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ABSTRACT: We report a systematic computational search of
molecular frameworks for intrinsic rectification of electron
transport. The screening of molecular rectifiers includes 52
molecules and conformers spanning over 9 series of structural
motifs. N-Phenylbenzamide is found to be a promising frame-
work with both suitable conductance and rectification pro-
perties. A targeted screening performed on 30 additional
derivatives and conformers of N-phenylbenzamide yielded
enhanced rectification based on asymmetric functionalization.
We demonstrate that electron-donating substituent groups
that maintain an asymmetric distribution of charge in the
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dominant transport channel (e.g, HOMO) enhance rectification by raising the channel closer to the Fermi level. These findings
are particularly valuable for the design of molecular assemblies that could ensure directionality of electron transport in a wide
range of applications, from molecular electronics to catalytic reactions.

B INTRODUCTION

Molecular electronics has remained an attractive field of great
interest since the seminal work of Mann and Kuhn in the early
1970s, which focused on conductance through monolayers of
fatty acid salts." Aviram and Ratner subsequently proposed that
single molecules could be employed as discrete molecular
devices for a broad range of applications.” However, for many
years, advances in the field of molecular electronics were
hindered by the complexity of examining the transport prop-
erties of single molecules at both the experimental and
computational levels. Over the last two decades, new devel-
opments in single-molecule junction experimental techniques
have allowed for reliable and reproducible measurements of
molecular transport properties.”~'* Meanwhile, complementary
developments in theoretical methods based on Green’s
function theory have also enabled more comprehensive
examination of the fundamental properties of single molecules
under nonequilibrium conditions."*~*'

Advances in studies of nonequilibrium transport properties
of single molecules motivate the development of molecular
motifs with transport properties tailored to a specific function.
In nature, molecular assemblies are employed to induce direc-
tionality of electron transport in a variety of systems.”” In
artificial systems, molecules could be equally wide-ranging as
electronic components, including molecular wires, switches,
diodes, and sensors. Compared with conventional electronics,
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molecular structures offer several advantages, including their
relatively small size (in the 1—100 nm range), the ability
to tune function by tailoring chemical functionalities, and
electronic/optical properties that can be tuned according to the
molecular nature and their surrounding environment.**

Molecular diodes are essential for current rectification at the
molecular level.” In essence, molecular rectifiers allow more
current to flow in one way than in reverse. The level of recti-
fication can be quantified by the so-called “rectification ratio”
(RR = I'/I") defined as the ratio of forward (I') and reverse
(I") currents, for a given bias potential applied forward and in
reverse, respectively. Among the various possible applications,
molecular rectifiers are expected to be particularly useful in
photoelectrochemical cells that rely on efficient photocon-
version at the single-molecule level.”” Such rectifying com-
ponents could suppress charge recombination which continues
to be a long-standing challenge in organic photovoltaics”**
and dye-sensitized photoelectrochemical devices.”®

A recent study of a Mn(II) redox-active center, anchored to
TiO, via an N-phenylbenzamide linker,”* has demonstrated the
feasibility of suppressing back-electron transfer by suitable
orientation of the amide functionality relative to the trans-
port direction. Calculated current—voltage characteristic (I-V)
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curves for the -NHCO— and —CONH-— orientations of the
amide group yielded asymmetric I-V characteristics, consistent
with electronic rectification as observed by the differing steady-
state Mn(II)/Mn(III) ratios of the two orientations observed
by EPR measurements. However, the reported level of recti-
fication was very modest, and further work is required for
computation design and characterization of molecular deriva-
tives with much higher levels of rectification, as addressed in
this study.

From a theoretical perspective, the current passing through
a single molecule under bias can be obtained by integrating
the transmission function, according to the Landauer-Biittiker
formula.”” Rectification arises whenever the integral of the
transmission function is an asymmetric function of the applied
voltage.”® Based on a simple tight-binding model,'’ eq 1, the
transmission function T(¢, V) depends mainly on three voltage-
dependent parameters, including the alignment of energy levels
£y(V), as influenced by the Stark Effect within the molecular
systems; the density of states of the electrodes DOS; (V) and
DOSg(V) on the left and right side of the junction, respectively;
and the couplings y;(V) and yz(V) between the molecule and
the left and right contacts, respectively.”’

T(e, V) =
4y} (V)DOS, (¢, V)7, (V)DOSy(e, V)
le — e(V)I + 2°[1}(V)DOS (&, V) + 7(V)DOS, (¢, V)I’
(1)

The couplings 7;(V) and yx(V) might be asymmetrically
influenced by the forward and reverse applied bias potentials,
inducing extrinsic recttfic111‘iorl.30’31 Different anchoring groups
on the left and right sides of the junction could also lead
to different magnitudes of y;(V) and yz(V). Another way to
induce extrinsic rectification is to use different electrodes on the
left and right sides of the junction, providing different DOS; (V)
and DOSR(V).** In contrast, intrinsic rectification results from
the distinct shift of the molecular energy levels £,(V) under
forward, or reverse, applied bias potential.>>** We focus on
intrinsic rectification since it should be common to different
systems with common molecular components.

Several recent advances have been reported in the field of
electronic rectification by single molecules. Most molecular
frameworks, however, either exhibit RRs smaller than 2 in the
low bias region (<1 V)202313536 o1 show large RRs but were
achieved through or in combination with extrinsic rectifica-
tion.””~* From a computational perspective, there have been
relatively few examples of molecular candidates with intrinsic
rectification,”®3%*975* many of which, however, are very com-
plex and hard to implement into molecular assemblies.
Here, we analyze promising candidates from a library of 82
synthetically plausible molecules. Our computational screen-
ing protocol implements the nonequilibrium Green’s function
(NEGF) methodology, combined with density functional
theory (DFT),*>*° as implemented in previous studies.”>***"~%
Such a methodology provides an efficient and reliable approach
for the description of the electronic structure of molecular
junctions under nonequilibrium conditions.

Our analysis shows that rectification correlates with the
position of bands in the transmission function (TF) most
proximal to the Fermi level (Ej) and with the asymmetry of the
molecular orbital responsible for that peak determining the
primary transport channel. These characteristics are consistent
with prior reports®»*"*%315%617% 4nd allow us to rationally

tailor the structure of new candidates investigated in this
paper to generate molecular motifs with improved performance
relative to the lead molecular structures.

B COMPUTATIONAL METHODS

Molecular geometries were optimized at the DFT/B3LYP
level” with the 6-31++G(d,p) basis set as implemented in
Gaussian 09.°° After optimization, thiol groups were deproto-
nated and covalently attached to gold contacts in the “atop”
position. All S—Au distances were fixed at 2.32 A,” and the
gold contacts were modeled according to the Au nanocontact
geometry, as described by Krstic et al.”’ = Each gold unit cell
had two sublayers of either seven or three gold atoms with
periodic boundary conditions along the transport direction.
Transport properties were computed by using the extended
three-system model, shown in Figure 1. An extra 7-atom layer is

Left electrode

Anchoring
site

Top view

Repeatable unit of
semi-infinite lead

Figure 1. Three-system model (extended molecule) used to compute
transport properties of single molecules (blue box) connected to gold
contacts via thiolate groups, denoted by red circles. Green boxes
indicate the unit cells for the leads. We employed the Au lattice
constant of 4.088 A in an hcp lattice. The face of the leads corresponds
to a (111) surface.”’ >’

inserted between the molecule and the right lead to ensure the
same attachment of the molecule to the left and right leads.
This type of lead provides robust results comparable to those
using more complex models.”” Meanwhile, because of its sim-
plicity, the computational cost can be significantly reduced for
the screening process. Since the transport is dependent on the
local geometry of the molecule-electrode contact,'>'*'*%%
the main focus should be placed on the trends of transport
properties that exist among the candidate molecules, rather
than the absolute numbers.

The I-V curves were computed by using the DFT-NEGF
approach, as implemented in the TranSIESTA computational
package.”® For calculation efficiency, the geometries of the
molecules were not allowed to vary with the bias. However,
the effect of applied bias on the molecular geometry can be
neglected when the applied bias is small.”” A double-{ basis
set’" was used for all transport calculations, which is sufficient
to describe the dominant energy levels involved in electron
transport. The generalized gradient approximation (GGA)”>
was used as the exchange correlation functional. To sample
the Brillouin zone, we used the gamma point for the extended
molecular region and a 1 X 1 X 80 Monkhorst—Pack k-point
grid for the leads. The energy cutoff for the real space grid was
200 Ry. The rectification ratio was obtained from currents
calculated at +0.2 V. Although the selection of the bias is
arbitrary, recent results suggest that the RR values obtained at
0.2 V are most consistent with those measured experime-
ntally by the scanning tunneling microscopy break junction
technique.”’
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Figure 2. Molecular motifs computationally screened for rectification. All cases except series R were computed with a p-mercaptophenyl group
bonded to each end of the molecule. Series R were computed as drawn in the figure.

Figure 2 shows the molecular motifs analyzed in this study
which were chosen according to synthetic plausibility, excluding
other candidates on the basis of toxicity of the target com-
pound, commercial availability of the precursors, and chemical
stability of the targeted structure under working conditions.
Although these criteria excluded a large number of otherwise
attractive structures, our strategy facilitates rapid experimental
testing of the most promising candidates selected by computa-
tional screening.

Initial lead molecules were derived from structures that
showed in silico rectification at the single molecule level.”*”
Others were derived from earlier work on the N-phenylbenzamide
and stilbene bridges™ and architectures based on the “donor/
acceptor” design introduced by Aviram and Ratner” and later
developed by Metzger and co-workers.”*

Among the various different categories of probed molecular
frameworks, we highlight compact polarized 7-systems that are
partly or fully conjugated with their anchoring groups (Figure 2
series A and B, respectively); weakly or highly conjugated biphenyls
derivatives featuring “donor/acceptor” character (series C and D,
respectively); asymmetric 7z-systems associating two segments of
different polarizability (series E, F, and G); derivatives of borazine
(series H); and derivatives of the N-phenylbenzamide bridge
whose structure is modulated by various substituents on the
phenylene groups and/or the nitrogen of the amide (series R).
Overall, we explored 82 molecules in order to find the best
candidates for both high rectification and conductance.

B RESULTS AND DISCUSSION

Figure 3 reports the calculated RRs as a function of the calcu-
lated single molecule conductance for 52 synthetically plausible
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Figure 3. Calculated RR versus conductance on a semilog scale for 52
synthetically plausible molecular candidates and conformers spanning
the structural motifs shown in Figure 2. Molecular structures of R1,
R2, R3, and R4 are shown in the lower panel.
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Table 1. Calculated Values of Conductance (G) and RRs for
Molecules Analyzed in This Work

molecules G (Gy) RR”
R1 9.9 x 1073 1.65
R2 5.5 %1073 1.64
R3 19 x 1073 1.19
R4 2.0 X 1072 3.06
RS 7.8 X 1073 7.20
R6 9.1 x 107° 16.67

“The rectification ratio is measured at a bias of 0.2 V.

molecules and conformers spanning the structural motifs
shown in Figure 2. With the exception of structures derived
from the N-phenylbenzamide backbone (series R), we observe
that it is rather uncommon for a molecule to exhibit both high

rectification and high conductance. Three groups of molecules
presenting similar characteristics can be distinguished: those
with low rectification and low conductance (yellow area); low
RR and high conductance (green); and high RR and high
conductance (blue), which are the candidates of interest. Com-
pared to the rest of the candidates screened, N-phenyl-
benzamide-based architectures (series R) are generally expected
to exhibit remarkably good rectifying and conducting proper-
ties, as shown in the upper right corner of Figure 3 (blue). The
calculated conductance and RR for selected molecules from
series R are summarized in Table 1.

Compared to other molecular motifs, the N-phenylbenza-
mide core (R1, Figure 3) has a very simple molecular structure
and was predicted by calculations to have both an attractive
rectification ratio (RR = 1.65) and a high conductance of 9.9 X
107 G, (see Table 1). Rl is expected to exhibit both intrinsic
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Figure 4. Calculated electron-transport properties of molecules R1, R2, and R3, including the I—V curves with absolute current (a, ¢, and e) and
transmission functions (b, d, and f) for R1 (a and b), R2 (c and d), and R3 (e and f). The insets of panels b, d, and f show iso-surfaces of projected
DOS of transport channels, showing that channels localized on one side of the junction (b and d) have higher rectification than delocalized channels

(f), as shown by the corresponding I-V curves.
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and early rectification at low to moderate voltages, as suggested
by a previous theoretical study.”” The preferred direction for
electron flow in this type of amide system is from N to CO in
the —NHCO- direction (i.e., from the aniline to the benzoyl-
fragment). The main transmission peak, next to the Fermi level
(Eg), corresponds to the HOMO (inset Figure 4(b)) and is,
therefore, assigned as the main transport channel. The HOMO
is localized on the aniline side of the N-phenylbenzamide core.
Due to the underlying asymmetry, the HOMO energy is raised
closer to the Fermi level when the potential of the electrode
connected to the aniline ring is raised under forward bias, while
it is lowered and shifted away from Ej under reverse bias
potentials (Figure 4(b)). As a result of the shift in energy, the
area under the transmission function within the integration
window (Ez—V/2, Ex+V/2) is increased for forward bias poten-
tials and decreased for reverse bias voltages, accounting for the
calculated asymmetry of I-V curves shown in Figure 4(a). The
same effect was observed for a rotamer of stilbene in which
the HOMO orbital was localized on only one side of the
molecule.”” These findings suggest that rational design of mole-
cular rectifiers is possible through localization of the frontier
orbital responsible for the transport channel on one side of
the molecular junction by either introducing donor—acceptor
groups or conformational constraints.

To test the validity of the aforementioned mechanism (low
bias rectification), we analyzed two other molecular derivatives
of compound R1. These molecules are the N-methyl (R2) and
N-isopropyl (R3) derivatives of the parent N-phenylbenzamide
core (see Figure 3). These two molecules have a framework
very similar to R1 but very different electron transport
properties. In the case of R2, the dihedral angle between the

phenyl and the carbonyl group is increased to 40° as compared
to 24° in R1, and the overall twist angle between the two
phenyl rings increases to almost 90° (inset of Figure 4(d)).
The broken conjugation leads to a 2-fold current reduction
(G = 5.5 X 107% G, for R2) with respect to R1. However, the
orthogonality between the two phenylene planes does not
change the localization of the transmission state (i.e., the sym-
metry of the HOMO). As a consequence, the RR calculated for
R2 (1.64 at 0.2 V) remains similar to the value calculated for
R1 (see I-V curves shown in Figure 4(a) and (c)). Figure 4(d)
shows the transmission peak shifting toward and away from the
Ep as the bias is swept positively and negatively, respectively, in
the same manner as previously reported for R1. This provides
further evidence that the predominant transport channel is
primarily related to the HOMO of the N-phenylbenzamide
core.

In the case of R3, the two phenylene rings are forced to
orient largely orthogonal to the amide bond motif due to the
high steric crowding introduced by the isopropyl substituent,
which is in contrast to R1 and R2 (see Figure S2 in the SI
for dihedral angles). The orthogonality breaks the extended
conjugation between the left phenylene group and the amide
bond. Therefore, there is no significant energy difference
between the left and the right rings, providing equal residing
probability for electrons with corresponding energies. As a
result, the HOMO is effectively delocalized over the entire
molecule, and R3 exhibits almost no rectification since the
transmission peak shifts in the same direction regardless of the
direction of the applied bias. From the I-V curve of R3, the RR
is predicted to be 1.19 at 0.2 V, which is significantly lower than
that of R1 and R2. Furthermore, the decreased conjugation
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Figure 6. Calculated electron-transport properties for molecules RS and R, including the I-V curves with absolute current (a and c) and
transmission function (b and d) for RS (a and b) and R6 (c and d). The insets of (b) and (d) show the localized DOS projected onto the states of

the transmitting peak.

causes the conductance to drop to a value of 1.9 X 107> G,,
which is lower than both R1 and R2.

The reported results show that electronic rectification can be
traced back to the asymmetry of the transmission channel
along the transport path, which is usually the longest axis of the
molecular bridge. For the molecules investigated in our study,
based on N-phenylbenzamide backbones, the transmission state
has a predominant HOMO character. Therefore, structures
with a HOMO localized on one side of the amide bridge have
higher rectification.

The most promising candidate from the initial screening is
compound R4, a derivative of R1 with two methoxy substituent
groups introduced into the aniline group (see Figure 3). This
compound exhibits a calculated RR of 3.06, which is much
higher than that of R1 and R2. The electron donating methoxy
groups raise the HOMO of R4 closer to Ej, therefore achieving
earlier rectification and higher RR under low bias. Figure §
shows that the transmission function and I—V curve for R4,
with a transmission resonance located at —0.21 eV, which is
about 70 mV closer to Ep than the corresponding transport
channels of R1 and R2. As a result, the area under the trans-
mission function within the integration window is larger (e.g,,
for an applied bias of 200 mV) and changes more dramatically
for positive and negative bias potentials, thereby explaining the
large RR. The proximity of the transport channel to the Fermi
level, referred to here as “Ep. proximity”, amplifies the asymmet-
ric response since it increases the integral of the transmission
function over the energy range (Ex — V/2, Bz + V/2).

Given the promising results for R4, we have investigated
additional modifications of the N-phenylbenzamide back-
bone and introduced highly electron-donating groups to further

increase the Ep proximity effect. Using the same screening
method, we obtain the results shown in Figure 5(c). A total of
30 molecules and conformers were included in this second
screening, all of which are derivatives of R4 with different
number and types of functionalization on the aniline group,
both symmetrical and unsymmetrical. These substituents
include alkyl groups, alkoxy groups, secondary, and tertiary
amines, etc. Two molecules from the screening (RS and R6, see
Figure 5(c)) have been selected for analysis, as they exhibit
structural similarity to R4 and display either high conductance
or higher RR.

In RS (see Figure 6(a)), amines were introduced into the
five-membered rings to ensure the most efficient coupling
between the lone pair of the nitrogen atom and the 7-system of
the phenylene ring. Figure 6(b) shows that the electron-
donating groups in RS shift the transmission channel to about
—72 meV, which is significantly closer to the Fermi level than
for R4 (—210 meV). We note that for a positive bias, starting
from a bias of 0.1 V, the entire transmission peak is located
inside the integration window, while for a negative bias, only a
small tail remains in the integration window. Accordingly, the
predicted rectification increases significantly to a RR = 7.2 and
is observed earlier (peaks at 125 mV, compared to R1, R2, and
R4 at 200 mV), indicating that this compound is a promising
candidate for the design of compact rectifying bridges. In R6,
additional oxygen atoms are introduced into the cyclic amines
in RS (see Figure 6(c)). This substitution further raises the
dominant transmission peak of the molecule to —47 meV
toward the Fermi level (see Figure 6(d)). In addition, due to
the broken conjugation, the transmission peak is narrowed,
which creates a more pronounced change on the current when
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Figure 7. (a) Correlation between RR and Ej, proximity. (b) Energy levels of frontier orbitals of R1, R2, R4, RS, and Ré. All E;; (middle of HOMO—

LUMO gap) are set to 0.000 eV to facilitate comparison.

moving in or out of the transport window. Consequently, the
RR at 0.2 V of R6 is dramatically increased to a value of 16.67
and has a peak at 75 mV. However, the conductance is reduced
more than 2 orders of magnitude to 9.1 X 107 Gy, due to steric
effects.

These results are best illustrated in Figure 7(a) where it is
obvious that the smaller the Ej proximity, the larger the RR is.
The irregular change of RR with Ey proximity can be attributed
to differences in the molecule-electrode couplings, as shown by
the different widths of the transmission functions for various
different molecules.

We note that the proximity of the HOMO to the Fermi level
is correlated with a decreasing HOMO—-LUMO gap for the
isolated molecule (see Figure 7(b)), which follows the trend of
R2(3.096 ¢V) > R1(2.916 €V) > R4(2.532 eV) > R5(2.072
eV) > R6(1.823 eV). This trend is preserved for the com-
pounds coupled to the gold contacts, suggesting that HOMO—
LUMO gaps in conjunction with the asymmetry of the frontier
orbitals for the isolated molecules could provide simple guide-
lines for optimization of rectification properties. At the same
time, we note that although decoupling between molecule and
the electrodes enhances rectification, it is balanced with the
trade-off of lower overall conductance.

B CONCLUSIONS

We have identified N-phenylbenzamide derivatives, as promis-
ing scaffolds for intrinsic molecular rectifiers, as predicted by a
computational screening methodology based on DFT-NEGF
calculations. Extensive computational screening of synthetically
plausible molecular motifs shows that the amide group provides
both high rectification and high conductance. We find that
rectification can be enhanced by electron-donating functional
groups that shift the HOMO of N-phenylbenzamide deriva-
tives closer to the Fermi level. The analysis of derivatives with
different modifications of the aniline group determined a
fundamental relationship between the electronic properties of
the molecules and their corresponding rectification ability. To
increase the RR under low bias, the dominant transport state
must be positioned as close as possible to the Fermi level of the
contacts and must have an asymmetric distribution of electronic
density. The optimal level alignment and asymmetry of such a
frontier orbital can, therefore, be tailored with suitable electron-
donating (or electron-withdrawing) groups, as demonstrated in
this study. Promising molecular rectifiers, with RR = 3.06 for
R4, RR = 7.20 for RS, and RR = 16.67 for R6 at 200 mV, have

been computationally designed with a suitable choice of
substituents on the N-phenylbenzamide core.
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