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The development of molecular components functioning as switches, rectiﬁers or ampliﬁers is a great
challenge in molecular electronics. A desirable property of such components is functional robustness,
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meaning that the intrinsic functionality of components must be preserved regardless of the strategy used to
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integrate them into the ﬁnal assemblies. Here, this issue is investigated for molecular diodes based on
N-phenylbenzamide (NPBA) backbones. The transport properties of molecular junctions derived from NPBA
are characterized while varying the nature of the functional groups interfacing the backbone and the gold
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electrodes required for break-junction measurements. Combining experimental and theoretical methods, it
is shown that at low bias (<0.85 V) transport is determined by the same frontier molecular orbital originating
from the NPBA core, regardless of the anchoring group employed. The magnitude of rectiﬁcation, however,
is strongly dependent on the strength of the electronic coupling at the gold–NPBA interface and on the
spatial distribution of the local density of states of the dominant transport channel of the molecular junction.
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Introduction

The development of robust molecular components functioning
as components of molecular integrated circuits is a primary
goal of molecular electronics.1–4 Ultimately, nano-sized
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components could permit the assembly of advanced sensors,
logic gates, or energy conversion devices.5 An essential
component for any such developments is the single molecule
rectifier (or molecular diode).6
The implementation of molecular components into functional devices will require a detailed understanding of the
fundamental relationship between the intrinsic performances
of the component considered and the strategy used to interface it to the surrounding device architecture. Here, we investigate the influence of metallic contacts on the rectification
properties of archetypal gold–diode–gold molecular junctions.
We focus on N-phenylbenzamide (NPBA) derivatives since
earlier studies have indicated that they are good candidates for
intrinsic rectification.7 Furthermore, they oﬀer a stable molecular backbone of which the substitution pattern can be
systematically tailored using robust synthetic strategies.
Finally, their structural simplicity makes them accessible to
advanced computational analysis and combinatorial methods
for a detailed understanding of their electronic properties.7–9
From an experimental perspective, the Scanning Tunneling
Microscopy Break-Junction (STM-BJ)10,11 technique has
enabled direct investigation of the transport properties of such
derivatives.12 In these measurements, the selected molecular
backbone is interfaced with nanoscopic metallic electrodes
(typically gold electrodes) via specific chemical functionalities
that act as anchoring groups. In the case of simple molecular
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Fig. 1 Schematic drawing of the three NPBA derivatives investigated in
this work.

wires, it has been shown that the nature of the anchoring
groups can be of critical importance in determining the molecular states that govern the transport through the junction,
and in controlling the strength of the electronic coupling
between the backbone and the electrode materials.13
Rectification has been observed in molecular wires possessing symmetrical unsaturated backbones when diﬀerent
anchoring groups were employed on opposite termini of the
wire, leading to a diﬀerence in the coupling to the gold
leads.14,15 In molecular diode motifs with intrinsically
asymmetric backbones, rectification is achieved even with
symmetrical anchoring groups.16,17 Thus, a key question
arises: how does coupling in symmetrically anchored metal–
molecule–metal junctions influence the electronic properties
and intrinsic rectification of molecular diodes such as NPBA
derivatives? To address this question, we synthesized and analyzed a series of NPBA derivatives symmetrically substituted
with a range of anchoring groups (Anchor–NPBA–Anchor,
Anchor = CH2, NH2, or C2H4, Fig. 1).
We studied the transport properties of the gold–NPBA–gold
junctions by using a combined experimental and computational
approach that allows for interpretation of STM-BJ measurements based on density functional theory (DFT) calculations,
the non-equilibrium Green’s function (NEGF) approach and a
single-state tight-binding model based on the Breit–Wigner
formula.18 Our findings demonstrate that within the range of
bias considered (<0.85 V) the dominant transport channel of
the junctions and the rectification mechanism remain the same
throughout the series of NPBA derivatives, despite the changes
in anchoring groups. However, for a defined bias, the anchoring
group significantly aﬀects the experimentally determined
conductance and magnitude of rectification.

2. Methods
STM break-junction measurements (STM-BJ)
The molecular conductance and current–voltage (I–V) characteristics were obtained utilizing a scanning tunneling micro-
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scope (STM) in the break-junction mode.11,14 The break- 1
junction technique relies on forming and breaking gold point
contacts within a solution of the molecules of interest.
A freshly cut gold wire (0.25 mm diameter, 99.999%, Alfa Aesar)
and a mica disk coated with 100 nm of gold (99.999%, Alfa 5
Aesar) were employed as the STM tip and substrate, respectively.
The gold coated substrate was pre-treated in an UV-ozone etcher
to remove residual organic impurities immediately before
performing STM experiments. The STM break-junction
10
measurements were performed under ambient, room temperature conditions. Initially, ∼1000 conductance traces are
collected with the pristine gold tip and substrate in order to
verify that the tip and substrate are free of contaminants.
The conductance and I–V characteristics of the single mole15
cule contacts are subsequently measured by break junctions Q4
performed in the presence of a dilute solution of the desired
molecule (1 mM–10 mM) dissolved in 1,2,4-trichlorobenzene
(99%, Sigma Aldrich).19 The tip was brought into contact with
the surface of the substrate until the conductance was greater 20
than 5G0 (1G0 = 77.5 µS). The tip was subsequently withdrawn
at a rate of 15 nm s−1 for a period of 125 ms and held for a
period of 150 ms, while a triangular voltage ramp is applied
between +1 V and −1 V. Finally, the tip was withdrawn at
15 nm s−1 for a period of 75 ms to break the junction before 25
repeating the process for a total of ∼50 000 individual traces.
A data selection and sorting process, which is described in
detail elsewhere14,15 was then employed to generate the
histograms of the I–V curves and determine the average I–V curve.

30
Computational methods
The isolated molecules were optimized at the DFT/B3LYP level
using the 6-31++G(d,p) basis set as implemented in Gaussian
09 v.C01.20 The molecular junctions were prepared by inserting
the molecular backbones between two gold leads. The latter
were modeled by using 6 layers of 16 gold atoms cut from a
(111) fcc Au lattice. A gold triad was used to anchor the backbones as shown in Fig. S1.† 7 The geometries of the junctions
were optimized using the SIESTA computational package.21
During optimization the gold atoms forming the core of the
leads were kept fixed in space (see the ESI†). The distance
between the two leads was systematically varied to find the
geometry possessing the lowest energy. The latter was used in
the following computations. Zero-bias conductances were
obtained by using the DFT–NEGF approach as implemented in
TranSIESTA,21 with generalized gradient approximation (GGA)
functional PBE 22 and with the single-ζ basis set for gold
atoms and the double-ζ basis set for the rest of the atoms.21
A Monkhorst–Pack k-point grid of 10 × 10 × 80 was used to
sample the Brillouin zone for the gold electrodes and a grid of
10 × 10 × 1 for the molecular region. The energy cutoﬀ for the
real space grid was set to 200 Ry. Eigenchannels were
computed using INELASTICA as implemented in the SIESTA
computational package.23 Rectification ratios were computed
using a single-state tight-binding (TB) model, as described in
detail elsewhere,24 and in the ESI.†
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3. Results and discussion
STM break-junction measurements (STM-BJ)
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We synthesized the three derivatives CH2-NPBA, NH2-NPBA
and C2H4-NPBA, bearing methyl(trimethylstannyl), amino and
ethyl(trimethylstannyl) substituents in the 4,4′ positions,
respectively (Fig. 1), to modulate the electronic properties of
the interfaces between the gold electrodes and the conjugated
NPBA backbone. The end-groups were selected to form
covalent gold–carbon bonds following the surface-induced
cleavage of the trimethylstannyl fragments,25–27 in the case of
CH2-NPBA and C2H4-NPBA, or to lead to purely dative nitrogen–gold bonds28,29 in the case of NH2-NPBA. With CH2-NPBA
and NH2-NPBA derivatives, our specific aim was to probe the
eﬀect of the nature of the chemical bonding between the
NPBA backbone and the electrodes on the properties of the
respective junctions; C2H4-NPBA was designed to investigate
the consequences of minimizing the direct electronic coupling
between the NPBA backbone and the anchoring points
by adding a second methylene group on each end of the
backbone.
All derivatives led to the formation of stable junctions in
STM-BJ measurements and the current profiles under both
fixed and variable bias were investigated. The distribution of
conductances measured under fixed bias (≤0.025 V) for
junctions derived from the three NPBA derivatives is presented
in Fig. 2a. In each case, the average low-bias conductance (G)
is determined from a fit of the conductance distribution of the
corresponding junction. The G values obtained for the three
diﬀerent anchoring groups are shown in Table 1. The trend is
consistent with prior results12,13 as well as with the theoretically calculated zero-bias conductances (Gth) (vide infra).

Paper
Table 1 Experimentally measured (G) and theoretically predicted (Gth)
conductances; experimentally determined raw (RR), corrected (RRc), and
predicted (RRth) rectiﬁcation ratios for CH2-NPBA, NH2-NPBA, and
C2H4-NPBA

Compound

Ga (G0)

Gth b (G0)

RRc

RRc d

RRth e

CH2-NPBA
NH2-NPBA
C2H4-NPBA

1.0 × 10−3
9.4 × 10−5
8.5 × 10−6

6.7 × 10−2
2.2 × 10−5
1.6 × 10−5

2.0
1.6
1.4

1.8
1.4
1.2

1.8
1.2
1.1

a
Derived from the statistical analysis of STM-BJ traces measured at
≤0.025 V. b Determined from DFT–NEGF calculations at zero bias.
c
Derived from the analysis of STM-BJ traces measured under variable
bias. The values are reported for 0.80 V. d Corrected for the contribution arising from the sorting process of the individual I–V curves
(cf. text). e Calculated for an applied bias of 0.80 V.
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The rectification ratio (RR) was determined from the asymmetry of the current–voltage (I–V) profile. Specifically, the
RR is defined as the absolute value of the ratio of the current
(I+) measured in the positive voltage sweep with respect to the
current (I−) measured at the same voltage in the negative
sweep: RR = |I+/I−|. For a fair comparison with the computed
values (vide infra), at 0.8 V, the raw RR values can be corrected
(RRc = RR − 0.2) by removing the contribution that arises from
the sorting process of the individual I–V curves, which produces a negligible RR of 1.2 in non-rectifying junctions based
on Z-stillbene.14 Table 1 summarizes the measured RR and
corrected RRc, at 0.8 V, for the NPBA backbones with varying
anchoring groups. In agreement with the previous reports,14,15
we observe an increase in the RR for all junctions upon
increasing the applied bias up to 0.8 V (Fig. 2b).
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Fig. 2 (a) log-Binned conductance histograms for junctions formed with CH2-NPBA, NH2-NPBA and C2H4-NPBA between the gold electrodes.
(b) Rectiﬁcation ratio determined as a function of the bias for CH2-NPBA, NH2-NPBA and C2H4-NPBA.

This journal is © The Royal Society of Chemistry 2016

Nanoscale, 2016, 00, 1–6 | 3

Paper

1

5

10

15

20

25

30

35

40

45

50

55

Nanoscale

1

In the low bias regime (<0.85 V), the increase in the RR was
found to correlate with the increase in conductance. The
observation of a raw RR of ∼2 at 0.8 V, for the junctions
derived from CH2-NPBA is remarkable in the context of other
STM-BJ measurements, especially considering the simplicity of
the molecular structure investigated. To the best of our knowledge, it is one of the highest values reported thus far for
this method at low bias, for intrinsic rectifiers. As minimal
diﬀerences in the conformation of the NPBA cores are expected
within this series, the large variations of conductance and
rectification behavior observed among the junctions is most
likely related to the modulation of the electronic coupling
between the NPBA backbone and the metallic electrodes.
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Computational analysis
The calculated and experimental values of zero-bias conductance (Table 1) followed the same trend though they diﬀer in
the actual magnitude due to the errors inherent to DFT.29 In
all the cases, a single transmission peak (closest to the Fermi
level (EF) of the junction) could be identified as the peak providing the dominant contribution to the transmission function
(TF) (see Fig. 3a). By analyzing the local density of states
(LDOS) for the three junctions, we identified the state that
dominates transport, centered at ENPBA − EF = −0.29, −1.11,
and −1.58 eV for CH2-NPBA, C2H4-NPBA, and NH2-NPBA,
respectively (see Fig. S2†).** To support this assignment, the
eigenchannels ( projection of the eigenvectors of the transmission matrix on the atomic basis set) were computed at the
energies mentioned above (see Fig. S3†).30 We found that the
symmetry of the eigenchannels is preserved throughout the
series and is reminiscent of the symmetry of the isosurfaces of
the LDOS calculated at ENPBA (Fig. 3b–d and S3†). Thus, the
latter states contribute significantly to the electron transport
through the NPBA backbone. The representations of the
isosurfaces of the LDOS at ENPBA show strongly asymmetric
distributions along the NPBA backbones, similarly for the
three junctions (Fig. 3b–d). The distributions exhibit a clear
homology with the LDOS calculated for the highest occupied
molecular orbital (HOMO) of an isolated NPBA motif, where
the density is mainly centered on the aminophenyl fragment
(see Fig. S4†). These observations indicate that the electronic
states (centered at ENPBA) that dominate the transport share a
common origin in the three junctions and are derived from
the HOMO of the NPBA backbone. Previous studies have
demonstrated that the low-bias rectification properties of
NPBA derivatives are mainly determined by the asymmetric
distribution of the electron density of the HOMO frontier
orbital.7,8 Hence, the HOMO-derived electronic states likely
control the transport properties of the junctions under both
equilibrium and non-equilibrium regimes. From here on,
** In the case of NH2-NPBA, a peak centred at +1.65 eV is almost equally distant
to EF thancompared to the dominant peak centred in the negative range (−1.58
eV). This suggests that both states might be controlling the transport properties
of the junction. However, we will initially focus our analysis on the peak centred
at −1.58 eV which nevertheless is the closest in energy to EF.

4 | Nanoscale, 2016, 00, 1–6
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Fig. 3 (a) Overlay of the zero-bias transmission functions (TF) computed for the junctions formed with CH2-NPBA (red line), NH2-NPBA
(green line), and C2H4-NPBA (blue line) derivatives. In each TF the peak
closest to the Fermi level (EF), which dominates the transport properties
of the junctions under low bias, is indicated with an arrow. (b), (c) and (d)
Representations of the isosurfaces of the local density of state (LDOS) at
the energy ENPBA of the electronic state identiﬁed as the major contributor to the TF for the junction formed with CH2-NPBA (b), NH2-NPBA
(c) and C2H4-NPBA (d).

these states are referred to as the dominant transport
channels.
To determine the RR under non-equilibrium conditions, we
employed a single state tight-binding (TB) model based on the
Breit–Wigner formula and computed I–V curves for the
diﬀerent Au–NPBA–Au junctions (see the ESI† for details). The
model, parameterized from the zero-bias transmission function (Table S1†), simulates the energy shift of the dominant
transport channel (ENPBA), according to the applied bias, and

This journal is © The Royal Society of Chemistry 2016
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provides an approximation of the transport properties of the
junctions under non-equilibrium conditions. The TB model
provides a remarkably good agreement between the RRth and
RRc values (Table 1). These results confirm the critical role of
the dominant transport channels identified above in the
transport properties of all three junctions.
The nature of the anchoring groups significantly aﬀects the
energy alignment and broadening of the TF peaks shown in
Fig. 3a, although the dominant transport channel for the three
junctions is similar. Thus, the anchoring groups within this
series primarily modulate the electronic coupling strength
between the gold contacts and the NPBA HOMO. The coupling
at the interface (as determined from the TB model) increases
as follows: NH2 < C2H4 ≪ CH2, while the trend observed for
both G and RR is: C2H4 < NH2 ≪ CH2. The inversion of the
order for C2H4- and NH2-NPBA can be rationalized in terms of
the eﬃciency of the coupling between gold and the specific
subsets of molecular orbitals that dominate transport (here
the π-based HOMO of the NPBA backbone; vide infra).
First, we focused on the junctions formed by CH2- and
NH2-NPBA, which share the closest structural similarity in the
set. For these junctions, we observe a strong diﬀerence in the
ability of the gold leads to couple into the π-system of the
NPBA core, despite the formation of formal σ bonds in each
case (either dative N→Au or covalent C–Au bonds). To understand this diﬀerence, we examined the ratio of the projected
density of states (PDOS) of the phenyl fragment (PDOSPh) to
the adjacent lead–anchor motif (PDOSAu–Anchor). Specifically,
we investigated the variation of the ratio PDOSPh/
PDOSAu–Anchor as the phenyl group is rotated about the axis
defined by the anchor–phenyl bond (see Fig. S6 and S7†).
In this analysis, a large angle-dependent variation of the ratio
PDOSPh/PDOSAu–Anchor indicates that there is a significant
redistribution of the electronic density as the Au–Anchor and
phenyl units are rotated with respect to each other from the
equilibrium geometry. Such a redistribution can in turn be
interpreted as the modulation of the electronic coupling
between the Au–Anchor motif and the phenyl π-system, where
the more coupled system exhibits the most homogeneously
distributed density (e.g. PDOS ratio closest to 1).
In the case of CH2-NPBA, we observe a significant angle
dependence of PDOSAu–Anchor/PDOSPh, with a 7-fold increase of
the ratio as the angle varies from +0 to +90° relative to the
equilibrium geometry (cf. Table S2†). Since a direct π–π overlap
is excluded due to the pure sp3 hybridization of the benzylic
carbon, this observation suggests that the strong electronic
coupling can be attributed to the hyperconjugation between
the quasi-covalent C–Au σ bond and the π-system of the
NPBA.31 The electronic interaction between the benzylic C–Au
bond and the aromatic π-system, initially postulated14,26 and
recently demonstrated experimentally25 for (oligo)phenylenes,
is thus well captured by our DFT analysis. On the other hand
NH2-NPBA-based junction exhibits a much smaller angle
dependence of PDOSAu–Anchor/PDOSPh with a 2-fold variation of
this ratio as the angle is rotated from +0 to +90° from the
equilibrium geometry. This is expected since the N→Au dative

This journal is © The Royal Society of Chemistry 2016

Paper

bond in NH2-NPBA is significantly more polarized than the
C–Au bond, which reduces the strength of interactions
through hyperconjugation.
In the case of C2H4-NPBA, a strong hybridization between
the gold leads and the terminal carbons of the backbone
accounts for the larger electronic coupling compared to NH2NPBA. However, the π-system of the former remains isolated
from the Au–C interface due to the additional methylene
group on either side of the backbone. In this case hyperconjugation cannot occur and the spatial distribution of the local
density of states of the dominant transport channel remains
strongly localized towards the center of the junction. It results
in poorly conductive and virtually non-rectifying junctions in
the STM-BJ measurements at low bias.
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Conclusion

Our results highlight the intimate relationship between the
chemical nature of the anchoring groups and the observed
electronic properties (conductance and rectification) of molecular junctions built from the NPBA molecular diode, in the
case of a symmetrically anchored system. This complements
earlier reports on the rectification properties of the junctions
featuring asymmetrically coupled molecular wires.14,15,32
In particular, we demonstrate that the RR of a molecular backbone with intrinsic rectification can be enhanced by a suitable
choice of the anchors, which in our case reaches a remarkable
RR of ∼2 as observed in STM-BJ measurements at low bias
(<0.85 V). Importantly, we show that the variation in the
anchoring groups do not fundamentally aﬀect the nature of
the dominant transport channel of the NPBA-based junctions;
however, it aﬀects the coupling into the asymmetrically localized molecular state (HOMO of the NPBA backbone) directly
responsible for rectification. An important hypothesis stemming from our analysis is that hyperconjugation can play a
critical role in allowing for eﬃcient electronic coupling
between the gold states and the HOMO level of the NPBA backbone, while preserving the essential characteristics of the
latter (asymmetrically distributed along the junctions). It is,
therefore, natural to conjecture that hyperconjugation, rarely
considered in the design of molecular components, may
provide an eﬃcient approach to integrate individual molecules
into advanced functional assemblies, without compromising
the intrinsic properties of the constituent components.
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