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We investigate theoretically the switching behavior of a dithiolated phenylene-vinylene oligomer sandwiched
between Au(111) electrodes using self-interaction corrected density-functional theory combined with the
nonequilibrium Green’s-function method for quantum transport. The molecule presents a configurational
bistability, which can be exploited in constructing molecular memories, switches, and sensors. We find that
protonation of the terminating thiol groups is at the origin of the change in conductance. H bonding at the thiol
group weakens the S-Au bond and reduces by about one order of magnitude the transmission coefficient at
the Fermi level, and thus the linear response conductance. Furthermore, protonation downshifts in energy the
position of the highest occupied molecular orbital, so that the current of the protonated species is lower than
that of the unprotonated one along the entire bias range investigated, from −1.5 to 1.5 V. A second protonation
at the opposite thiol group has only minor effects and no further drastic reduction in transmission takes place.
Our results allow us to re-interpret the experimental data originally attributing the conductance reduction to
H dissociation.
DOI: 10.1103/PhysRevB.88.085438
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I. INTRODUCTION

Molecular electronics has gained significant interest over
the last decade, and it is now considered as one of the
potential strategies to integrate and/or replace conventional
metal-oxide-semiconductor based electronics.1,2 Potentially
organic molecules have many advantages over inorganic semiconductors. For instance they are cheap and can be processed
in large quantities with low-temperature chemical methods
instead of the expensive high-temperature techniques used
in the conventional semiconductor industry. Molecules are
available in an extremely wide range of chemical compositions
and geometrical configurations and their properties can be
changed dramatically by minor chemical substitutions. As
such organic compounds form a versatile toolbox where the
desired electronic properties can be engineered. Furthermore
the ability of molecules to self-assemble makes them good
candidates for applications where large interconnectivity is
needed.3 Finally, the electronic properties of molecules can be
manipulated by acting on multiple degrees of freedom such as
the geometry,4 the spin,5 and the charging state.6 It is then not
surprising that a multitude of conventional electronic devices
already has been demonstrated at the molecular level. This
includes molecular switches, rectifiers and transistors.7–9
A crucial issue with molecular electronics is that, despite
the fact that molecules can be produced identical with
extremely high yield, molecular devices are characterized
by a much lower reproducibility. This is often so extreme
that breaking junctions, where large statistics are collated,
appear as the only way to extract general properties from a
transport experiment.10 The low reproducibility is associated
with the difficulties of forming electrical contact between the
molecules and the electrodes.11 The relatively weak bonds
and the fact that often there is a multitude of absorption sites
and geometries with rather close binding energies12 makes it
difficult to form many identical junctions, even if the growing
1098-0121/2013/88(8)/085438(9)

conditions are very stable. Although progresses have been
made in the optimization of the molecule to electrodes bond,13
it is extremely unlikely that molecular junctions will ever reach
the fidelity needed for ultradense mainstream logic. However,
such high fidelity is not needed for bio-inspired computational
protocols based on connectivity and junction bistability.14
Furthermore, when such bistability is produced by some
type of chemical reaction, molecular junctions become an
interesting technological platform for chemical sensing.15
There are therefore many different reasons to study molecular junctions that can be switched on and off by either the interaction with other molecules or with an electric current.4,16–18 In
general there are two possible ways of generating a switchable
device. One can start from a molecule presenting intrinsic
bistability, where the two configurations are accessible by an
external stimulus (for instance light), sandwiched between two
electrodes. If the bistability is preserved and the molecule can
be switched in the junction, usually the two configurations
can be associated to two different I -V characteristics.19,20 A
second option is to start from a stable molecule, which develops
bistability when incorporated in the junction.21 Such acquired
bistability can be related to geometry changes internal to the
molecule22,23 or to the molecule-electrode bond.24 Often these
two possibilities are difficult to distinguish from each other,
since the only evidence at hand is a change in conductance,
and one has to rely on theoretical modeling.
In this work we explore one such switchable molecule,
namely a dithiolated phenylenevinylene oligomere (opv3)
sandwiched between gold electrodes. It has been demonstrated
experimentally by Danilov et al. that opv3 can switch between
a high (on) and a low (off) conductive state.24 The mechanism
for the switch was attributed to the protonation/de-protonation
of the thiol groups linking the molecule to the electrodes.
In particular the low conductance state was attributed to
the protonated species (thiolate) and the high conductance
state to the deprotonated species (thiol). However, theoretical
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calculations for the simpler benzene molecule attached to
Au electrodes through either thiol or thiolate show a more
complex situation, where the actual zero-bias conductance
depends on the specific absorption site.25 For this reason we
have reviewed the mechanism proposed by Danilov et al. and
found that the situation is actually reversed, i.e., the off state
must be attributed to the thiol and the on state to the thiolate.
The paper is organized as follows. In Sec. II we briefly
describe our computational scheme, we detail the various
parameters used for the calculations, and we illustrate the
geometries employed for the simulation cells. Then the results
are presented in Sec. III together with a discussion. In
particular we analyze the current voltage, I -V , curves in terms
of the bias-dependent transmission spectrum, for two possible
internal configurations of opv3. Finally we conclude.
II. COMPUTATIONAL METHODS

Two terminal devices with opv3 are constructed using a
supercell geometry where oligophenyleneviylene derivates are
embedded in the gap between two Au(111) surfaces, each
consisting of five atomic layers. In the plane orthogonal to the
transport the Au(111) surface is constructed with a 3 × 3 cell
resulting in nine gold atoms per atomic layer, and supercells
containing in total 130, 131, and 132 atoms for opv3, opv3H,
and opv32H, respectively. As periodic boundary conditions
are applied in the plane, the structure corresponds to 1/9 opv3
monolayer coverage, a molecular density, which guarantees
that molecules residing in neighboring periodic cells do not
interact with each other. In order to establish the relaxed
geometries we use a two-step process. In the first step we
attach the molecule to two layers of Au on each side, include
enough vacuum along the transport axis so that the thin Au
slabs can move independently, and allow all atoms to relax.
Afterwards a third Au layer is added on each side and the
atoms (besides those in the third layers) are relaxed again.
The geometries of all the oligophenyleneviylene derivatives
on gold are optimized by using the density functional theory
(DFT) conjugate gradient method as implemented in the
SIESTA package.26 The Brillouin zone is sampled with a 3 × 3
Monkhorst-Pack k mesh in the plane of the surface, while the
conjugate gradient procedure is considered converged when
the forces are smaller than 0.02 eV/Å. The distance between
the electrodes is optimized by relaxing the cells containing the
different molecules as a function of the electrode separation.
Thus we obtain equilibrium distances of 23, 23.6, and 23.6 Å,
respectively, for opv3 attached to the electrodes by two thiol
groups, by one thiol and one thioloate group, and by two
thiolate groups.
The density matrix and all the operators are expanded
over a numerical atomic orbitals basis set as defined in the
SIESTA DFT code.27 Here S, C, and H are described by a
double-ζ polarized basis set. For Au the same basis is used
for the geometrical relaxation, while a single-ζ polarized
basis is employed for the transport calculations. The cutoff
radii of the basis are assigned by imposing a global energy
shift of 30 meV.26 The core electrons of all the atoms
involved are described by norm conserving pseudopotentials
generated with the Troullier and Martin scheme28 including
scalar relativistic corrections and written in a fully separable

form.29 The real-space grid cutoff has a corresponding cutoff
energy of 600 Ry. The local density approximation (LDA)
as parametrized by Ceperley and Alder30 is employed for
the exchange-correlation energy. However, in order to better
reproduce the molecule gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), we have also performed calculations
where self-interaction corrections (SICs) are included. In
particular we use the atomic approximation with screening
parameter α = 1.31 The SIC corrects only occupied states,
whereas its effect on empty states is not well defined. For the
HOMO eigenvalues the removal of the self-interaction error
results in a lowering of the energy. Such corrections improve
also the level alignment of the junction and have been proved
multiple times to provide a better agreement between transport
experiments and theory.25,32,33
Electron transport calculations are performed at the optimized geometries using the nonequilibrium Green’s-function
approach as implemented in the SMEAGOL package.34 Since
SMEAGOL interfaces directly with SIESTA, which provides the
DFT platform for the method, the same convergence criteria
used for the electronic structure calculations (basis set, grid
cutoff, etc.) are also employed for the transport. The nonlinear
current through the junction is calculated using the Landauer
formula

G0 ∞
I (V ) =
T (E; V )[f (E − μL )−f (E − μR )] dE, (1)
e −∞
where G0 = 2e2 / h is the quantum conductance and μL
(μR ) is electrochemical potential of the left-hand (right-hand)
electrode. Moreover, V is the bias potential, which is applied
symmetrically to the electrodes, i.e., μL/R = EF ± eV /2,
where EF is the Fermi energy of the electrodes. Since f (x)
is the Fermi-Dirac distribution, Eq. (1) essentially establishes
that the current at the voltage V is simply the integral of
the V -dependent transmission coefficient, T (E; V ), over the
energy window defined by the chemical potentials of the two
electrodes, i.e., over the bias window.
Finally, in addition to the SIESTA convergence parameters a
few more need to be set for the transport calculations. Here,
the complex part of the integral leading to the charge density is
computed using 16 energy points on the complex semicircle,
16 points along the line parallel to the real axis, and 16 poles.
The integral over the real energies necessary at finite bias is
evaluated over at least 500 points.34 An electronic temperature
of 300 K is used for all calculations.
III. RESULTS AND DISCUSSION

A scheme of the device setups investigated in this work is
presented in Fig. 1. In particular we have defined and investigated three configurations, namely opv3, opv3H, and opv32H.
The first one refers to the phenylenevinylene oligomere
bounded to the Au surfaces only via thiol groups, while the
other two indicate that either one (opv3H) or two (opv32H)
protonations have occurred. In both cases the additional H
atom binds to the thiol site, thus transforming the ending group
from thiol to thiolate.
As the transport properties of a molecule may vary with the
contact geometry25 it is important to establish the most relevant

085438-2

HYDROGEN BONDING AS THE ORIGIN OF THE . . .

PHYSICAL REVIEW B 88, 085438 (2013)

T(E)

1

hollow
top
bridge

0.5

0
-3

-2

-1

0

1

2

3

E -E F (eV)

(a)

(b)

(c)

FIG. 1. (Color online) Schematic diagram of the devices investigated. These comprise various oligophenylenevinylene derivatives
sandwiched between Au electrodes. Here we label as (a) opv3,
(b) opv3H, and (c) opv32H, respectively, a oligophenylenevinylene
molecule including either no, one, or two thiolate groups. Color code:
blue = H, green = S, purple = C, and yellow = Au.

binding sites for the family of molecules under investigation.
Previous exact quantum chemistry calculations35 suggest that
the S atom of the thiol group can be located either at the
hollow or the top site of the gold surface. Theoretical work on
the bonding of thiolates to Au found other sites (such as bridge
sites) to be more favorable for some molecules.36,37 In particular, the binding to the hollow site has been shown to be energetically favorable when sp hybridization is at play. In this case the
surface(Au)-S-C angle is 180◦ .35,38 This is the starting binding
geometry adopted in our calculations (the geometries are then
optimized by the conjugate gradient method). The perpendicular distance between the S atom and the Au(111) surface plane
for opv3 is optimized to 2.4 Å. This becomes 3.1 Å when a

(a) cis−trans isomer

(b) trans−trans isomer
FIG. 2. (Color online) Schematic diagram of the two isomers of
opv3 studied: (a) cis-trans and (b) trans-trans. Color code: blue = H,
green = S, and purple = C.

FIG. 3. (Color online) Transmission coefficient for hollow (energetically most favorable), bridge, and top site contact geometries of
opv32H on Au(111).

proton attaches to one of the thiol groups forming the opv3H
molecule (note that the bond length for the remaining Au-thiol
bond elongates to 2.6 Å). Finally, when opv3 becomes doubly
protonated (opv32H) both distances become 3.3 Å. For all the
cases investigated we calculate the transport through both the
trans-trans and the cis-trans isomers, which are shown in Fig. 2,
although in general the two present rather similar transport
properties. While we find that the energetically most favorable
bonding site for opv32H is the hollow site, in general it is possible that the molecules bind at other sites. In order to elucidate
the influence of the bonding site on the transport properties,
we calculate the transmission across the trans-trans isomer of
opv32H for different bonding sites and find that the resulting
changes as compared to the hollow site are small (Fig. 3). We
therefore consider subsequently only the hollow site.
A. Linear-response transport properties

We start our analysis of the transport properties of this
class of molecules by presenting, in Fig. 4, the zero-bias
transmission coefficients as a function of energy, T (E; V =
0) = T (E), for the two opv3 isomers and their derivatives.
These have been obtained both at the LDA level and by
including the SIC. In general, we find a reduction of the transmission coefficient at the Fermi level, T (EF ), and hence of the
linear response conductance, with protonation regardless of the
isomer and the calculation method (see Table I for details). This
already demonstrates that protonation degrades the transport
properties of thiol-bonded phenylenevinylene oligomeres and
does not improve them as suggested originally.24
When the calculations are conducted at the LDA level
for all the molecules the transmission at the Fermi level is
through the tail of a peak located just below EF . The peak is
downshifted upon the application of the SIC, which returns
us a tunneling situation with no transmission peaks in the
immediate vicinity of EF . The magnitude of the SIC-induced
shift of the transmission peak, however, depends on the
protonation state of the molecule, being ∼0.5 eV for opv3,
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FIG. 4. (Color online) Zero-bias transmission coefficients T (E)
for the two isomers of the oligophenylenevinylene derivatives. Here
panels (a1 ), (a2 ), and (a3 ) refer to the trans-trans isomers of opv3,
opv3H, and opv32H, respectively, while panels (b1 ), (b2 ), and (b3 )
refer to their corresponding cis-trans isomers.

∼1 eV for opv3H and ∼2 eV for opv32H. Such different
shifts are expected from the SIC and will be explained later.
Let us now take a closer look at the effects of the protonation
by using first the LDA results. When the molecule is attached to
the Au surface with thiol groups only (opv3) the transmission
coefficient directly below EF is formed by a broad feature
approximately 1.8 eV wide and with an average transmission
of T ∼ 1. The feature is composed of four distinct peaks,
which overlap completely. A first protonation (opv3H) has
the effect of reducing the average transmission to about 0.7
and to separate both the highest and the lowest peak of the
four-peak structure. The separation occurs because of a general
reduction of the peak width and not because of an energy
shift. The second protonation (opv32H) continues this trend
and now one can clearly observe four separated peaks. This
essentially suggests that the main effect of the protonation is a
weakening of the electronic coupling between the molecule
TABLE I. Linear-response (zero-bias) conductance of all the
molecules investigated as calculated with LDA (GLDA ) and SIC
(GSIC ).
Molecule
opv3 trans-trans
opv3H trans-trans
opv32H trans-trans
opv3 cis-trans
opv3H cis-trans
opv32H cis-trans

GLDA (M −1 )

GSIC (M −1 )

7.82
3.71
5.27
6.82
2.63
1.73

0.27
0.06
0.06
0.19
0.04
0.02

and the electrodes, a feature which is consistent with the
increased Au-S bond length upon protonation.
In general, when the SIC is applied to the LDA Kohn-Sham
electronic spectrum the occupied states are downshifted in
energy to improve both the HOMO-LUMO gap31 and the level
alignment between the molecule and the electrodes.25,32,33 The
corrections scale with the occupation of the given state, so
that one expects a larger downshift for states with weaker
hybridization to the electrodes. For this reason in the SIC
results the first transmission peak is further away from EF
for opv32H and for opv3H than for opv3. As a consequence,
the relative conductance reduction upon protonation is more
significant for the SIC than for the LDA. A second interesting
feature of the SIC results is that there is essentially no
difference between the zero-bias conductance of opv3H and
opv32H, i.e., the molecule is sensitive only to the first
protonation, while a subsequent one has little effect. Note that
such insensitivity is perfectly met for the case of the trans-trans
isomer, while the conductance drops by a further factor 2 for
the cis-trans isomer. Note that the factor 2 is likely to be
washed out in an experimental situation by fluctuations in
either the molecule geometry, the binding structure with the
electrodes, or the solvent.39 When applying the SIC, however,
the unoccupied levels remain in every situation approximately
0.7 eV away from EF . While for the LDA the conductance
around EF is always dominated by the HOMO level, this
downshift results in an additional LUMO contribution for some
of the configurations (see Fig. 9 in the Appendix).
Finally, we mention that in the SIC calculations for opv3H
and opv32H also the LUMO levels experience a significant
energy downshift. This is a spurious effect originating from
the atomic approximation to the SIC used in this work, since
in principle one should not expect any corrections for the
unoccupied orbitals. In general, the spurious energy downshift
of the LUMO may result in an artificial contribution of the
LUMO to the conductance. This however is not the case here,
since the unoccupied levels remain in every situation at least
0.7 eV away from EF . As a consequence, the main result of
the conductance reduction with protonation remains valid.
A better understanding of the transport properties in the different protonation configurations can be achieved by looking
at the densities of state (DOS) of the molecules incorporated
in the junctions. In Fig. 5 we report the DOS projected on the S
and C atoms closer to the Au surface. This is presented only for
the trans-trans isomer for both LDA and SIC. Note that very
similar findings are obtained for the trans-cis configuration (not
reported here). In Fig. 5 we also replot T (E) so that a direct
correspondence between the transmission and DOS can be
established. The figure shows a clear correlation between the
DOS of the most external S and C atoms and the transmission.
In particular, we note that for the opv3 molecule the S
DOS shows a broadly distributed feature corresponding to
the energy region where the fourfold transmission structure
appears. The feature then fragments in separated peaks,
following the behavior of the transmission coefficient and
indicating a reduction in the electronic coupling between the
molecule and the electrodes. Additional information can be
extracted from the plot of the first two occupied molecular
orbitals responsible for the transport, presented in Fig. 6.
The figure shows the transmission eigenchannels40 originating
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FIG. 5. (Color online) DOS projected on the C (blue shadowed
area) and S (red shadowed area) atoms closest to the electrodes. For
a better understanding the transmission coefficient at zero bias is also
plotted as thin black line. Panels (a1 ), (a2 ), and (a3 ), respectively, refer
to opv3, opv3H, and opv32H calculated using the LDA. Panels (b1 ),
(b2 ), and (b3 ) are corresponding results calculated using the SIC.

from the left electrode. It can be seen that as opv3 is protonated
the π conjugation connecting the two electrodes across the
molecule is lost in favor of a situation with amplitude on the
phenylenevinylene units but little on the linking groups to
the electrodes.
The figure suggests that, as opv3 is protonated, the π
conjugation connecting the two electrodes across the molecule
is lost in favor of a situation where there is amplitude on
the phenylenevinylene units but little on the linking groups
to the electrodes. This confirms once again the reduction
of the electronic coupling between the molecule and the
electrodes upon protonation. The coupling strength is evident
from the full width at half maximum and the height of the
transmission peak. Indeed, adding two H atoms to the opv3
gives significantly different results as compared to the addition
of one H atom. For opv3H a large asymmetry is introduced
by the single H atom: The peaks are still broad but the height
is only about 0.5, which indicates that the coupling on the
unprotonated side is preserved, while on the protonated side it
is significantly reduced. When adding the H atom on both sides
the coupling is everywhere weak, which is reflected by much
sharper transmission and DOS peaks. The fact that the height
of the transmission peaks is approximately 1 also indicates
similar coupling strengths on both sides. Note that we only
sample one possible surface of Au, namely the (111) surface.
Moreover, we consider a perfectly flat surface, while the actual
surface in the experiment can be subject to significant disorder.
However, we expect the main result, that protonation leads
to a reduced conductance as compared to the unprotonated
molecule, to be robust for the different surface morphologies.

(b)

FIG. 6. (Color online) LDA isosurfaces of the transmission
eigenchannels, showing that the first two occupied molecular orbitals
contribute to the transmission. Panel (a) is for the HOMO−1 level
and (b) for the HOMO level.

To conclude the section we comment on the appropriateness
of using the SIC scheme for this transport calculation. In
Table II we report the experimental values for the ionization
potential (IP) and the electron affinity (EA) of opv3, together
with those calculated from LDA total-energy differences
TABLE II. Comparison between the experimental IP, EA, and
HOMO-LUMO gap (IP−EA) of opv3, calculated either as total
LDA energy differences, SCF-LDA, or from the SIC Kohn-Sham
eigenvalues. We report results for the SIC screening parameter, α,
being either 0 (corresponding to pure LDA), 1/2, or 1.

SCF-LDA
SIC (α = 0)
SIC (α = 1/2)
SIC (α = 1)
Experiment (Ref. 41)
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IP (eV)
5.7
3.7
3.9
4.3
5.1

EA (eV)
2.7
1.8
1.8
1.9
2.4

GAP (eV)
3.0
1.9
2.1
2.4
2.7

J. T. OBODO et al.

PHYSICAL REVIEW B 88, 085438 (2013)

between neutral and charged molecules (SCF-LDA), and
from the Kohn-Sham eigenvalues. In the latter case we have
performed calculations for the SIC screening parameter α
being either 1 or 1/2. In general, we find that the SIC
quasiparticle band structure reproduces relatively well the
HOMO-LUMO gap and the absolute position of the HOMO
level. In particular, when α = 1, the value used for the transport
calculations, the SIC quasiparticle spectrum underestimates
the experimental HOMO-LUMO gap by 0.3 eV and the IP
by 0.8 eV. Since the molecule HOMO can be interpreted in
DFT as the negative of the IP, one may conclude that even
the SIC HOMO is 0.8 eV higher than the experimental one.
This however describes the molecule in vacuum. When the
molecule is attached to metallic electrodes two main effects
need to be considered. On the one hand, charge redistribution
re-aligns the molecule energy levels with respect to the Fermi
energy of the electrodes, so that usually the HOMO for the
molecule in contact to the electrodes is higher than that in
vacuum. On the other hand, image charge effects, not described
at the level of local exchange and correlation functionals,
reduce the HOMO-LUMO gap of the molecule.42 The net
result is that usually the Kohn-Sham quasiparticle spectrum
calculated with SIC for the molecule attached to the electrodes
offers a good description of the system.12,25,33,43 Given the fact
that in this case the HOMO of the molecule, when calculated
with SIC, is at least 1 eV below EF , we can safely conclude that
the transport is going to be always tunnelinglike, regardless of
the particular molecule.

B. Finite-bias transport properties
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We now turn our attention to the finite bias transport
properties of opv3 under different protonation conditions. In
Fig. 7 we report the current-voltage characteristics, I -V , for all
the opv3 derivatives, calculated with both the LDA and SIC.
The first and most notable feature is that there is a significant
reduction of both the current and the conductance upon the
first opv3 protonation, while the second protonation produces
only a minor effect. The finite bias calculation thus confirms
the linear-response calculation that protonation reduces the
transmission of the molecule. However, in addition it adds

0
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FIG. 7. (Color online) Current and differential conductance (calculated numerically) for the oligophenylenevinylene derivatives as a
function of the bias voltage. The left panels, (a1 ) and (a2 ), refer to the
LDA and the right panels, (b1 ) and (b2 ), to the SIC.

the information that the reduction affects the rather large bias
window approximately from +1 V to −1 V.
Going into more detail and starting from the LDA results
(left panels), we observe that, although the current for opv3
is always larger than that for both opv3H and opv32H, this
is not true for the conductance at biases |V | > 1 V. In fact,
when the external voltage reaches that magnitude there is
a decreasing differential conductance for all the derivatives,
where this feature is sensibly more pronounced for opv3. As a
consequence, the conductance for opv3 becomes smaller than
for the two protonated derivatives, although the total current
remains larger for the unprotonated case. Interestingly, the
voltage at which the molecules present a decreasing differential
conductance is rather close to the voltage at which the devices
burn down in experiment.44 These fine details, however, are
set on top of rather smooth I -V curves, which do not show
any drastic change of slope or particularly significant gap.
Moving to the SIC I -V curves, the most notable difference
with respect to the LDA results is a drastic reduction of
the current over the entire bias window. This indeed is not
surprising and simply reflects both the larger HOMO-LUMO
gap calculated with the SIC and the downshift in energy of
the HOMO, which was discussed previously. The SIC I -V
curves are smooth. However, now they show a clear activated
region, i.e., a sudden change in slope as the bias exceeds a
critical value. In particular, we observe the onset of a rather
large current just before |V | ∼ 1 V, with the increase being
significantly more pronounced for opv3 than for opv3H and
opv32H. As a consequence, the differential conductance is
flat up to |V | ∼ 0.75 V and then increases rapidly. In the
case of the SIC there is no decreasing differential conductance
over the bias window investigated so that the conductance of
opv3 remains always larger than for the other two derivatives.
Finally, we point out that, by large, the I -V characteristics are
always symmetric with respect of the bias polarity, regardless
of the exchange and correlation functional used. The only
exception is encountered for opv3H, which shows a notable
asymmetry. This is due to the fact that the molecule is bounded
to the electrodes with two different anchoring groups at the two
sides, i.e., the junction does not have inversion symmetry.
Recalling that the current is nothing but the integral over
energy of T (E; V ), a more detailed understanding of the
various I -V curves can be obtained by looking at the bias
dependent transmission coefficients displayed in Fig. 8 for the
LDA and SIC. In the figure we report T (E; V ) for opv3 and
opv3H and for the following voltages (in V): −1.5, −1.0,
−0.5, 0, 0.5, 1.0, 1.5. We do not present data for opv32H,
since they are relatively similar to those of opv3H.
Let us start the analysis by looking at opv3 as calculated by
the LDA (left-hand side of Fig. 8). As reported before, when
V = 0 the Fermi level of the electrodes cuts through the tail of
the first peak in the HOMO multiplet and the conductance
is relatively large. Upon a moderate bias increase (|V | =
0.5 V, regardless of the bias polarity) there is a rearrangement
of the HOMO multiplet in such a way that no transmission
peak enters the bias window. This means that the molecular
energy level associated to the first conduction peak in the
HOMO multiplet shifts downwards in energy following the
lower of the two chemical potentials. In doing so the molecule
avoids charging45 and the conductance remains dominated
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FIG. 8. (Color online) Transmission coefficient as a function of energy, T (E; V ), for different bias voltages. We show results for opv3 and
opv3H as obtained with the LDA (left) and SIC (right). Panels from top to bottom correspond to the following bias voltages (in V): −1.5,
−1.0, −0.5, 0, 0.5, 1.0, 1.5. The red boxes mark the bias window. The integral of T (E; V ) over the bias window determines the current at that
particular voltage.

by the tail of the first transmission peak, the only part of
T (E) having spectral weight within the bias window. As
the bias further increases the highest energy HOMO peak
enters the bias window (for instance this is clearly visible
at −1.0 V). However, in doing so the peak height decreases
with the net effect of reducing the conductance, see Fig. 7(a2 ),
while the current keeps increasing, see Fig. 7(a1 ). This
indicates that the electronic coupling between the associated
molecular level and the electrodes has changed under bias.
The dynamical re-arrangement of the electronic coupling in a
closely spaced multiplet of atomic orbitals is the mechanism
for the decreasing differential conductance and it is rooted in
the rehybridization of the molecular orbital under bias.45
The case of opv3H is by large similar to that of opv3.
The molecular level associated to the first conduction peak
in the HOMO multiplet again shifts downwards in energy
following the lower of the two chemical potentials. This leads
to a slow increase in the current as the larger bias window is
counterbalanced by a loss in spectral weight within the window
itself. This time, however, the details of T (E; V ) depend on
the bias polarity, reflecting the asymmetry of the molecule. In
fact, while for V > 0 the first peak in the HOMO multiplet
shifts almost rigidly as the bias increases, for V < 0 the shift
is accompanied by a significant distortion in the T (E) profile.
This is seen clearly at −1.5 V, where we find that essentially
the two peaks have merged and are located almost entirely
within the bias window, explaining why the current at negative
bias voltage is slightly larger than at positive bias.

Finally we study the same T (E; V ) but now calculated
using the SIC; see the right-hand side of Fig. 8. Here the
situation is much simpler, since the HOMO-LUMO gap is
significantly larger than for the LDA and, at all voltages
investigated, the chemical potentials of the electrodes remain
far from any molecular level. This means that no state enters
the bias window and little level renormalization under bias is
induced. As such the I -V curves remain rather featureless,
since they are dominated by simple enlargement of the bias
window over a rather flat T (E; V ). The minor asymmetry in the
I -V curves is due to small differences in the binding geometry
of the molecule to the left and right electrodes. Still some
effects due to the asymmetry remain for the case of opv3, for
which we can observe a systematic reduction of the amplitude
of the first conductance peak as the bias window sweeps from
positive to negative.
IV. CONCLUSION

We have studied the switching behavior of opv3 and its
single and double protonated derivatives, opv3H and opv32H.
Our results show that the opv3 conducts approximately
an order of magnitude more efficiently than its protonated
variants. This contradicts the interpretation previously given,
in which it was the protonated form to present larger
conductance.24 Our results are demonstrated robust against the
choice of exchange and correlation functions and are consistent
regardless of whether the calculation is done with LDA or
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SIC. Also important is the fact that the same result obtained
for the linear-response conductance is carried on to finite bias
calculations, so that the opv3 form is more conductive over
a ∼3 eV bias range. Moreover, the difference between the
experimental24 ON/OFF ratio is significantly lower than what
we find under protonation. This is further evidence that the
switching mechanism is not a protonation reaction. We can
only speculate about the actual mechanism at this stage, e.g.,
reversible rearrangements of the bonding geometries of the
thiol groups.
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