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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,

meaning that the intrinsic functionality of components must be preserved regardless of the strategy used to

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

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.

1. 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

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 func-
tional devices will require a detailed understanding of the
fundamental relationship between the intrinsic performance
of the component considered and the strategy used to inter-
face it to the surrounding device architecture. Here, we investi-
gate 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 mole-
cular 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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wires, it has been shown that the nature of the anchoring
groups can be of critical importance in determining the mole-
cular 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 posses-
sing 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 ana-
lyzed 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 measure-
ments 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 any given 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) chara-
cteristics were obtained utilizing a scanning tunneling micro-

scope (STM) in the break-junction mode.11,14 The break-
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
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
measurements were performed under ambient, room tempera-
ture 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 mole-
cule contacts are subsequently measured by forming junctions
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 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 was 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
repeating the process for a total of ∼50 000 individual traces.
A data selection and sorting process, which is described in
detail elsewhere,14,15 was then employed to generate the
histograms of the I–V curves and determine the average I–V curve.

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
was modeled by using 6 layers of 16 gold atoms cut from a
(111) fcc Au lattice. A gold triad was used to anchor the back-
bones 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
lowest energy geometry. The latter was used in the compu-
tations that followed. 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.†

Fig. 1 Schematic drawing of the three NPBA derivatives investigated in
this work.

Paper Nanoscale

16358 | Nanoscale, 2016, 8, 16357–16362 This journal is © The Royal Society of Chemistry 2016

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
2/

10
/2

01
6 

16
:0

3:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6nr04830g


3. Results and discussion
STM break-junction measurements (STM-BJ)

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 form 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 back-
bone and the electrodes on the properties of the respective
junctions; C2H4-NPBA was designed to investigate the conse-
quences 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 theo-
retically calculated zero-bias conductances (Gth) (vide infra).

The rectification ratio (RR) was determined from the asym-
metry 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 pro-
duces 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).

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.

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 1.0 × 10−3 6.7 × 10−2 2.0 1.8 1.8
NH2-NPBA 9.4 × 10−5 2.2 × 10−5 1.6 1.4 1.2
C2H4-NPBA 8.5 × 10−6 1.6 × 10−5 1.4 1.2 1.1

aDerived from the statistical analysis of STM-BJ traces measured at
≤0.025 V. bDetermined from DFT–NEGF calculations at zero bias.
cDerived from the analysis of STM-BJ traces measured under variable
bias. The values are reported for 0.80 V. dCorrected for the contri-
bution arising from the sorting process of the individual I–V curves
(cf. text). eCalculated for an applied bias of 0.80 V.
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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 know-
ledge, 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.

Computational analysis

The calculated and experimental values of zero-bias conduc-
tance (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 pro-
viding 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 trans-
mission 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,

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 func-
tion (Table S1†), simulates the energy shift of the dominant
transport channel (ENPBA), according to the applied bias, and

Fig. 3 (a) Overlay of the zero-bias transmission functions (TF) com-
puted 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 contri-
butor to the TF for the junction formed with CH2-NPBA (b), NH2-NPBA
(c) and C2H4-NPBA (d).

** In the case of NH2-NPBA, a peak centred at +1.65 eV is almost equally distant
to EF than compared 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.
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provides an approximation of the transport properties of the
junctions under non-equilibrium conditions. The TB model
provides 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 under-
stand this difference, we examined the ratio of the projected
density of states (PDOS) of the phenyl fragment (PDOSPh) to
the adjacent Au–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,
the 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

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 NH2-
NPBA. 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, hyperconju-
gation 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.

4. Conclusion

Our results highlight the intimate relationship between the
chemical nature of the anchoring groups and the observed
electronic properties (conductance and rectification) of mole-
cular 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 back-
bone 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 variation of the anchoring
groups does not fundamentally affect the nature of the
dominant transport channel of the NPBA-based junctions;
however, it affects the coupling into the asymmetrically loca-
lized molecular state (HOMO of the NPBA backbone) directly
responsible for rectification. An important hypothesis stem-
ming 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 back-
bone, 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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1. Synthesis and characterization of the N-phenylbenzamide (NPBA) 
derivatives
1.1 Reagents, solvents and glassware handling

p-Tolylchloride, N,N-diisopropylethylamine, N-methyl-p-toluidine, N-bromosuccinimide, 

hexamethyldistannane, trifluoroacetic anhydride, p-toluenesulfonic acid, sodium hydride (60 

wt-% dispersed in mineral oil), methyl iodide, ammonium chloride, oxalyl chloride, carbon 

tetrabromide, triphenylphosphine, and n-buthyllithium (2.1M in hexanes) (reagents purity: 97-

% or higher) were obtained from Alfa Aesar. 4-(N,N-dimethylamino)pyridine,  triethylamine, 

3,4-dihydro-2H-pyran and anhydrous potassium carbonate (K2CO3) (reagents purity: 97-% or 

higher) were obtained from Acros Organics. Tetrakis(triphenylphosphine)palladium(0), and 

copper(I)cyanide were purchased from Strem Chemicals. Benzoyl peroxide was purchased 

from Aldrich. 2-(Aminophenyl)ethanol was obtained from TCI America. All the reagents 

were used as received. For synthetic purposes dichloromethane (CH2Cl2, OmniSolv grade, 

EMD-Millipore) and tetrahydrofuran (THF, OmniSolv grade, non-stabilized, EMD-Millipore) 

were dried on a Pure Solv MD-5 solvent purification system (Innovative Technology) on 

activated aluminum oxide before use and were dispensed under nitrogen. Anhydrous benzene 

(Alfa Aesar DriSolv), methanol (MeOH, ACS grade, BDH), 200 proof ethanol (EtOH, Decon 

labs), and dimethylformamide (DMF, DriSolv grade, EMD-Millipore) were used as received. 

N.N-Diisopropylethylamine (DIPEA) and triethylamine (NEt3) were distilled over potassium 

hydroxide (KOH) and stored under argon (Ar) before use. The glassware was oven-dried and 

cooled under nitrogen prior use. Anhydrous sodium sulfate (Na2SO4), sodium bicarbonate 

(NaHCO3), citric acid, and sodium chloride (ACS grade) were obtained from JT-Baker. For 

purification purposes, dichloromethane (CH2Cl2, ACS grade, stabilized with amylenes, BDH), 

ethyl acetate (EtOAc, ACS grade, BDH), methanol (MeOH, ACS grade, BDH), hexanes 

(ACS grade, BDH) as well as toluene (ACS grade, Macron Fine Chemicals) were used 
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without further purification. For nuclear magnetic resonance studies (NMR), deuterated 

acetonitrile (CD3CN containing 0.05 v/v-% of tetramethylsilane (TMS)), deuterated methanol 

(CD3OD) and deuterated chloroform (CDCl3, containing 0.05% v/v-% TMS) were obtained 

from Cambridge Isotope Laboratory. 

Analytical thin layer chromatography (TLC) was conducted on glass-coated silica gel 60 

F254 plates obtained from EMD-Millipore. Column chromatography were conducted on silica 

gel (SiO2, 43–60 μm or 18–22 μm) provided by Silicycle. Unless otherwise specified, the 43–

60 μm silica gel was used as stationary phase for the columns. Celite 545 was purchased 

from EMD-Millipore. NMR spectra were recorded on a Varian DPX spectrometer coupled to 

an Oxford 400 magnet. 1H spectra were recorded at 400 MHz, and 13C NMR at 101 MHz. 

Chemical shifts are reported according to TMS as the internal reference. High resolution mass 

spectrometry was performed on an Agilent G6550A Q-TOF LC/MS with API by direct 

injection, otherwise the sample were run on a an Agilent-1260 Infinity(LC)/6120B(MS) 

system using a C18 column (1.8 μm, 4.6 x 50 mm); in all cases the compounds were 

dissolved in methanol at an approximate concentration of 0.5 mg/mL. All the NPBA 

derivatives were stored under Ar at -20°C.

1.2 Experimental procedures

Synthesis and full characterization of NH2-NPBA derivative has been described elsewhere.1

Synthesis of 4’-methyl-N-methyl-N-(4-tolyl)benzamide

p-Tolylchloride (4.78 g, 30.9 mmol) was dissolved in anhydrous dichloromethane (40 mL). 

N,N-dimethyl-4-aminopyridine (0.62 g, 5.15 mmol) and dry N,N-diisopropylethylamine (6.9 

ml, 5.16 g, 40 mmol) were added under nitrogen. N-Methyl-p-toluidine (2.6 mL, 2.5 g, 20.6 

mmol) was added dropwise over a period of 5 minutes and the mixture was refluxed under 

nitrogen for 2 hours. TLC analysis (SiO2, CH2Cl2) indicated that all the N-methyl-p-toluidine 

was converted. The mixture was extracted with 5% aqueous NaHCO3 (2 x 100 mL), 5% 

aqueous citric acid (2 x 100 mL) and water (100 mL). The organic layer was dried over 
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Na2SO4, filtered, and the solvent was evaporated. Column chromatography (SiO2, CH2Cl2 

1%- EtOAc) yielded the desired product as an off-white solid (5.01 g, 20.1 mmol, 98%).

1H-NMR (400 MHz, CDCl3) δ 7.20 (d, J = 8.1 Hz, 2H), 7.02 (d, J = 8.0 Hz, 2H), 6.96 (d, J 

= 8.0 Hz, 2H), 6.91 (d, J = 8.3 Hz, 2H), 3.45 (s, 3H), 2.28 (s, 3H), 2.26 (s, 3H).

13C-NMR (101 MHz, CDCl3) δ 170.63, 142.62, 139.59, 136.09, 133.06, 129.71, 128.84, 

128.30, 126.61, 38.56, 21.31, 20.93.

MS (m/z 100%) calc. for C16H17NO+H+: 240.1; found 240.2.

Synthesis of 4’-bromomethyl-N-methyl-N-[4-(bromomethyl)phenyl]benzamide

4-methyl-N-methyl-N-(4-tolyl)benzamide (2g, 8.56 mmol) was dissolved in anhydrous 

benzene (10 mL) under nitrogen. The mixture was purged with nitrogen (vacuum-nitrogen 

cycles, 3x) and brought to 80 ⁰C under nitrogen. N-bromosuccinimide (2.97 g, 16.72 mmol) 

and benzoyl peroxide (387 mg, 1.6 mmol) were added and the mixture was stirred under 

gentle reflux for 1 hour under nitrogen. TLC analysis (SiO2, toluene 5%-EtOAc) indicated full 

conversion of the starting material. The solution was cooled down to room temperature and 

the solid filtered out and washed with toluene (3 x 30 mL). The solvent was evaporated and 

the crude was purified by column chromatography (SiO2 hexanes-20% EtOAc, 5th band 

collected). The obtained product contained a minor impurity that was eliminated by running a 

second column chromatography (SiO2, CH2Cl2 1%-EtOAc, 2nd band collected). The desired 

compound was obtained as a white solid (1.5 g, 3.78 mmol, 44%).

1H-NMR (400 MHz, CD3CN) δ 7.31 (d, J = 8.4 Hz, 2H), 7.27 (br s, 4H), 7.12 (d, J = 8.4 

Hz, 2H), 4.51 (s, 2H), 4.49 (s, 2H), 3.38 (s, 3H).

13C-NMR (101 MHz, CD3CN) δ 169.49, 144.85, 139.67, 136.65, 129.86, 128.82, 128.51, 

127.45, 37.62, 32.81, 32.70.

MS (m/z 100%) calc. for C16H15Br2NO+H+: 397.9; found 397.8.
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Synthesis of 4’-(trimethylstannyl)methyl-N-methyl-N-[4((trimethylstannyl)methyl-

phenyl]benzamide

4’-bromomethyl-N-methyl-N-[4-(bromomethyl)phenyl]benzamide (199 mg, 0.5 mmol) and 

melted hexamethyldistannane (0.4 mL, 632 mg, 1,9 mmol) were dissolved in anhydrous 

toluene (20 mL) and the mixture was purged with argon (vacuum/argon cycles, 3x). 

Tetrakis(triphenylphosphine)palladium(0) (12 mg, 10 μmol) was added and the mixture 

purged with argon (vacuum/argon cycles, 3x) and stirred at 90 ⁰C under argon for 12 hours. 

TLC analysis (SiO2, CH2Cl2-2% EtOAc) indicated that the reaction was complete. The 

mixture was filtered over Celite® to remove the precipitated solid and the solvent was 

evaporated. The crude material was purified by column chromatography (SiO2, CH2Cl2-1% 

EtOAc). The second band contained the desired product. It was collected and the solvent was 

evaporated. A second column chromatography (SiO2 hexanes-20% EtOAc) yielded the pure 

4’-(trimethylstannyl)methyl-N-methyl-N-[4((trimethylstannyl)methylphenyl] benzamide 

(second product collected) as a white solid (176 mg, 0.31 mmol, 62%).

1H-NMR (400 MHz, CD3OD) δ 7.08 (d, J = 8.3 Hz, 2H), 6.95 – 6.82 (m, 4H), 6.78 (d, J = 

7.8 Hz, 2H), 3.41 (s, 3H), 2.40 – 2.12 (m, 4H), 0.20 – -0.21 (m, 18H).

13C-NMR (101 MHz, CD3OD) δ 171.79, 146.06, 142.37, 140.06, 130.28, 128.60, 126.98, 

126.57, 125.54, 37.41, 19.73, 19.00, -11.68, -11.72.

HRMS (m/z 100%) calc. for C22H33NOSn2+H+: 566.0673; found 566.0670.

Synthesis of 2-[4-(2’,2’,2’-trifluoroacetamido)phenyl]ethyl-2”,2”,2”-trifluoroacetate

2-(4-aminophenyl)ethanol (288 mg, 2.1 mmol) was dissolved in anhydrous 

dichloromethane (50 mL).  K2CO3 (1.38 g, 10 mmol) was added followed by trifluoroacetic 

anhydride (0.84 mL, 1.26 g, 6 mmol) and the mixture was stirred at room temperature, under 

nitrogen for 1 hour. TLC analysis (SiO2, CH2Cl2) confirmed that the reaction was complete 

and the mixture was filtered to remove the solid. The organic layer was washed with water (3 
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x 50 mL), collected dried on Na2SO4 filtered and the solvent was evaporated to yield the 

desired compound as a white solid (635 mg, 1.9 mmol, 92%). The compound was used for the 

next step without further purification. 

Due to the fast hydrolysis of the trifluoroacetate ester, traces of the free alcohol were 

observed in NMR spectroscopy.

Synthesis of 2[-4-(2’,2’,2’-trifluoroacetamido)phenyl]ethan-1-ol

2-[4-(2’,2’,2’-trifluoroacetamido)phenyl]ethyl-2”,2”,2”-trifluoroacetate (635 mg, 1.9 mmol) 

was dissolved in methanol (50 mL) and 9 μL of a 2.3 M aqueous solution of potassium 

hydroxide (20 μmol) was added and the mixture was stirred at 50 °C, under nitrogen, for 1 

hour. TLC analysis (SiO2, hexanes-20% EtOAc) confirmed the full conversion of the starting 

material. The solution was cooled down to room temperature, and the solvent was evaporated 

under reduced pressure to yield the desired product as a white solid (446 mg, quant.). It was 

used for the next reaction without further purification.

1H NMR (400 MHz, CDCl3) δ 7.86 (br. s, 1H), 7.51 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 8.5 

Hz, 2H), 3.86 (t, J = 6.5 Hz, 2H), 2.88 (t, J = 6.5 Hz, 2H).

19F NMR (376 MHz, CDCl3) δ -75.72.

13C NMR (101 MHz, CDCl3) δ 136.95, 133.44, 129.91, 120.70, 63.45, 38.57.

MS analysis did not show the expected molecular ion of the alcohol derivative 

(C10H10F3NO2+H+) but the product of acid catalyzed dehydration was observed:

MS (m/z 100%) calc. for C10H8F3NO+H+: 248.1; found 248.0.

Synthesis of 2,2,2-trifluoro-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)phenylacetamide

2[-4-(2’,2’,2’-trifluoroacetamido)phenyl]ethan-1-ol was dissolved in anhydrous 

dichloromethane (50 mL), 3,4-dihydro-2H-pyran (200 μL, 192 mg, 2.28 mmol) was added 

followed by p-toluenesulfonic acid (19 mg, 0.1 mmol). The mixture was stirred under 

nitrogen, at room temperature. After 4 hours, TLC analysis (SiO2, hexanes-10% EtOAc) 



9

indicated full conversion of the starting material. The mixture was extracted with 5%-aqueous 

NaHCO3 (2 x 50 mL) and water (1 x 50 mL). The organic layer was collected, dried over 

Na2SO4, filtered and the solvent was evaporated under reduced pressure. The crude residue 

was purified by column chromatography (SiO2, hexannes-10% EtOAc) to yield the desired 

compound as a clear oil (655.2 mg, 2.06 mmol, 91%).

1H NMR (400 MHz, CDCl3) δ 7.84 (br. s, 1H), 7.48 (d, J = 8.5 Hz, 2H), 7.27 (d, J = 8.5 

Hz, 2H), 4.58 (dd, J1 = 4.2 Hz, J2 = 2.8 Hz, 1H), 3.94 (dt, J1 = 9.7 Hz, J2 = 7.0 Hz, 1H), 3.77 ─ 

3.71 (m, 1H), 3.60 (dt, J1 =  9.7 Hz, J2 =  6.9 Hz, 1H), 3.48 – 3.43 (m, 1H), 2.90 (t, J = 7.0 Hz, 

2H), 1.82 ─  1.72 (m, 1H), 1.75 – 1.64 (m, 1H), 1.63 – 1.42 (m, 4H).

19F NMR (376 MHz, CDCl3) δ -75.73.

13C NMR (101 MHz, CDCl3) δ 137.67, 133.15, 129.88, 120.37, 98.75, 67.92, 62.19, 35.79, 

30.62, 25.41, 19.45.

MS (m/z 100%) calc. for C15H18F3NO3+Na+: 340.1; found 340.0.

Synthesis of 2,2,2-trifluoro-N-methyl-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl) phenyl 

acetamide

2,2,2-trifluoro-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)phenylacetamide (607 mg, 1.9 

mmol) was dissolved in anhydrous THF (25 mL) under nitrogen. sodium hydride (60 wt-% 

dispersion in mineral oil , 87 mg, 2.18 mmol) was added and the reaction mixture was stirred 

under nitrogen, at room temperature, for 5 minutes. Methyl iodide (200 μL, 456 mg, 3.2 

mmol) was added and the mixture was stirred at 45 °C, under nitrogen. The progression of the 

reaction was followed by TLC analysis (SiO2, hexanes-10% EtOAc). After 2 hours complete 

conversion of the starting material was observed. The mixture was cooled down to room 

temperature and quenched with a saturated solution of aqueous ammonium chloride (1 mL). 

The mixture was poured into a 5% aqueous NaHCO3 solution (100 mL). The aqueous layer 

was extracted with ethyl acetate (2 x 50 mL). The combined organic layers were then washed 
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with a 5% aqueous solution of NaHCO3 (100 mL) and water (100 mL). The organic layer was 

collected, dried over Na2SO4, filtered and the solvent was evaporated under reduced pressure. 

Column chromatography (SiO2, hexanes-10% EtOAc) yield the desired compound as a 

colorless oil. 1H-NMR showed that it was 90% pure containing some N,N-dimethyl-(4-(2-

((tetrahydro-2H-pyran-2-yl)oxy)ethyl)aniline. It was use without further purification in the 

next step. Yield: 591 mg, 1.78 mmol, 94%.

1H NMR (400 MHz, CDCl3) δ 7.31 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.3 Hz, 2H), 4.60 ─  

4.58 (m, 1H), 3.94 (dt, J1 = 9.7 Hz, J2 = 7.0 Hz, 1H), 3.66 ─ 3.60 (m, 2H), 3.52 – 3.39 (m, 

1H), 3.34 (s, 3H), 2.94 (t, J = 7.0 Hz, 2H), 1.88 – 1.63 (m, 2H), 1.63 – 1.43 (m, 4H).

19F NMR (376 MHz, CDCl3) δ -67.10.

13C NMR (101 MHz, CDCl3) δ 140.56, 130.11, 127.09, 98.55, 67.60, 61.98, 39.69, 35.91, 

30.57, 29.68, 25.38, 19.31.

MS (m/z 100%) calc. for C16H20F3NO3+H+: 332.2; found 332.2.

Synthesis of N-methyl-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)aniline

2,2,2-trifluoro-N-methyl- (4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)phenylacetamide (570 

mg, 1.72  mmol) was dissolved in methanol (25 mL). Potassium hydroxide (250 mg, 4.45 

mmol) dissolved in 1 mL of water was added and the mixture was purged with nitrogen 

(vacuum nitrogen cycles, 3x). The mixture was stirred at room temperature, under nitrogen, 

for 3 hours. TLC analysis (SiO2, toluene-10% EtOAc) indicated complete conversion of the 

starting material. The solvent was evaporated to 5 mL and the mixture diluted to 50 mL with 

EtOAc. The organic layer was extracted with brine (3 x 50 mL), collected, dried over Na2SO4, 

filtered and the solvent was evaporated to yield the desired aniline as a colorless oil (404 mg, 

1.72 mmol, quant.). The aniline was used without further purification in the following step.
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1H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 8.4 Hz, 2H), 6.56 (d, J = 8.4 Hz, 2H), 4.59 (dd, 

J1 = 4.4 Hz, J2 = 2.9 Hz, 1H), 3.89 (dt, J1 = 9.7 Hz, J2 = 7.4 Hz, 1H), 3.82 ─ 3.78 (m, 1H), 

3.56 (dt, J1 = 9.7 Hz, J2 = 7.4 Hz, 1H), 3.51 – 3.42 (m, 1H), 2.82 (s, 3H), 2.81 (t, J = 7.0 Hz, 

2H), 1.88 ─ 1.77 (m, 1H), 1.76 – 1.64 (m, 1H), 1.64 – 1.44 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 147.66, 129.68, 127.68, 112.52, 98.73, 68.83, 62.24, 35.45, 

30.99, 30.72, 25.49, 19.58.

MS (m/z 100%) calc. for C14H21NO2+H+: 236.2; found 236.2.

Synthesis of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)-

phenyl)benzamide

4-(2-bromoethyl)benzoic acid (690 mg, 3mmol) was suspended in anhydrous benzene (30 

mL) under nitrogen. Oxalyl chloride (326 μL, 474 mg, 3.75 mmol) was added followed by a 

drop of anhydrous dimethylformamide (5 μL). The mixture was stirred at room temperature, 

under nitrogen for 3 hours. The solvent was reduced to 10 mL and anhydrous triethylamine 

(1.2 mL, 0.859 mg, 8.5 mmol) was added, followed by a solution of N-methyl-(4-(2-

((tetrahydro-2H-pyran-2-yl)oxy)ethyl)aniline (400 mg, 1.7 mmol) in anhydrous 

dichloromethane (6 mL) and N,N-dimethylaminopyridine (25 mg, 0.2 mmol). The mixture 

was further stirred under nitrogen, at room temperature for 12 hours. The mixture was diluted 

to 100 mL with dichloromethane and extracted with 5% aqueous NaHCO3 (2 x 100 mL) and 

water (100 mL). The organic layer was collected, dried over Na2SO4, filtered and the solvent 

was evaporated. The crude residue was purified by column chromatography (SiO2, CH2Cl2-

6% EtOAc) to yield the desired compound as a colorless oil (618 mg, 1.3 mmol, 81%).
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1H NMR (400 MHz, CDCl3) δ 7.25 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 8.3 Hz, 2H), 7.00 (d, J 

= 8.1 Hz, 2H), 6.94 (d, J = 8.3 Hz, 2H), 4.56 ─ 4.54 (m, 1H), 3.88 (dt, J1 = 9.7 Hz,  J2 = 7.1 

Hz, 1H), 3.75 – 3.69 (m, 1H), 3.55 (dt, J1 = 9.7 Hz, J2 = 7.0 Hz, 1H), 3.52 – 3.39 (m, 6H), 

3.07 (t, J = 7.6 Hz, 2H), 2.84 (t, J = 7.1 Hz, 2H), 1.80 – 1.75 (m, 1H), 1.70 ─ 1.65 (m, 1H), 

1.58 – 1.48 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 170.29, 142.99, 140.34, 137.63, 134.61, 129.71, 129.08, 

127.95, 126.63, 98.70, 67.91, 62.17, 39.03, 38.50, 35.74, 32.20, 30.60, 25.41, 19.45. 

MS (m/z 100%) calc. for C23H28BrNO3+H+: 446.1; found 446.0.

Synthesis of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-bromoethyl)phenyl)benzamide

4-(2-bromoehtyl)-N-methyl-N-(4-(2-((tetrahydro-2H-pyran-2-

yl)oxy)ethyl)phenyl)benzamide (100 mg, 0.22 mmol) was dissolved in anhydrous 

dichloromethane (2.5 mL), carbon tetrabromide (97 mg, 0.29 mmol) was added and the 

mixture stirred at room temperature, under nitrogen, for 10 minutes before being cooled down 

to 0 °C. Triphenylphosphine (153 mg, 0.58 mmol) was added and the mixture was stirred at 0 

°C, under nitrogen, for 1 hour then allowed to warm up to room temperature. The mixture was 

further stirred at room temperature for 2 hours after which time TLC analysis (SiO2, CH2Cl2- 

10% EtOAc) showed that all the starting material reacted. The crude mixture was purified by 

column chromatography (SiO2, CH2Cl2- 10% EtOAc) to yield the desired product as a 

colorless oil (93 mg, 0.22 mmol, 98%). 

1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.1 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 7.01 (d, J 

= 8.2 Hz, 2H), 6.98 (d, J = 8.3 Hz, 2H), 3.52 – 3.44 (m, 7H), 3.11 ─ 3.05 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 170.27, 143.63, 140.45, 137.16, 134.45, 129.39, 129.08, 

128.01, 126.93, 38.99, 38.56, 38.37, 32.67, 32.31.

MS (m/z 100%) calc. for C18H19Br2NO+H+: 426.0; found 426.0.
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Synthesis of 4-(trimethylstannyl)ethyl-N-methyl-N-(4-((trimethylstannyl)ethyl)phenyl) 

benzamide

Copper cyanide (68 mg, 0.76 mmol) was suspended in oxygen free, anhydrous THF. The 

suspension was purged with argon (vacuum argon cycles, 3 cycles) and cooled down to -40 

°C using an acetonitrile-dry ice cooling bath. n-Buthyllithium (680 μL, 2.2 M in hexanes, 

0.15mmol) was added dropwise to the suspension and the mixture was stirred at -40 °C for 30 

minutes, under argon. Hexamethyldistannane (146 μL, 231 mg, 0.71 mmol) was added 

dropwise and the mixture was further stirred at -40 °C for 1 hour under argon. The cuprate 

solution was then cooled down to -78 °C (acetone/dry ice bath) and an oxygen-free solution 

of 4-(2-bromoethyl)-N-methyl-N-(4-(2-bromoethyl)phenyl)benzamide (100 mg, 0.23 mmol) 

dissolved in anhydrous THF (5 mL) was transferred dropwise to the cold cuprate slurry 

(addition time ca. 5 minutes) via a cannula. The mixture was further stirred at -78 °C for 15 

minutes, then stirred at -40 °C for 15 minutes  and was then slowly allowed to warm up to 0 

°C and stirred at 0 °C, another 30 minutes, under argon. The reaction was quenched with a 

saturated aqueous solution of ammonium chloride (5 mL). The mixture was poured into 

hexanes (100 mL) and the organic phase was then washed with saturated aqueous ammonium 

chloride (2 x 50 mL) and water (1 x 50 mL). The organic layer was collected, dried over 

Na2SO4, filtered and the solvent was evaporated. The crude residue was purified by column 

chromatography (SiO2, 18 – 22 μm, toluene-5% EtOAc) to yield the desired compound (32.1 

mg, 54 μmol, 23%, first eluted band) as a white solid.

1H NMR (400 MHz, CDCl3) δ 7.22 (d, J = 7.9 Hz, 2H), 7.03 (d, J = 8.1 Hz, 2H), 6.97 (d, J 

= 8.0 Hz, 2H), 6.93 (d, J = 8.1 Hz, 2H), 3.46 (s, 3H), 2.91 – 2.54 (m, 4H), 1.08 (h, J = 7.7 Hz, 

4H), 0.23 – -0.32 (m, 18H).

13C NMR (101 MHz, CDCl3) δ 170.64, 146.83, 143.36, 142.84, 133.27, 129.02, 128.51, 

127.15, 126.68, 38.59, 32.36, 32.01, 12.21, 12.03, -10.21.

HRMS (m/z 100%) calc. for C24H37NOSn2+H+: 594.0986; found 594.0986.
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2. Theoretical studies

2.1 Description of the leads 

Molecule A 
A 

Anchoring 
site 

Repeatable unit of  
semi-infinite lead 

Left electrode 
Top view 

Left electrode Right electrode 

Figure S1. Representation of the gold electrodes used in I-V curve calculations. They consist 
of 6 layers of 16 gold atoms cut from an Au fcc lattice, with a triad contact motif attached to 
the (111) surface. The lattice constant is 4.080 Å.
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2.2 Representation of the density of State (DOS) for the different junctions

Figure S2. Representation of the density of states for all three molecules. Blue line (labeled 
Left) indicates states localized on the left-hand side of the molecule, while red line (labeled 
Right) indicates states localized on the right-hand side of the molecule. Left and right sides 
are determined with respect to the central amide bond and systematically using the -
PhNMeCOPh- orientation.
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2.3 Representation of the eigenchannel computed at ENPBA for each junction

Figure S3. Representation of the eigenchannel at ENPBA for each junction. Note the clear 
homology between the eigenchannels of the three junctions. Since the eigenchannel represents 
the principal eigenvector of the transmission matrix it gives a picture of the orbitals involved 
in the electron transport through the junction.

2.4 Representation of the HOMO state distribution for the isolated NPBA backbone

Figure S4. Representation of the density of states of an isolated NPBA molecule determined 
using GGA-PBE functional as implemented in SIESTA. Insets are LDOS plots for HOMO 
and LUMO states.
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2.5 Single-state tight-binding model

In order to introduce the effect of applying a bias across the molecule, we have used a 

single-state tight-binding model, as described in details in a previous publication.1 In this 

model the molecule is approximated as a single state, coupled to two electron reservoirs 

(electrodes). For such a system, the transmission function under a certain applied bias, T(ε, 

V), can be described by the Breit-Wigner formula:2

                            Eq. S1T ,V  4LR

 0 V 





2
 L R 2

where ε0 is the energy of the isolated state, ΓL and ΓR are the left and right coupling to the 

electrodes, respectively. Based on previous studies, 3-4 low-bias rectification is caused by the 

energy shifting of the frontier orbital of the molecule; translating into this model, it means that 

the rectification can be approximated by the asymmetric shifting of ε0 due to the applied bias. 

Here, we used the HOMO of the molecule as the single state ε0. This state will be spatially 

localized at the “centroid” of HOMO (see Figure S5). The bias-induced shifting of ε0 is 

determined by the following equation: 

                            Eq. S20 V  0 0 V state-lead distance
junction length

where V is the applied bias. The junction length is the distance between the two gold 

contacts. The state-lead distance is the distance between the state ε0 (at the center of mass of 

HOMO) and the geometric center of the junction in the transport direction. Therefore, the 

transmission function under different bias can be approximated by substituting Eq. S2 into 

Eq. S1 to give:

     Eq. S3T , V  4LR

  0 0 V state-lead distance
junction length



















2

 L R 2
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The values of ε0(0), ΓL, and ΓR can be obtained by fitting the dominant transmission peak 

using Eq. S1, setting these three quantities as parameters. These quantities, together with 

state-lead distance and junction length, are shown in Table S1. As one can see, the RMSE 

(root-mean-squared error) for all three fits are sufficiently small, indicating less than 1% error 

between the fitted T and the T calculated as described in the Methods section in main text. 

Once these parameters are obtained, the transmission function of the dominant transport 

channel under different biases can be calculated using Eq. S3, and in turn the current under 

those biases by integrating the transmission function. Finally, the rectification ratio can be 

obtained by taking the ratio of the currents between the positive and negative biases.

Table S1. Parameters from zero-bias transmission function fitted by Eq. S1. 

 Molecule ε0(0)
(eV)

ΓL
(eV)

ΓR
(eV)

RMSE 
(%)

State-lead 
distance (Å)

Junction 
length (Å)

CH2-NPBA -0.286 -0.2304 -0.0091 0.63 3.0192 14.4349
NH2-NPBA -1.580 -0.0298 -0.0008 0.14 1.2623 14.3949
C2H4-NPBA -1.110 -0.0322 -0.0024 0.12 0.5187 17.6785
Note: the Gamma values (ΓL , ΓR ) obtained indicate an asymmetric coupling of the molecular 
state (gateway orbital) with the leads, which is translated into TF peaks that attain only 
fractional values of the quantum unit of conductance.

  

CH2-NPBA 

NH2-NPBA 

C2H4-NPBA 

Figure S5. Representation of the isosurfaces of the LDOS for CH2-NPBA, NH2-NPBA, and 
C2H4-NPBA at ENPBA. The green and red lines are the projections of the planes that are 
perpendicular to the transport direction and that include the geometric center of the junction, 
and the centroid of the HOMO-derived electronic state, respectively.
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2.6 Angular dependence of the projected density of states of the phenyl and the Anchor-
leads fragments PDOSPh/PDOSAu-Anchor

To quantify the effects of the different anchoring groups on the electronic coupling between 

the gold leads and the π-system of the NPBA backbone, we calculated the ratio of the 

projected density of states (PDOS) of the phenyl fragment (PDOSPh) to the adjacent 

lead─anchor motif (PDOSAu─Anchor) for both CH2-NPBA and NH2-NPBA, with different 

dihedral angles between the Au─anchor and phenyl ring (see Figure S6, which uses NH2-

NPBA as an example).We considered rotations of the phenyl plane by +0°, +30°, +60° and 

+90° relative to the initial (equilibrium) geometry. The density of states distribution is 

different for CH2-NPBA and NH2-NPBA, therefore, for a fair comparison, the ratio 

PDOSPh/PDOSAu─Anchor calculated for the molecules with same anchoring groups are 

normalized to the lowest value within the series. In the case of CH2-NPBA, the normalization 

factor is the ratio obtained for the equilibrium geometry (+0°), while in the case of NH2-

NPBA, it is the ratio calculated with an increment of +60° relative to the equilibrium 

geometry. The results are shown in Table S2 and Figure S7. As can be seen, the PDOS ratio 

changes dramatically in the case of CH2-NPBA, with a 7-fold increase of the normalized 

value, within the series. Meanwhile, the PDOS ratio for NH2-NPBA only exhibits a 2-fold 

decrease through the series. 
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Au-Anchor 
motif 

Left phenyl ring 

Figure S6. Definition of the regions named Au─Anchor motif and left phenyl ring. The 
dihedral angle between the Au─anchor and phenyl ring is defined by the atoms labeled with 
the green circles in the figure. The figure depicts the initial geometry of the NPBA in the 
junction (+ 0⁰).

Table S2. PDOS ratios between left phenyl ring and the anchor─Au motif 
(PDOSPh/PDOSAu─Anchor), after rotation of phenyl ring plane from its original position by the 
specified angular increment.

Molecule + 0° + 30° + 60° + 90°
CH2-NPBA 1.00 2.52 4.64 7.19
NH2-NPBA 1.74 1.20 1.00 1.00

Figure S7. Evolution of the ratio PDOSPh/PDOSAu─Anchor as a function of the dihedral angle 
between the left phenyl ring and the anchor─Au motif for CH2-NPBA and NH2-NPBA. The 
values indicated (+0⁰, +30⁰, +60⁰, +90⁰) correspond to the incremental rotation of the phenyl 
ring plane from its original (relaxed) position. 
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3. NMR spectra
3.1 1H NMR spectra of 4’-methyl-N-methyl-N-(4-tolyl)benzamide in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), CHDCl2 (5.30)
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3.2 13C NMR spectra of 4’-methyl-N-methyl-N-(4-tolyl)benzamide in CDCl3
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3.3 1H NMR spectra of 4’-bromomethyl-N-methyl-N-[4-(bromomethyl)phenyl] 
benzamide in CD3CN

Residual solvent peaks (δ, ppm): CHD2CN (1.94), H2O (2.13)
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3.4 13C NMR spectra of 4’-bromomethyl-N-methyl-N-[4-(bromomethyl)phenyl] 
benzamide in CD3CN
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3.5 1H NMR spectra of 4’-(trimethylstannyl)methyl-N-methyl-N-[4((trimethylstannyl)-
methylphenyl]benzamide in CD3OD

Residual solvent peaks (δ, ppm): CHD2OD (3.31), H2O (4.85), CHDCl2 (5.49)
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3.6 13C NMR spectra of 4’-(trimethylstannyl)methyl-N-methyl-N-[4((trimethylstannyl)-
methylphenyl]benzamide in CD3OD
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3.7 1H NMR spectra of 2[-4-(2’,2’,2’-trifluoroacetamido)phenyl]ethan-1-ol in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.8 19F NMR spectra of 2[-4-(2’,2’,2’-trifluoroacetamido)phenyl]ethan-1-ol in CDCl3
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3.9 13C NMR spectra of 2[-4-(2’,2’,2’-trifluoroacetamido)phenyl]ethan-1-ol in CDCl3
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3.10 1H NMR spectra of 2,2,2-trifluoro-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)phenyl acetamide in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.11 19F NMR spectra of 2,2,2-trifluoro-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)phenyl acetamide in CDCl3
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3.12 13C NMR spectra of 2,2,2-trifluoro-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)phenyl acetamide in CDCl3
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3.13 1H NMR spectra of 2,2,2-trifluoro-N-methyl-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)-phenylacetamide in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.14 19F NMR spectra of 2,2,2-trifluoro-N-methyl-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)-phenylacetamide in CDCl3
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3.15 13C NMR spectra of 2,2,2-trifluoro-N-methyl-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)ethyl)-phenylacetamide in CDCl3
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3.16 1H NMR spectra of N-methyl-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)aniline in 
CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.17 13C NMR spectra of N-methyl-(4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)aniline in 
CDCl3
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3.18 1H NMR spectra of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)-ethyl)phenyl)benzamide in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)



39

3.19 13C NMR spectra of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-((tetrahydro-2H-pyran-2-
yl)oxy)-ethyl)phenyl)benzamide in CDCl3
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3.20 1H NMR spectra of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-
bromoethyl)phenyl)benzamide in CDCl3

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.21 13C NMR spectra of 4-(2-bromoehtyl)-N-methyl-N-(4-(2-
bromoethyl)phenyl)benzamide in CDCl3
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3.22 1H NMR spectra of 4-(trimethylstannyl)ethyl-N-methyl-N-(4 
((trimethylstannyl)ethyl)-phenyl)benzamide

Residual solvent peaks (δ, ppm): CHCl3 (7.26), H2O (1.51)
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3.23 13C NMR spectra of 4-(trimethylstannyl)ethyl-N-methyl-N-(4 
((trimethylstannyl)ethyl)-phenyl)benzamide



44

4. References

1. Koenigsmann, C.; Ding, W.; Koepf, M.; Batra, A.; Venkataraman, L.; Negre, C. F. A.; 
Brudvig, G. W.; Crabtree, R. H.; Batista, V. S.; Schmuttenmaer, C. A. Structure-function 
relationships in single molecule rectification by N-phenylbenzamide derivatives. New J Chem 
2016, In press (DOI: 10.1039/C6NJ00870D).
2. Cuveas, J. C.; Elke, S. Nonequilibrium Green's functions formalism. In Molecular 
Electronics, World Scientific Printers: Singapore, 2010; Vol. 1, pp 179-203.
3. Ding, W.; Negre, C. F. A.; Vogt, L.; Batista, V. S. Single Molecule Rectification 
Induced by the Asymmetry of a Single Frontier Orbital. Journal of Chemical Theory and 
Computation 2014, 10 (8), 3393-3400.
4. Ding, W.; Koepf, M.; Koenigsmann, C.; Batra, A.; Venkataraman, L.; Negre, C. F. A.; 
Brudvig, G. W.; Crabtree, R. H.; Schmuttenmaer, C. A.; Batista, V. S. Computational Design 
of Intrinsic Molecular Rectifiers Based on Asymmetric Functionalization of N-
Phenylbenzamide. Journal of Chemical Theory and Computation 2015, 11 (12), 5888-5896.


	Button 1: 


