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We examine structure—function relationships in a series of N-phenylbenzamide (NPBA) derivatives by

using computational modeling to identify molecular structures that exhibit both rectification and good
conductance together with experimental studies of bias-dependent single molecule conductance and
rectification behavior using the scanning tunneling microscopy break-junction technique. From a large
number of computationally screened molecular diode structures, we have identified NPBA as a
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Introduction

According to a recent review,' unimolecular electronics (UME)
have remained in a state of constant ‘“adolescence’” since the
formal establishment of the field by Aviram and Ratner in
1974.% It is partially attributed to the fact that, despite a
considerable number of publications, single molecules have
yet to prove practical replacements for silicon-based electronic
devices, largely because of the difficulties associated with
reliably integrating single molecules into complex circuits.?
As such, a variety of new directions have been proposed for
the development of unimolecular rectifiers. For example, recent
work has focused on developing and incorporating UMEs with
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promising candidate, relative to the other structures that were screened. We demonstrate experimentally
that conductance and rectification are both enhanced by functionalization of the NPBA 4-carboxamido-
aniline moiety with electron donating methoxy groups, and are strongly correlated with the energy of
the conducting frontier orbital relative to the Fermi level of the gold leads used in break-junction

the goal of regulating the directionality of charge separation
and current flow through integrated molecular assemblies.*””

Unimolecular devices capable of rectifying current—molecular
diodes—could be used as a principal component in regulating
charge separation and recombination at the dye-semiconductor
interface in  dye-sensitized photoelectrochemical cells
(DSPCs).*”*® Such diodes have to meet three essential require-
ments: (1) being relatively small in size (~1 nm), for easy
integration into the dyes and to avoid interfering with the
electronic structure of the dye, (2) able to respond to a very
small applied bias,* and (3) exhibiting a large conductance at
0V bias so that it does not affect the rate and efficiency of the
initial injection.® Guided by these three requirements,
we performed an extensive computational screening of a port-
folio of promising structures for molecular rectification, which
highlighted several promising candidates based on
N-phenylbenzamide derivatives.”

Many designs of molecular diodes have been proposed and
studied." Many of these designs are similar to those proposed
by Aviram and Ratner, are based on donor-bridge-acceptor
assemblies.>*'* Other designs include fully conjugated sys-
tems with substitutions on the core of the molecule,"” dipyr-
imidinyldiphenyl molecules,'®'” n-rn stacking molecules,®
asymmetrical anchored molecules,"®™* and systems with asym-
metrically modified electrodes.>*>° Recently, design schemes
based on a single asymmetric frontier orbital have been
proposed.*>”*° Even though many molecular rectifier designs
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Scheme 1 Structures of our as synthesized NPBA derivatives.

show high rectification (RR > 1000), most of them are too
complex to be integrated into molecular assemblies for devices
such as DSPCs. Other observations of high rectifications were
achieved with systems using different electrode materials or
different terminal groups on either side of the junction. As
pointed out by previous studies,"®***%3%3! molecular rectifiers
with asymmetric contacts or terminal groups can induce
extrinsic rectification, which is independent of the properties
of the molecules themselves. In order to meet the third require-
ment, it is important to consider the ‘orbital rule’ described by
Yoshisawa and co-workers in the case of fully conjugated
molecular systems.*> This would determine the best spatial
location of the anchoring groups on the molecule to avoid
undesirable dephasing effects between the frontier orbital and
ensure a high conductance at 0 V.

Here, we focus on the N-phenylbenzamide (NPBA) structure
(Scheme 1, molecule R1,) and derivatives which are predicted
to have both, high conductance and rectification. The NPBA
structure has several advantages in the context of molecular
rectifiers, including its ease of synthesis and stability, that it
can be modified with a variety of anchoring groups, and that it
can be functionalized on the amide or aniline groups to
produce an extensive range of derivatives with tunable
electron-transport properties.

We have synthesized four molecular rectifiers based on
NPBA (Scheme 1) to explore the fundamental structure-prop-
erty relationship influencing the transport properties of NPBA
derivatives. Our selection of the parent NPBA molecule (R1,) is
guided by the results of a recent computational study per-
formed by our group, which revealed that both the conductance
and rectification of NPBA derivatives are strongly correlated
with the energy of the conducting frontier orbital relative to the
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Fermi level (Eg) of the gold leads used in break junction
experiments.” We have synthesized two NPBA derivatives with
N-methyl (R2,) and N-isopropyl (R3,) alkyl functionalities on
the parent NPBA molecule. In addition, we have synthesized an
NPBA derivative bearing electron donating methoxy groups on
the aniline moiety (R4,).

Based on our computational predictions, these chemical
modifications were expected to lead to changes in both the
conductance and rectification properties, which we explore
experimentally here. Several experimental techniques have
been established to measure conductance and rectification by
individual molecules, including measurements on molecules
bridging electrical contacts prepared by patterned
lithography,**** between stretched micro-wires,*>® in between
the gold tip and substrate of a scanning tunneling (STM), or an
atomic force (AFM) microscope.>’ *! All of these experimental
methods have demonstrated that single molecules can indeed
function as diodes. In this case, the current-voltage (I-V)
characteristics of these molecules were examined by the scan-
ning tunneling microscopy break-junction (STM-BJ)
technique,"" which probes the bias-dependent conductance of
molecules bound between the gold tip and substrate of a
scanning tunneling microscope.**™*"' Histograms of I-V curves
were determined from thousands of break-junction measure-
ments, and the results were correlated with the trends pre-
dicted by computational screening.’

It is important to note that the STM-BJ technique measures
the I-V characteristics of a single molecule and is inherently
different from techniques that measure the I~V characteristics
of contacts made with molecular monolayers where many
molecules are probed in a given measurement. To date, the
highest rectification ratios (RR) measured by the STM-BJ tech-
nique is ~200 for molecules linked to gold electrodes with
asymmetric anchoring groups in ionic solutions.** On the other
hand, measurement of I-V characteristics from molecular
monolayers results in much higher RRs that can range
up to several thousand."** Although higher RRs are measured
from molecular monolayers, single molecule techniques reduce
the effects of intermolecular interactions and molecular
packing on the observed I-V characteristics.”” Only single
molecules, not monolayers, can meet the needs of molecular
electronics.

Results and discussion

The series of NPBA rectifiers shown in Scheme 1 were synthe-
sized via peptide coupling reactions, which enabled the parent
NPBA molecule to be derivatized with alkyl groups on the
amide group or an electron donating methoxy group on the
aniline moiety. We expect that these chemical modifications
will lead to changes in both the conductance and rectification
properties, based on computational results. Fig. 1 shows the
experimental histograms of molecular conductance for Ri,,
R2,, and R4,. The average conductance values measured
experimentally and the calculated values are summarized in
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Fig. 1 Normalized, log-binned conductance histograms for R1,, R2,, and
R4, obtained from 5000 individual conductance traces collected at a bias
of 100 mV. Au histogram generated from 1000 traces is also shown.

Table 1 Measured and calculated values of conductance (G) and rectifi-
cation ratio (RR) for molecules R1a, R25, and R4,

Measured Calculated
Molecules G (Go) RR G (Gy) RR
R1, 1.7 x 1074 1.3 2.6 x 1074 1.4
R2, 9.0 x 10°° 1.3 2.2 x 10°° 1.2
R4, 2.7 x 10°* 1.5 2.9 x 10°* 2.2

Table 1. We find that R4, has the highest conductance (2.7 x
10~ Go) while R24 (9.0 x 107> Go) has the lowest conductance
and is three-fold lower than that of R1, (1.7 x 10~* G,). Based
on DFT calculations, the decreased conductance of R2, is
attributed to the larger dihedral angle between the carbonyl
group and the adjacent phenyl ring due to the steric effect of
the N-methyl group which increases the dihedral angle from
24°in R14 to 40° in R2,. These results are consistent with recent
studies of other systems (e.g., biphenyls) showing that conduc-
tance depends strongly on the degree of conjugation.>***®
In our case, the larger dihedral angle in R2, effectively breaks
the conjugation and reduces the transmission probability
relative to Rl,.

The N-isopropyl molecule R3, was successfully synthesized,
but did not result in well-defined conductance plateaus in the
STM-B] measurements. Although the conductance and I-V
characteristics of this molecule could not be determined, the
lack of a well-defined conductance plateau has been noted
previously and suggests that the binding between the target
molecule and the leads is not sufficiently strong to form a
stable, reproducible junction. In our case, this finding suggests
that the functionalization of the amide group with N-alkyl
groups changes the structure of the NPBA molecule more
profoundly than simply changing the dihedral angle. In fact,
prior studies have shown that the bent (E) configuration of the
amide becomes more energetically favorable relative to the
linear configuration (Z) when the amide is functionalized with
alkyl group, thus hindering junction formation.*®*®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Table 2 Free energy change (in kcal mol™?) for bent conformer relative to
linear conformer of each molecule. Solvent used for solution phase
calculation is tetrachloroethene

Molecule Gas phase Solution phase
R1, 3.55 4.15
R2, —3.31 ~1.84
R3, -7.13 —5.19
R4, 5.95 5.47

To further investigate this, we performed DFT calculations
(details in ESIt) to determine the structure of our series of
molecules in the gas phase and in solution using the SMD
solvation model (Density-based Solvation Model). Tetrachlor-
oethene (or perchloroethylene, PCE) was substituted for 1,2,4-
trichlorobenzene (TCB) during the solution phase calculations
since TCB is not included in Gaussian 09. PCE and TCB are
similar in regard to their high chlorine content and unsatura-
tion, and also have similar dielectric constants (¢ = 2.27 for PCE
compared to ¢ = 2.24 for TCB). The free energy changes,
between the bent and linear configurations of each molecule,
are given in Table 2. The calculations reveal that the bent
configuration is energetically favored relative to the linear
configuration in the N-alkyl functionalized R2, and R3, mole-
cules, whereas the linear configuration is favored in the unsub-
stituted R1, and R4, molecules.

In STM-BJ experiments, a linear configuration (Fig. 2) is
desired since the amine anchoring groups are then suitably
oriented for optimal binding to the Au-leads. In the case of R2,,
we were able to form a sufficient number of stable junctions to
measure the conductance and I-V characteristics, despite the
fact that the bent configuration is energetically favored.*’
Considering the Boltzmann distribution and energy difference
between the linear and bent configurations, roughly 4% of R2,
molecules are in their linear configuration in solution at room
temperature. In addition, the mechanical force imparted by the
gold tip pulling away from the surface may also increase the
probability of stable junction formation when the energy dif-
ference between the bent and linear configuration is relatively
small, as is the case with R2,. On the other hand, the energy
difference between the bent and linear configuration is much
larger in R3,, and only 0.016% of them will be in the linear
configuration. We believe this leads to a low yield of stable
junctions and is consistent with the experimental results. This
finding highlights the importance of investigating not only the
electronic properties of the molecule within a junction but also
the structural properties of the molecule in solution.

In addition to examining the effect of functionalizing the
amide with N-alkyl groups, we have also introduced electron-
donating -OMe groups into the carboxamido-aniline ring of the
molecule, as seen in structure R4,. This has shown promising
enhancements in both conductance and rectification. In fact,
we find that the conductance of R4, (2.9 x 10~ * G,) is nearly
two-fold higher than the conductance measured for R1,. Since
R4, has a similar twist angle in the amide bridge compared
to R1,, the increase in conductance is not due to the
relative degree of conjugation, as was the case with the
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alkyl-functionalized NPBA derivatives. Rather, the increase in
conductance is attributed to a shift in the HOMO energy
associated with the peak in the transmission function, as
shown in Fig. 3A. Electron-donating groups on aromatic rings
generally increase the energy of the HOMO. Hence, substitution
with -OMe shifts the transport channel of R4, (i.e., the HOMO)
closest to the Er by approximately 0.5 eV toward Er when
compared to R1, and R2,. Therefore, the transmission for
R4, at Ey is higher than for R1,, which is fully consistent with
the higher value of conductance measured.

Fig. 3B shows the average I-V curves measured for molecules
R1,, R2,, and R4, determined from over 2000 measurements of
individual junctions obtained following methods detailed
previously.’® The magnitude of current rectification is quanti-
fied by the rectification ratio (RR = I'/I") of forward (I') and
reverse (I') currents obtained by applying a given bias
potential, in the forward and reverse directions, respectively.
The rectification ratios (Table 1) for R1,, R2,, and R4, are 1.3,
1.3, and 1.5, respectively at 0.8 V. These RR values are above the
baseline of 1.2 measured for symmetrical non-rectifying mole-
cules (see Experimental methods section) and are comparable
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Fig. 2 The linear and bent configurations of molecule R34. The bent structure is calculated to be 5.19 kcal mol™ more stable than the linear structure in
tetrachloroethene.

to those obtained in a prior report (~1.5 at 0.85 V) for
asymmetrically coupled stilbene.'® Although the values are
lower than those recently achieved by this technique,** our
focus here is on the trend in RR. We find that the measured
trends are consistent with the trends observed by computa-
tional screening of NPBA analogs (Table 1).”

The RRs correlate with the energy of the transmission state
corresponding to the HOMO, relative to the Er of the extended
system (including the molecule and the gold leads). This effect,
previously referred to as the “Er proximity” effect, suggests that
there is a strong correlation between rectification and the
energy of the transmission state relative to Eg, provided the
conducting orbital (HOMO in this case) has an asymmetrical
distribution of the electron density with respect to the
junction.”?*° In this case, rectification was predicted to increase
as the energy of the transmission state under zero-bias
approaches that of Er. Since the rectification is caused by the
asymmetrical energy shifting of the conducting HOMO under
positive and negative biases, the degree of rectification under a
certain bias is determined by the shifting of the HOMO in and
out of the integration window, which is centered at the Fermi

251 — R2,
~ I R4A
45 20-
£ 15-
= 10
: -
O
5_
0_ T T T
05 0.0 05
B E (V)

Fig. 3 The calculated transmission function (A) and the statistically most probable /-V curves (B) determined by the STM-BJ technique for molecules

R1,, R2,5, and R4,. Note: the absolute value of the current is plotted.
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level. Therefore, the initial energy position of the HOMO is
crucial to the impact of its shifting on the amount of the state
inside the integration window: the closer the HOMO to Ey, the
larger and the earlier the impact it would have.

To isolate this “Er proximity”’ effect, we have minimized the
effects of differences in coupling between the molecule and the
lead by synthesizing molecules all with the same anchoring
group, and by using gold leads on both sides of the molecule.
Our experimental results demonstrate that significant changes
in both conductance and rectification can be achieved by
tuning both the conjugation of the NPBA molecule with alkyl
functional groups and the energy of the HOMO level relative to
Er by adding electron donating groups to the aniline moiety.

Conclusions

Guided by computational screening, we have synthesized a
series of N-phenylbenzamide derivatives, and characterized
their conductance and rectification properties as a function
of molecular structure using the scanning tunneling micro-
scopy break junction technique. We find that rectification is
increased when the N-phenylbenzamide backbone is functio-
nalized with the electron-donating methoxy groups on the
4-carboxy-aniline fragment. Electron-donating groups raise
the energy of the HOMO, which is the state that dominates
conductance since it is closest to the Fermi level. The resulting
proximity amplifies rectification, suggesting a simple yet robust
design principle for the rational development of molecular
rectifiers. Work in progress involves using these design princi-
ples to explore derivatization of N-phenylbenzamide with other
functional groups in order to further increase molecular
rectification.

Experimental methods

Details regarding the synthesis and characterization of mole-
cules R1,, R24, R3,, and R4, and details of our computational
methods can found in the ESI.

Molecular conductance and I-V characteristics were mea-
sured by using an STM in the break-junction mode. The break-
junction technique involves forming and breaking gold point
contacts in a solution of the target molecules. Initially, 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 a UV-ozone etcher to
remove residual organic impurities immediately before per-
forming STM experiments. The STM-B] measurements were
performed under ambient, room temperature conditions. Initi-
ally, ~1000 conductance traces were collected with the pristine
gold tip and substrate in order to verify that the tip and
substrate were free of contaminants.

The conductance and I-V characteristics of the single-
molecule contacts were measured in break junctions formed
in the presence of a dilute solution of the target molecule

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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(1-10 mM) dissolved in 1,2,4-trichlorobenzene (99%, Sigma
Aldrich). The tip was brought into contact with the surface of
the substrate until the conductance was greater than 5 G,
(1 Gy = 77.5 ps). The tip was subsequently withdrawn at a rate
of 15 nm s~ for a period of 125 ms and held for a period of
150 ms, while a triangular voltage ramp was applied between
+1Vand —1 V. Finally, the tip was withdrawn at 15 nm s~ ' for a
period of 75 ms to break the junction before repeating the
process for a total of ~50000 individual traces. The collected
traces were analyzed to select traces that maintained a mole-
cular junction during the entire I-V ramp (1-10% of all mea-
sured traces). A data selection and sorting process, described in
detail elsewhere, was then employed to generate histograms of
the I-V curves to obtain the average I-V curve.’
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