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The conductance of a single molecule transport junction is investigated in the Landauer-Imry regime of coherent
tunneling transport. Utilizing aromatic systems with thiol end groups, we have calculated using density
functional theory the expected conductance of junctions containing molecules with different levels of
conjugation and of different lengths. The calculated variations in transport junction conductance are explained
in terms of the continuity of the conjugation path between leads. Molecular conjugation describes this continuity
within the molecule, and the interfacial terms (spectral densities or imaginary parts of the self-energy) describe
its continuity at the molecule/metal interface. We compare the results from junction conductance calculations
with isolated molecule electronic structure calculations These density functional theory calculations suggest
that for these dithiol molecules, transport occurs mostly through the occupied orbital manifold. The decay of
the transport with length is found to be exponential for poly-Ph dithiol molecules. We compare the calculated
conductance of conjugated aromatic molecules with their molecular orbital calculations and with the Green’s
function formulation and evaluate the relative significance of different factors (such as energetic alignment
and spectral density) that control the conductance of molecules.

Introduction
Exploring the use of individual molecules as active components in electronic devices is at the forefront of current
nanoelectronics research.1 Molecule-based devices have shown
interesting features such as molecular wire behavior, switching,
rectification, optical response, bistability, and mechanistic
change depending on the structure.2-10
Because of important early measurements,11-13 p-benzene
dithiol (PDT) has become a prototypical case for examining
transport in such junctions. Thiolated molecules on gold surfaces
comprise the majority of studied devices.14-19 These junctions
are relatively stable for reasonable measurement times and are
more likely to be formed reproducibly because of the strong
Au-S interaction.
Aromatic compounds are of special interest in molecular
transport. Their smaller highest occupied molecular orbitallowest unoccupied molecular orbital (HOMO-LUMO) gap and
functionalization capability make them attractive for potential
molecular electronics applications. Many research groups have
tried to understand alkane thiol/Au junction behavior,4,7,16,17,20-31
but systematic studies of aromatic thiols describing their general
structure/function behavior are fewer.20,32-37
The nonequilibrium Green’s function/density functional
theory (NEGF-DFT) approach has now become standard and
is utilized extensively to describe the behavior of different
molecular junctions.7,38-53 The detailed contact structure can
* To whom correspondence should be addressed. E-mail: ratner@
chem.northwestern.edu.
† Northwestern University.
‡ Niels Bohr Institute and Atomistix A/S.
§ Weizmann Institute of Science.

be influenced by many uncontrollable experimental factors and
stochastic events, producing data which cannot be precisely
reproduced.54-58 Using NEGF-DFT, we have shown21 that the
conductance of a molecule is highly sensitive to geometry and
can change by factors from roughly 2 to a few orders of
magnitude, depending on the interface structure. The latter
depends on the molecular component, the electrode type, and
the quality of the electrode surface (resulting from different
fabrication techniques). It is difficult to predict the behavior of
one molecule on a surface if the interface structure is unknown.59
Moreover, the molecular device structure under nonequilibrium
conditions remains undefined. Thus, it appears useful to study
systematically series of molecules and to compare their conductance behavior to elucidate trends in their intrinsic properties.
The conductance of a molecular junction results from
interplay among several factors. In the incoherent regime, these
include charge injection, leading to the generation of charge
carriers on the molecular wire, and charge transport along the
wire.60-65 In the coherent regime, it is difficult to separate these
factors since charge does not physically reside on the molecule.
Factors such as the energy gap for injection, the spectral density
coupling molecule and electrode, and the molecular electronic
structure combine to determine the conductance. In this regime,
it is instructive to describe the conductance of a molecular
junction in terms of the continuity of the conduction pathway.
The conduction pathway for coherent motion of charge is
comprised of three segments: the intramolecular segment and
the two molecule-electrode interface ones. To achieve efficient
conductance, strong electronic coupling among the three segments should be achieved. Such coupling is provided by close
energetic lineup of the molecular states with the electrode Fermi
energy (small injection gap) and by substantial orbital overlap
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between the structural units within the molecule (conjugation)
and between the molecule and the electrodes (spectral density).
Lower conductance can result from obstacles in the coherent
charge propagation pathway, for example, broken conjugation
or lack of strong electronic coupling at the molecule-electrode
interface.35,66 The degree of orbital overlap at the moleculeelectrode interface depends both on the structure of the interface
and on the orbital density distribution on the molecular contact
atoms. While the interface structure may fluctuate significantly
depending on the device and the experimental conditions, the
orbital density on the end groups is an intrinsic feature of a
molecule that does not depend on the device, experimental
conditions, or interfacial structure.
The extent of the coupling at the interface can be obtained
from the Green’s function of the system. The low-voltage
molecular junction conductance, g, depends quadratically on
the Green’s function according to

g(E) ∝ Γ1ΓN | G1Nr(E) |2

(1)

where Γ1 and ΓN are the spectral densities (broadening) at the
two electrodes, respectively, and together with the retarded
Green’s function, G1Nr, contain all the relevant information
needed to determine the conductance. In a simple orbital
presentation67 for the wide band limit, the qualitative dependence
of Green’s function element between atomic orbital i (perhaps
on the left sulfur) and orbital j (perhaps on the right sulfur) is
given by the approximate result

Gijr (E) ≈

CiµCjµ

∑µ E - 

µ

- iΓµ

(2)

where Ciµ and Cjµ are the molecular orbital (MO) coefficients
of atomic orbital (AO) i in MO µ, eµ is the MO energy
eigenvalue, and Γµ is the broadening of the MO because of
electrode coupling. In the gap (where the measured and
calculated conductance occurs), |Gijr|2 may be dominated by
the term

|Gij (E)|eff ≈
r

2

Ciµ2Cjµ2
(E - µ)2 + Γµ2

(3)

for the µ frontier molecular orbital. Thus, the factors that account
for the conductance of a molecule, the energetic alignment of
the molecule and the electrode, and the interface overlap
combine to determine the value of |Gij|eff2. The energy gap factor
is taken into account in the denominator of |Gij|eff2, and the
density at the molecule-electrode interface is considered in the
numerator. For good conduction, |Gij|eff2 should be large,
requiring either µ ∼ E (near resonance injection) or a large
CiµCjµ orbital coefficient on the end groups (interface overlap)
or both. Accordingly, the energy gap term (E - µ)-2 will permit
significant contribution to the value of |Gij|eff2 only around the
Fermi energy, for example, for the frontier molecular orbitals.
While the energy gap usually follows closely the molecular
conjugation level (smaller gap for molecules with extended
conjugation), the magnitude of the orbital coefficients on the
end groups is less straightforward to predict.
Here, we report results of I-V calculations and quantum
chemical calculations on a series of thiolated aromatic compounds attached to Au. These results show that both the degree
of conjugation68-70 and the orbital density on the molecular end

Figure 1. The isolated molecule structures of polyphenyls as optimized
at the B3LYP/6-31G* level of theory. 1,4-Benzene dithiol (PDT), [1,1′biphenyl]-4,4′-dithiol (BP), [1,1′:4′,1′′-terphenyl]-4,4′′-dithiol (TP), and
[1,1′:4′,1′′:4′′,1′′′-quaterphenyl]-4,4′′′-dithiol (TeP).

groups are key factors in achieving higher conductance because
of continuous charge propagation through the junction.
Computational Approach
The nonequilibrium Green’s function/density functional
theory (NEGF-DFT) approach has now become standard and
is utilized extensively to describe and predict the behavior of
different molecular junctions.7,38-41,43,47-53,71-73 While other
approaches, including those based on the Lippman-Schwinger
scattering method for the molecule itself coupled with the jellium
representation of the electrodes,74-76 on Hartree-Fock type
methods,77,78 or on analytic forms for the self-energies,79,80 are
also used, the NEGF formulation has an inherent elegance and
generality, which makes it an attractive way to approach these
issues. Details about the NEGF formalism with its advantages
and applications to electronic transport are described elsewhere.7,38-40,43,46-48 We used the TranSIESTA-C (TSC) program
package38,47,81 to study the transport properties of two-probe
systems comprised of aromatic compounds. This program
combines density functional theory (DFT) with the nonequilibrium Green’s function formalism (NEGF) to simulate the
electronic transport in single molecule devices under nonequilibrium conditions. In TSC, a molecule is embedded in a unit
cell with periodic boundary conditions (the extended molecule).
The model system for the transport calculation is comprised of
three parts: the left electrode, the scattering region, and the right
electrode. The extended molecule (scattering region) contains
the optimized molecule together with 45 gold atoms,18 of the
left (two 3 × 3 layers of Au surfaces) and 27 of the right
electrode (three 3 × 3 layers). This is the unit cell, where the
difference in the number of atoms of each electrode is necessary
to maintain the periodicity of the system.82 We used the LDAPZ83 exchange/correlation functional with the DZP basis set on
the molecules and with SZP (5d,6s,6p) basis set84 on the Au
cluster of the extended molecules as implemented in TSC. The
geometries of the isolated molecules were optimized in Gaussian0385 using the B3LYP hybrid exchange/correlation functional,86,87 with the 6-31G* basis set,88 and were then used for
the coherent transport calculations (Figure 1). Utilizing this
computational scheme for the transmission coefficient and the
current (limit of elastic scattering), we assume that the initial
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Figure 3. Equilibrium transmission versus energy characteristics of
the Au/poly-Ph/Au junctions. The transmission peaks energies are
relative to the metal Fermi level position, which is taken as zero.

Figure 2. The isolated molecule structures of fused aromatic molecules
as optimized at the B3LYP/6-31G* level of theory. Phenanthrene dithiol
(BP1), pyrene dithiol (BP2), Ph-phenanthrene dithiol (TP1), dibenz[a,h]anthracene dithiol (trans-TP2), picene dithiol (cis-TP2), naphtho[2,1-a]pyrene dithiol (TP3), and peropyrene dithiol (TP4).

dithiol loses both hydrogen atoms upon interaction with the gold
surface. The thiol ends were positioned in the FCC (threefold)
site of Au(1,1,1) surface in a distance of 1.905 Å from the
surface on the basis of previously reported studies of dithiol
molecules in gold junctions.21,66 Orbital coefficient values were
derived from the natural population analysis (NPA)89 calculated
at the same level of theory as the geometry optimizations using
Gaussian03.
Results
The p-benzene dithiol molecule (PDT) has already been
extensively studied both experimentally and computationally by
various groups using different methods.11,26,34,43,49,66,70,73,90-112
It is mostly agreed that PDT is a hole type conductor and that
the occupied orbitals responsible for the conduction have high
amplitude on the sulfur atoms. Transiesta-C results (conductance
of 0.6g0) were roughly consistent with other coherent transport

codes (range from 10-2 to 5 × 10-1 g034,43,73,93,113) and agree
with some of the experimental measurements describing the
PDT molecule (ranging from 4 × 10-5 g0 to 1.1 × 10-2 g011,90).
These variations in both experiment and theory arise partially
from assumptions regarding the crystallographic orientation of
the electrodes and the bonding site, length, and angle of the
molecule relative to the metal lattice; these are estimated in the
theoretical calculations and cannot be verified in the experiments. We have discussed the variations in the measured
conductance values of PDT in terms of structural fluctuations
at the electrode-molecule interface.21 Errors due to use of static
DFT methods are almost certainly present: while DFT methods
are attractive in an NEGF context, there is no persuasive
theoretical argument114,115 or decent computational demonstration that these electronic structure methods are optimal or
accurate. Xiao et al.’s work90 using electrochemical break
junctions demonstrates the variation among measurements
because of changes in the interfacial linkage. Because of these
interfacial fluctuations and uncertainties, we focus here on a
common approach from physical organic chemistry. We focus
on trend changes within families of molecules, seeking mechanistic clues concerning structure/function behaviors for molecule
tunneling conductance.
The extended aromatic dithiol compounds are π type conductors, whose thiol end groups contact gold electrodes similarly
to PDT. However, in contrast to the planar PDT, in which the
π electrons are delocalized over the entire molecule, the paraBiPh, TriPh, and TetraPh dithiol (BP, TP, and TeP, respectively)
have a twisted ring configuration (Figure 1). The steric hindrance
of the phenyl hydrogen atoms distorts these molecules from
planarity by approximately 30 deg. This distortion decreases
the conjugation by reducing the orbital overlap between the
aromatic rings. Therefore, the poly-Ph molecules are not
expected to be as transmissive as the PDT molecule. It has been
suggested in theoretical and experimental work that the twisting
of the middle benzene ring in some oligophenylene molecules
greatly reduces the conductance and transfers the molecule from
a conducting state to an insulating state.116,117 Previous DFT
calculations suggest that BP and TP will not transmit as well
as PDT, and Xue and Ratner discussed the differences in terms
of local resistivity dipoles.34,35,118
In contrast to the simple polyphenyl molecules shown in
Figure 1, their fused aromatic analogues are planar (the isolated
molecule geometries were optimized at the B3LYP/6-31G* level
of theory using the G03 program package) (Figure 2). At low
voltages, we expect the conduction mechanism in these molecules to be coherent tunneling, so that the species in Figure 2
should give transport junctions appropriate for the Landauer
approach of eq 1.
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Figure 4. Frontier molecular orbital shapes of the isolated PDT, BP, TP, and TeP molecules.

Figure 5. I-V characteristics for the poly-Ph molecules PDT, BP, TP, and TeP. The PDT was omitted for clarity in the inset, which includes the
I-V characteristics for BP, TP, and TeP.

Within the p-BiPh dithiol family (BP, BP1, and BP2), the
BP1 and BP2, which have similar length to BP, are planar and
fully conjugated. One might expect them to conduct better than
BP, since more extensively conjugated molecules are generally
expected to have a narrower HOMO-LUMO gap; as a result,
the HOMO band should be closer to the Fermi energy of the
metal electrode, thus, the conduction should be higher than that
for the less conjugated BP. The fully conjugated system in these
molecules gives larger delocalization of the π orbitals on the
carbon backbone, and thus conductance should rise from a
favorable orbital overlap within the molecule (no large local
resistivity dipoles34,119). Since all the molecules in the TriPh
family (TP, TP1, cis-TP2, trans-TP2, TP3, and TP4; Figure 2)
have the same length, their conductance might be expected to
rise with their conjugation for the same reasons.
I. Polyaromatic Dithiols. Figure 3 shows the zero bias
transmission curves for the series of polyaromatic dithiol
molecules: PDT, BP, TP, and TeP. We assumed an identical
interface configuration for all poly-Ph molecules since they have
identical end groups.34,35 For the four phenyl dithiol molecules
studied here, we find that the metal Fermi level lines up closer
to the HOMO than to the LUMO upon contact with two gold
electrodes, similar to previous finding on phenyl, BiPh, and
TriPh dithiol molecules.34,35,118 Thus, the TranSIESTA-C program consistently reproduces the results of other codes (and of

chemical intuition and photoemission studies120,121) regarding
the position of the Fermi level inside the HOMO-LUMO
gap.34,35
For PDT, strong coupling between the gold electrode and
the sulfur atoms leads to a broad transmission spectrum around
the Fermi energy and large zero-bias conductance because of
near resonant tunneling through HOMO (Figure 3). It can be
seen from Figure 3 that while the HOMO band is broad and
energetically localized largely in the same place for the
molecules studied, the LUMO and the LUMO + 1 bands are
narrower and differ in their energy positions from molecule to
molecule. This might suggest that while the HOMO is largely
localized on sulfur end groups, which are common to all these
molecules, the LUMO and the LUMO + 1 are mostly localized
on the carbon backbone, which is different for each molecule.
Additionally, the carbon backbone is coupled only slightly to
the gold electrode, and thus the carbon-based LUMO and
LUMO + 1 states are narrower than the thiol-based HOMO
state.
Frontier orbital calculations of the isolated poly-Ph molecules
(at the B3LYP/6-31G* level of theory, Figure 4) support the
suggestion that the occupied orbitals are largely localized on
the sulfur atoms and the unoccupied orbitals are largely localized
on the carbon backbone. High orbital density on the sulfur atoms
in the HOMO allows a better coupling of the molecule to the
electrode resulting in a broad transmission peak (Figure 3). The
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Figure 6. Linear fits for the logarithmic conductance dependence on distance for the poly-Ph molecules: PDT, BP, TP, and TeP. Conductance (g
) dI/dV) is calculated at bias of 0.2 V. (a) Ln(g) versus the number of phenyl units, β ) 1.64. (b) Ln(g) versus the distance between the gold
electrodes, β ) 0.37 Å-1.

Figure 7. I-V characteristics for all the computed aromatic molecules: BP, BP1, and BP2; TP, TP1, cis-TP2, trans-TP2, TP3, and TP4; and TeP.
The PDT was omitted for clarity. BiPh family was omitted for clarity in the inset, which includes the I-V characteristics for the TriPh family and
TeP.

broadening of the peaks is a result of the imaginary part of the
self-energy term, Γ, in the denominator of Gij which increases
with interface coupling. In contrast, low orbital density on the
sulfur in the unoccupied orbitals (LUMO and LUMO + 1)
results in weak coupling to the electrodes, giving narrow
transmission peaks in Figure 3.
Figure 5 describes the current/voltage characterization of the
poly-Ph molecules. The current is linear at low bias. The zerobias conductance of PDT, BP, TP, and TeP molecules are 50,
6, 1.5, and 0.3 µS, respectively. These values are in reasonable
agreement with other calculations reported in the literature.35,97

One expects the conduction of nonplanar poly-Ph to scale
exponentially with length in the coherent regime. The conductance in those molecules should vary with the length, R, of polyPh chain as

g ≈ exp{-βR}

(4)

where β is the characteristic falloff parameter. The decay factor
β in eq 4 depends somewhat on the metals involved and also
on the nature of the interfaces. We chose low-bias voltage of
0.2 V where the current is linearly dependent on the voltage
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Figure 8. Frontier molecular orbital energies for the BiPh family and for the TriPh family as calculated at the (a) B3LYP/6-31G* level of theory
and (b) extended Huckel theory (EHT).

and the transport mechanism is nonresonant tunneling.
Figure 6 shows the distance dependence of the conductance;
we obtain a β value of 1.64 as a function of number of Ph units.
This translates to 0.37 Å-1 as a function of the distance between
the electrodes interfaces (Au-Au distance). The exponential
decrease of the conductance with increasing number of Ph units
is consistent with a nonresonance transmission through the
molecule.63 The obtained β value agrees well with those
calculated and measured previously for other phenyl-based
systems.32,33,35,36,122
II. Fused Aromatics. For each poly-Ph molecule, there is a
family of “similar length/different conjugation” molecules. For
example, BP1 and BP2 have essentially the same length as BP
but different conjugated structure. The BP1 compound is planar
and has an additional CdC bond fusing the BiPh from one side,
and the BP2 molecule has two CdC bonds fusing the BiPh
from both sides and forcing it to planarity (Figure 2). In the
TriPh family, there are more possible fused aromatic configurations, most are planar (with the exception of TP1), and all of
them have the same length as the nonplanar TP.
Figure 7 shows the calculated current voltage characteristics;
the PDT was omitted for clarity. The dominant dependence of

the current, which becomes evident from the separation into
groups in the figure, is on the length of the compounds rather
than on their internal structure. Thus, the BiPh family compounds are more conductive than the ones of the TriPh family,
and TeP is the most insulating compound.
Although the differences in conductance of the molecules
within each family are smaller than between the families, they
are not negligible and are somewhat surprising. Focusing at the
BiPh family of compounds (BP, BP1, and BP2), although the
BP2 molecule is planar and the most conjugated molecule in
the family, its conductance is significantly lower than for BP
and BP1 (Figure 7). The latter two molecules have similar
conductance although their structure is very different, with BP1
planar and BP strongly distorted.
To gain insight into these unanticipated behaviors, we have
calculated the frontier molecular orbitals, the ones likely to be
responsible for the transport. Figure 8 describes the energies of
the frontier molecular orbitals of the BiPh and TriPh families
(HOMO - 1, HOMO, LUMO, and LUMO + 1) calculated both
at the B3LYP/6-31G* level of theory and at the extended Huckel
theory (EHT) level. There is qualitative agreement between DFT
and EHT. Thus, for the BiPh family (BP, BP1, BP2) in both
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Figure 9. Equilibrium transmission versus energy characteristics of (a) Au/BiPh family/Au junctions (BP, BP1, and BP2) and (b) Au/TriPh family/
Au junctions (TP, TP1, cis-TP2, trans-TP2, TP3, and TP4). The transmission peak energies are relative to the metal Fermi level position, which
is taken as zero. The inset shows the enlarged transmission graphs for energy values between -1 and 1 eV (where the current is calculated).

Figure 10. Frontier molecular orbital shapes of the isolated molecules of the BiPh family: BP, BP1, and BP2.

methods, the HOMO energy decreases very slightly upon
increasing conjugation. The LUMO energy decreases more
strongly, resulting in a decrease in the HOMO-LUMO gap with
extent of conjugation, as predicted.
The same is generally true for the TriPh family of compounds
(TP, TP1, trans-TP2, cis-TP2, TP3, and TP4). Once again, the
HOMO-LUMO gap is smaller for more conjugated molecules
(as expected), largely because of a significant drop in the LUMO
energy.
The occupied orbital (HOMO) most likely dominates the
conduction of the molecules (it lies closer to the Fermi energy,
see Figures 9 and 3). Thus, we might expect that in each family,

trends in the conductance of the molecules will be similar to
the trends in the energy of the HOMO orbitals. Our results show
that the changes in conductance of these molecules are varied
(Figure 7): there is a small change between BP and BP1, but
there is a large drop for BP2 that is not anticipated from the
energetic picture: although the HOMO level of BP2 is only
slightly lower than the ones of BP and BP1, its conductance123
is considerably lower (by roughly 30%).
Figure 10 shows the calculated frontier molecular orbitals
for this family. BP and BP1 have large HOMO density on the
sulfur contact atoms; BP2 does not. It seems that one major
factor that contributes to the large difference between the
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Figure 11. Frontier molecular orbital shapes of the isolated TriPh family molecules: TP, TP1, cis-TP2, trans-TP2, TP3, and TP4.

conductance of BP2 and BP or BP1 is the lack of orbital density
distribution on the sulfur atoms, yielding smaller coupling and
conductance for BP2. Favorable molecule-electrode coupling,
required for efficient transport, is measured both by the energetic
lineup of the frontier molecular orbitals with the Fermi energy
of the electrode (E - µ; eq 2) and by the effective orbital
overlap at the molecule-electrode interface (Ci,jµ; eq 2). In the
BiPh family, while the injection gap (E - µ) changes very
slightly, the orbital density (Ci,jµ coefficients) varies significantly.
With BP2, lack of orbital density on the end groups contributes
to the considerable decrease in the conductance.
In the TriPh family, exactly the same discussion is valid for
the lower conductance of the (more conjugated) TP3 and TP4
species (Figures 7 and 11). In the case of TP, TP1, cis-TP2,
and trans-TP2, all molecules have some end-group-based
HOMO density. Therefore, the trend in their relative conductance (on the basis of the I-V plots, Figure 7) may follow the
relative contribution of their HOMO energies and their SPz
orbital coefficient values to |Gij|eff2. In these cases, on the basis
of the DFT calculations of the isolated molecules (Figure 8),
both the orbital coefficients product terms and the energy gap
terms combine to give smaller |Gij|eff2 values in the order transTP2 > cis-TP2 > TP1 > TP, which is also the relative
conductance order of the molecules calculated by Transiesta-C
(Figure 7). The orbital coefficients products (numerator of
|Gij|eff2) decrease in that order, and the HOMO energies decrease
to give larger energy gap (denominator of |Gij|eff2) in the same
order, resulting in lower conductance values.
Discussion and Conclusions
We have analyzed conductance of coherent molecular junctions in terms of the “continuity of the charge propagation
pathway”. Most previous molecular junction studies deal either
with the molecular segment of the pathway (degree of coupling

within the molecule)68,124,125 by looking at the orbital delocalization over the molecular backbone or with the interface
segment of the pathway (degree of coupling at the molecular
junction interface) by looking at the influence of structural
changes at the interface on the conductance of the junction.21,51,70,106,110-112,126 Recent efforts to define conduction
channels by diagonalizing parts of either g(E) or T(E) are
promising but not yet fully persuasive.112,127,128 We believe
that the pathway continuity approach is both valid theoretically
and useful for correlating transport properties with molecular
characteristics.
By comparing the I-V characteristics of conjugated aromatic
dithiol molecules with similar length, we found that increased
extent of conjugation does not necessarily lead to higher current.
Availability of orbital density on the contact atoms is an
important factor for high conductance values and can dominate
both the conjugation of the molecule and its alignment with
the electrode Fermi energy. This can be interpreted in terms of
the Green’s function of the system (eq 2). The Gij value depends
both on the energetic alignment of these orbitals with the
electrodes (E - µ) and on the interface orbital overlap (the
AO coefficients Ci,jµ on the molecular end groups). When the
conductive frontier molecular orbital (in dithiol molecules almost
always the HOMO) lacks substantial orbital density on the end
group, the resulting Gij will drop and the conduction will be
reduced considerably, even if the energetic alignment between
the molecular orbitals and the electrode Fermi energy is
favorable. This situation is particularly exemplified in the TriPh
family. On the basis of our DFT calculations, although TP4
has the smallest energy gap (e.g., smallest denominator of
|Gij|eff2), its conductance is the lowest in the TriPh group because
of small HOMO density on the end groups.129
In the BiPh family as well, the lack of frontier orbital density
on the sulfur atoms of BP2 reduces significantly the conduction
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with respect to BP1 and BP. Accordingly, our calculations
suggest that BP2 and BP1 have very different conductance
although they have the same length, are equally planar, and are
fully conjugated.
At very small voltage, the current is proportional to the zerovoltage transmission, and then the different species (both BP
and TP families) are all poorly conducting because of a
substantial injection gap. With increasing voltage, the MO
structure (Figure 8) along with the density on the terminal atoms
(Figures 10 and 11) changes the nature of the conductance, so
that BP2 is indeed less conductive than BP1 or BP and TP4 is
less conductive than TP1, TP2, and TP3. This occurs as voltage
is increased, because then the frontier orbital contribution clearly
is more dominant than at zero voltage (because we approach a
resonance with the frontier orbitals, and the Green’s function
is more dominated by a single level). So, the lower conductance
of BP2 or TP4 is more obvious at finite than at zero voltage.
A quantitative understanding of the differences among these
conductances may be obtained from a very simple barrier
tunneling picture. For these single-molecule junctions, transport
is due exclusively to elastic, coherent (Landauer) tunneling.7,42,80,130,131 This is expected to drop exponentially with
length, with the falloff exponent depending on conjugation and
on voltage; this is seen directly (Figure 6) in our calculations.
The prefactor absent from eq 4 is fixed almost entirely by the
extent of mixing at the molecule/electrode interface.4,21,132
Formally, this is clear from the Landauer-type formulas of eqs
1-5. It is this interfacial mixing variation that explains the
conductance variations within families, as is clear from the
isolated molecule computations (Figures 4, 10, and 11).
In summary, orbital density at the molecule-electrode
interface is a significant factor to achieve high conductance
values. We demonstrated this on the combination of coherent
transport calculations using Transiesta-C program with quantum
mechanical calculations using the G03 program.133 Orbital
density distribution is intrinsic to the molecules rather than to
the junction and does not depend on the structure of the
molecule-electrode interface, which may fluctuate. It is a key
factor determining the conductance of molecular transport
junctions, especially when comparing different molecules at the
same electrode. It can therefore be used as well as the overall
electrostatic potential,34,134,135 the resistivity dipole,34,112 and the
channel analysis119,127,128 to interpret the relative coherent
conductance of transport junctions containing different molecules.
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