the interaction
between the terminal sulfur atoms and the gold clusters are
also summarized in Table 4.

Bonding interactions between Au and C are not as common
as Au—S interactions in nanojunctions, but they are not
unprecedented. Molecular species with an isocyanide function-
ality have been shown to bind to metallic surfaces through a
C—M bond® and even yield stable single-molecule junctions
with gold electrodes.***" Direct bonding of aromatic or
aliphatic hydrocarbons to gold, and its transport properties,
has been studied from a theoretical point of view for some
time,*”~* but it was not until recently that highly conducting
single-molecule junctions through direct Au—C contacts have
been achieved experimentally.***” Hydrocarbons can also
interact with metallic surfaces through weaker van der Waals

P
PDOS

Figure 5. PDOS analysis for Au-S-Ox-cis: (black) 3p orbital for S
terminal, (red) 2p orbital for C atom directly bonded to the terminal
S, and (blue) 5d orbital of Au directly bonded to the terminal S. The
PDOS curves corresponding to the C 2p and Au 5d orbitals have been
shifted in the horizontal axis for the sake of clarity.

interactions. This has been shown to be the case for polycyclic
aromatic hydrocarbons adsorbed onto a Au(111) surface by
means of DFT calculations employing semiempirical correc-
tions or a first-principles vdW-DF functional.** Nonspecific van
der Waals interactions between the molecule’s backbone and
the gold electrodes have been shown to play a key role in the
junction mechanics and its transport properties.49’5°

Reduction Reactions. As was noted in the case of their
mechanical properties, no substantial differences between “cis”
and “trans” configurations are predicted concerning their
behavior toward the reduction of the different sulfur sites.
Notably, the reduction on the disulfide bridge is more favorable
than that of the anchoring sulfur atoms. This is the desired
behavior for the application of the molecular wire as a switch.
Notice that the difference in reduction potential for both
reduction reactions is ~0.30 V. This turns into a 10" fold ratio
between equilibrium constants at room temperature, making it
possible to reduce selectively the disulfide bridge by choosing
adequate experimental conditions.

This difference in reactivity can be understood in terms of
the electronic structure analysis described above. The reduction
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of the terminal sulfur atoms implies that conjugation between
the 3p orbitals in the sulfur and the 2p orbitals in the adjacent
carbon is no longer possible. Although a similar interaction is
present for the disulfide bridge atoms with their adjacent
carbon atoms, their reduction does not break this interaction
because the disulfide bond is simultaneously broken. The
reduction of the terminal sulfur atoms partially hinders charge
transfer between the gold clusters and the molecule. As can be
gathered from the information provided in Table 4, the
magnitude of the charge transfer is diminished for the reduction
product on the terminal sulfur atoms with respect to the
reactant and the reduction product on the disulfide bridge.
Also, there is an inversion in the sense of charge transfer, i.e.,
for Pp, electrons flow from the molecule to the clusters,
whereas for R and Py, electrons flow from the cluster to the
molecule upon bonding. This bonding picture is supported by
the differential charge density analysis (refer to Figure 4 and
Figures SS and S6 in the Supporting Information).

Finally, the bonding Au—C interaction is lost upon reduction
of the sulfur terminal atoms. This is not the case for the
reduction of the disulfide bridge (compare the Au—C MOP
values in Table 4). This a consequence of a longer Au—S bond
for Py (~2.60 A) with respect to R and Py (~2.40 A).

All these effects add up to weaker bonding between the
molecule and the gold clusters when reduction at the terminal
sulfur atoms have taken place, which becomes evident by
comparing the fragmentation energies (Eg,,) summarized in
Table 4, leading to a product that is less stable than the
reduction at the disulfide bridge.

Transport Properties. It is worth noting that the calculated
values are in very good qualitative agreement with those
calculated by Mishchenko et al. for a series of biphenyl
structures with a variable length —CH,— bridge joining the
aromatic rings.7’9

As can be observed from the values reported in Table 3, the
conductance ratio between the oxidized species, which
represents the closed state in the molecular switch, is ~2-fold
for the “cis” geometry and ~6-fold for the “trans” geometry
higher that the corresponding opened species (Pg). The
structure reduced on the sulfur anchoring atoms shows an even
greater decrease in conductance. A similar decrease in
conductance at low bias values upon protonation of the sulfur
atoms has been reported for the thiophenol—Au nanojuntion.>

To gain further insight into how the electronic structure of
the nanojunction influences the transport properties, we
examined the transmission curves for the different species.
Figure 6 shows the corresponding transmission curves for the
Au-S-Ox-cis system in its oxidized form and for the reduction
products Py and Pp. As can be observed, the transport
properties for the closed (Figure 6a) and opened (Figure 6b)
species are dominated by the highest occupied molecular
orbital (HOMO) level. Figure 7 shows the calculated isosurface
for these molecular orbitals, which display a 7 symmetry. These
results are consistent with those found for other biphenyl
molecules bonded to Au metallic tips by means of a Au—S
bond.”” In these experimental and theoretical works the torsion
angle between the aromatic rings was fixed and controlled by
means of either a variable length methylene bridge or the steric
effect exerted by methyl groups at the 22" positions. Our
findings reported in this work indicate that the same off-
resonant charge transport dominated by a #—m coupling
mechanism operates for our proposed molecular structure.
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Figure 6. Transmission as a function of energy for Au-S-Ox-cis. The
vertical dashed line indicates the Fermi level (set at zero), whereas the
vertical dotted lines indicate the position of the HOMO (at negative
energies) and the LUMO (at positive energies). The dashed red curves
are the fitting of the resonance peak closest to the Fermi level to eq 3.
(a) Oxidized species. (b) Reduced species at the disulfide bridge. (c)
Species reduced at the terminal sulfur atoms.

As can also be gathered from Figure 6, the higher
conductance of the closed species with respect to the opened
one can be attributed to the HOMO level being closer to the
Fermi level of the nanojunction (refer to the values summarized
in the second column in Table S). As for the biphenyl
molecules studied by Mishchenko et al,” a splitting of the
HOMO into symmetrical and antisymmetrical orbitals is
observed. As was also noted in that work, this splitting is
reduced with the increasing of the torsion angle between the
rings. At the limiting case for ¢ = 90°, these two energy levels
are degenerate.

On the other hand, the transport properties of the species
reduced at the terminal sulfur atoms is dominated by the lowest
unoccupied molecular orbital (LUMO), and its lower
conductance can be attributed to the combination of two
effects: on one side, the LUMO orbital is at even higher
energies from the Fermi level and, on the other side, to a
weaker coupling of the molecule to the metallic leads as can be
inferred from the width of the dominating peak in the
transmission curve shown in Figure 6¢. In order to quantify, at
least in an approximate way, this difference in coupling of the
molecule to the gold leads, we fitted the resonance of the
transmission curves closer to the Fermi level to a simple
Lorentzian model (eq 3).** This model is characterized by the
energy of orbital (&) responsible for the transmission peak and
the coupling of the molecule to the metallic leads (we have
assumed a symmetrical junction and hence the coupling to both
leads is equal to I'). The parameters obtained from the fitting
procedure are summarized in Table S.

/4
(E — &) +T7%/4 (3)

T(E) =

The I' values obtained for our system are in good qualitative
agreement with those reported for other biphenyl systems’ and
for benzene dithiol bonded to gold leads.>* Nevertheless, these
values should be regarded only as approximate measures of the
coupling constants. Indeed, the high I" value obtained for the
reduced product at the terminal sulfur atoms for the “trans”
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HOMO

LUMO

Figure 7. Calculated isosurfaces (0.05 e/A*) for the HOMO and LUMO orbitals for the Au-S-Ox-cis system and the reduction products. For the
oxidized species (R) and the products of reducing the disulfide bridge, only the antisymmetrical orbital is shown.

Table 5. Energies of the HOMO and LUMO Orbitals and
Parameters €, and I' Obtained by Fitting the DFT-Based
Transmission Curves to the Lorentzian Model for Au-S-Ox
“cis” ans “trans” and Their Respective Reduction Products

EHOMO _) aEFemﬂ €LumMo — Epermi €0~ Epermi

(ev (ev) (ev) (eV)
Au-S-Ox-cis
R —0.65/-0.23 +1.82 —-0.25 0.16
Py —0.48/-0.30 +2.61 —-0.32 0.18
Pr -1.61 +0.81 +0.81 0.07
Au-S-Ox-trans
R —0.63/-0.22 +1.74 —-0.27 0.16
Py —0.36/-0.32 +1.81 —-0.35 0.18
Py —1.81 +0.49 +0.55 0.28

“For species R and Py, the two values reported are the symmetrical
(left) and asymmetrical (right) orbitals for the HOMO doublet.

geometry can be related to more than one orbital contributing
to the dominating transmission peak, and hence the use of a
single-level model might not be justified in this case (see Figure
S7 in the Supporting Information).

In summary, all these data show that our proposed molecular
switch displays transport properties similar to those of other
biphenyl systems studied from an experimental and a
theoretical point of view.

B CONCLUSIONS

In this work we have shown that the system proposed has the
potential to work as a reversible molecular switch. It presents
adequate mechanical properties when bonded to gold electro-
des, and it would be possible to adjust the conditions to reduce
the switching functionality without affecting the anchoring
groups. The ratio between high and low conducting species is
~2—6 times. Although this is an entirely theoretical work, we
hope that it could serve as an inspiration for experimentalist
groups to design experiments to test these findings.
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