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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
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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 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
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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 develop-
ment of unimolecular rectifiers. For example, recent work has
focused on developing and incorporating UMEs with the goal of
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conducting frontier orbital relative to the Fermi level of the gold leads used in break-junction experiments.

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 requirements: (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 0 V 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 portfolio 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, and are based on donor-bridge-acceptor
assemblies.”>?** Other designs include fully conjugated systems
with substitutions on the core of the molecule,"> dipyrimidinyl-
diphenyl derivatives,"®'” n-stacked donor-acceptor cyclophane
assemblies,'® asymmetrical anchored molecules,'” > and systems
with asymmetrically modified electrodes.”*>® Recently, design
schemes based on a single asymmetric frontier orbital have been
proposed.**”?° Even though many molecular rectifier designs show
high rectification (RR > 1000), most of them are too complex to be
integrated into molecular assemblies for devices such as DSPCs.
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Scheme 1 Structures of our as synthesized NPBA derivatives.

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,'*****?%*" 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 requirement, 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 phenyl 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-property rela-
tionship 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 performed 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 Fermi level (Ex) of the
gold leads used in break junction experiments.” We have synthe-
sized two NPBA derivatives with N-methyl (R2,) and N-isopropyl
(R3,) alkyl functionalities on the parent NPBA molecule. In addition,
we have synthesized a NPBA derivative bearing electron donating
methoxy groups on the aniline moiety (R4,).
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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,”*® and 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 work, the current-voltage (I-V) characteristics of
these molecules were examined by the scanning tunneling micro-
scopy breakjunction (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 measurements, and the results were correlated
with the trends predicted 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 synthesized
via peptide coupling reactions, which enabled the parent NPBA
molecule to be derivatized with alkyl groups on the amide group
or electron donating groups on the aniline moiety. We expect
that these chemical modifications will lead to changes in both
the conductance and rectification properties, based on computa-
tional results. Fig. 1 shows the experimental histograms of
molecular conductance for R1,, R2,, and R4,. The average
conductance values measured experimentally and the calculated
values are summarized in Table 1. We find that R4, has the
highest conductance (2.7 x 10~* Go) while R24 (9.0 x 107> Gy)
has the lowest conductance and is three-fold lower than that of
R1, (1.7 x 10™* Go). 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 R1, to 40° in R2,. These results are
consistent with recent studies of other systems (e.g:, biphenyls)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6nj00870d

Open Access Article. Published on 30 June 2016. Downloaded on 30/08/2016 19:09:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

Normalized Counts
[y
1

0 I I I I |
S 4 -3 -2 -10
Log Conductance (G)

Fig. 1 Normalized, log-binned conductance histograms for R15, 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, R2,5, 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 107° 1.2
R4, 2.7 x 107* 1.5 2.9 x 107* 2.2

showing that conductance 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 R1,.

The N-isopropyl molecule R34 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.***®

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). Tetrachloro-
ethene (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 unsaturation,
and also have similar dielectric constants (¢ = 2.27 for PCE

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

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, molecules, whereas the linear
configuration is favored in the unsubstituted 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
difference 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 4-amino-aniline fragment 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~ * Gy) is nearly two-fold higher than
the conductance measured for R1,. Since R4, has a similar twist
angle in the amide bridge compared to Rl,, the increase in
conductance is not due to the relative degree of conjugation, as
was the case with the 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 aro-
matic 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 Ep by approximately 0.5 eV toward
Erwhen compared to R1, and R2,. Therefore, the transmission for
R4, at Ef is higher than for R1,, which is fully consistent with the
higher value of conductance measured.

New J. Chem., 2016, 40, 7373-7378 | 7375
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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 molecules
(see Experimental methods section) and are comparable 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 computational 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
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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

there is a strong correlation between rectification and the energy of
the transmission state relative to Ep, 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 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

254 — R2,
~ I R4A
é 20
£ 15-
5 10
= .
Q
5_.
0_ T T T
-0.5 0.0 0.5
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,, and R4,. Note: the absolute value of the current is plotted.
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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 con-
ductance and rectification properties as a function of molecular
structure using the scanning tunneling microscopy break junction
technique. We find that rectification is increased when the
N-phenylbenzamide backbone is functionalized with the electron-
donating methoxy groups on the 4-amino-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 principles 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 molecules
R1,, R2,, R3,, and R4, and details of our computational methods
can found in the ESL{

Molecular conductance and I~V characteristics were measured
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 performing STM experiments.
The STM-BJ measurements were performed under ambient, room
temperature conditions. Initially, ~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 (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 +1 V and —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 main-
tained a molecular junction during the entire -V ramp (1-10%
of all measured 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."

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Synthesis of Rectifier Molecules
Reagents, solvents and general glassware handling used for synthesis:

4-[(tert-butoxycarbonyl)amino]benzoic acid, 4-[(tert-butoxycarbonyl)amino]aniline, 4-nitrobenzoyl
chloride, N-methyl-4-nitroaniline, N-ispropyl-4-nitroaniline, N, N-diisopropylethylamine (DIPEA),
trifluoroacetic acid (TFA), and hydrazine monohydrate (reagent purities: 97% or higher) were obtained
from Alfa Aesar. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (97%) was purchased from
Bachem. 4-(NV,N-dimethylamino)pyridine (DMAP), and 4-nitro-2,5-dimethoxyaniline, (reagent
purities:97% or higher) were obtained from Acros Organics. 5%-palladium on carbon (Evonik E-101 E
R/W 5%) was purchased from Strem Chemicals. All the reagents were used as received. For synthetic
purposes dichloromethane (CH,Cl,, OmniSolv grade, EMD-Millipore) and tetrahydrofuran (THEF,
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. 200 proof ethanol (EtOH, Decon labs), and chloroform (CHCl;, ACS grade, stabilized with
amylenes, BDH) were used as received. N.N-Diisopropylethylamine (DIPEA) was freshly distilled over
potassium hydroxide (KOH) and stored under argon (Ar). The glassware was oven-dried and cooled
under nitrogen prior to use. Anhydrous sodium sulfate (Na,SO,), sodium bicarbonate (NaHCOs), citric
acid, and sodium chloride (ACS grade) were obtained from JT-Baker. For purification purposes,
dichloromethane (ACS grade, stabilized with amylenes, BDH), chloroform (ACS grade, stabilized with
amylenes, BDH) ethyl acetate (EtOAc, ACS grade, BDH), and toluene (ACS grade, Macron Fine
Chemicals) were used without further purification. For nuclear magnetic resonance studies (NMR),
deuterated dimethylsulfoxide (DMSO-d¢ containing 0.05% v/v of tetramethylsilane (TMS)) and
deuterated chloroform (CDCI;, 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 was conducted on silica gel (SiO,,
43—60 pm) provided by Silicycle. Celite 545 was purchased from EMD-Millipore. NMR spectra were
recorded on a Varian DPX spectrometer coupled to an Oxford 400 magnet. 'H spectra were recorded at
400 MHz, and 3C NMR at 101 MHz. Chemical shifts are reported versus tetramethylsilane as internal
reference. Mass spectrometry was performed on an Agilent G6550A Q-TOF LC/MS with API by direct
injection, the compounds were dissolved in methanol at an approximate concentration of 0.5 mg/mL. All
the synthesized N-phenylbenzamide derivatives were stored under Ar at -20°C.

Experimental procedures:

4-[(tert-butoxycarbonyl)amino]|-/N-[4-(fert-butoxycarbonyl)aminophenyl|benzamide

z Y,
_<HN_©_'/< 0—40 0
(o] \ OH EDCI, DIPEA, DMAP HN—@-{
7 ( - HN—@—NH
CHCl; THF,0-45C,N.
o >[ 3, 2 o

e S S

4-[(tert-butoxycarbonyl)amino]benzoic acid (500 mg, 2.11 mmol) was dissolved in a 1:1 mixture of THF
and chloroform (50 mL), N,N-diisopropylethylamine (1 mL, 0.747 g, 5.8 mmol) was added and the
solution was cooled to 0 °C under nitrogen. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (460 mg,
2.4 mmol, 1.14 eq) was added and the mixture was stirred at 0 °C for 30 minutes. 4-[(tert-
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butoxycarbonyl)amino]-aniline (440 mg, 2.11 mmol, 1eq) was added and the mixture stirred at 0 °C under
nitrogen for 30 minutes before being slowly warmed to 45 °C. The progression of the reaction was
followed by TLC analysis (Si0,, CH,Cl,: 20%-EtOAc). After stirring 2 hours at 45 °C a large amount of
solid precipitated and only trace amounts of staring material were detected by TLC; the mixture was
cooled to room temperature, and diluted to 100 mL with dichloromethane. The suspension was
successively extracted with 5% aqueous NaHCO; (2 x 100 mL), 5% citric acid (2 X 100 mL) and water
(2 x 100 mL). The organic layer was collected and the solvent was evaporated. The crude solid was
suspended in toluene (25 mL) and the solvent evaporated. This treatment was repeated two times to
eliminate the remaining water. Due to the poor solubility of the resulting material, it was immediately
used in the next reaction without further purification. Yield 587 mg (1.37 mmol, 65%), off-white solid,
estimated purity by NMR ~90%.

"H-NMR (400 MHz, DMSO-d;) & (ppm): 9.92 (s, 1H), 9.62 (s, 1H), 9.23 (s, 1H), 7.84 (d, J = 8.8 Hz, 2H),
7.58 (d, J=9.0 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 1.44 (s, 9H).

4-amino-/N-(4-aminophenyl)benzamide

A{ o o
o—{ 0o TFA, CH,Cl, . HZN_O_/<
HN_@% <:> RT, N, o HN_Q_NHZ
HN NH
o]
<N

The crude 4-[(tert-butoxycarbonyl)amino]-N-[4-(fert-butoxycarbonyl)aminophenyl] benzamide (450 mg,
1.05 mmol) was suspended in dichloromethane (50 mL) and trifluoroacetic acid (10 mL) added. The
mixture was then stirred at room temperature. After 2 hours the solid was fully dissolved and TLC
analysis (S10,, CH,Cl,:10%-EtOAc) showed that the reaction was complete. The mixture was diluted to
100 mL with dichloromethane and successively washed with a 5% aqueous NaHCOj; solution (3 x
100 mL) then water (2 x 100 mL). The organic layer was collected, dried over Na,SO,, filtered, and the
solvent was evaporated. Column chromatography (SiO,, CH,Cl;: 10%-EtOAc) yielded the desired
compound as an off-white solid (175 mg, 0.77 mmol, 73%).

"H-NMR (400 MHz, DMSO-dg) & (ppm): 9.36 (s, 1H), 7.64 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H),
6.55 (d, /= 8.6 Hz, 2H), 6.50 (d, J = 8.7 Hz, 2H), 5.61 (brs, 2H), 4.84 (brs, 2H).

BC-NMR (101 MHz, DMSO-ds) & (ppm): 165.01, 152.07, 145.05, 129.41, 129.19, 122.54, 122.11,
114.09, 112.95.

HRMAS (m/z): calc for C;3H;3N;0+H", 228.11314; found, 228.11302

N-methyl-4-nitro-N-(4-nitrophenyl)benzamide

0
O DIPEA, CH,Cl, O.N
O,N O,N NH > 2
cl \ reflux, N, N NO,

/

4-Nitrobenzoyl chloride (1.50 g, 8.1 mmol) was dissolved in anhydrous dichloromethane (25 mL). N,N-
Diisopropylethylamine (2 mL, 1.49 g, 11.6 mmol, 1.4 eq.) was then added under nitrogen and the mixture
was cooled to 0 °C. N-methyl-4-nitroaniline (1.01 g, 6.6 mmol, 0.8 eq.) was added and the mixture was
allowed to warm to room temperature. The mixture was then refluxed under nitrogen and the progression
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of the reaction was monitored by TLC analysis (SiO,, CH,Cl,). After 2 hours the mixture was cooled to
room temperature and diluted to 50 mL with dichloromethane. The solution was washed successively
with 5% aqueous NaHCO; (2 x 50 mL), 5% aqueous citric acid (2 x 50 mL) and water (1 x 50 mL). The
organic layer was collected, dried over Na,SO,, filtered and the solvent was evaporated. Column
chromatography (Si0,, elution gradient: CH,Cl, to CH,Cl,: 2.5%-EtOAc) yielded the desired compound
(second eluted band) as a light yellow solid (1.86 g, 6.2 mmol, 94%).

'H-NMR (400 MHz, CDCIl;) 8 (ppm): 8.14 (d, J = 8.0 Hz, 2H); 8.11 (d, J = 8.0 Hz, 2H); 7.50 (d, J =
8.0 H, 2H); 7.23 (d, J= 8.0 Hz, 2H); 3.58 (s, 3H).

BC-NMR (101 MHz, CDCls) & (ppm): 168.23, 149.42, 148.50, 145.72, 141.00, 129.58, 126.91, 124.94,
123.53, 38.21.

HRMAS (m/z): calc for C4H1N;05+H*, 302.07715; found, 302.07720.

N-methyl-4-amino-/N-(4-aminophenyl)benzamide

0 o]
02N—®—< Pd/C, HZNNHZ.HZO‘ HoN < > q
N_Q_Noz EtOH, reflux Ar N—QN H,

/ /

N-Methyl-4-nitro-N-(4-nitrophenyl)benzamide (0.5 g, 1.66 mmol) was suspended in absolute ethanol
(150 mL). The mixture was then purged with argon (3 vacuum-argon cycles). 5%-palladium on carbon
(150 mg) was added and the suspension warmed to 70 °C under argon. Hydrazine monohydrate (1.7 mL,
1.74 g, 35 mmol, 21 eq) was added and the mixture refluxed under argon for 4 hours. TLC analysis (SiO,,
CH,Cl,:5%- EtOAc) showed complete conversion. The mixture was cooled to room temperature and the
mixture filtered over a short Celite plug. The plug was then washed with ethanol (50 mL) and the solvent
evaporated to yield the desired compound as a white solid (380 mg, 1.56 mmol, 95%).

'H-NMR (400 MHz, CDCl3) & (ppm): 7.16 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 6.53 (d, J =
8.6 Hz, 2H), 6.41 (d, J = 8.6 Hz, 2H), 3.74 (brs, 2H), 3.64 (brs, 2H), 3.39 (s, 3H).

BC-NMR (101 MHz, CDCl;) & (ppm): 170.47, 147.57, 144.55, 136.83, 130.92, 127.81, 125.69, 115.37,
113.51, 38.86.

HRMAS (m/z): calc for C4HsN;O+H", 242.12879; found, 242.12885.

N-isopropyl-4-nitro-/N-(4-nitrophenyl)benzamide
o]
0 DIPEA, DMAP O.N
OZN_©_< 02N NH > 2
cl CH,Cl,, reflux, N, :N NO,

N-Isopropyl-4-nitroaniline (161 mg, 0.89 mmol) was dissolved in anhydrous dichloromethane (20 mL)
under nitrogen. N,N-Diisopropylethylamine (1 mL, 747 mg, 5.8 mmol, 6.5 eq.) and 4-(N,N-
dimethylamino)pyridine (75 mg, 0.7 eq.) were then added, followed by 4-nitro-benzoyl chloride (600 mg,
3.23 mmol, 3,6 eq). The mixture was refluxed under nitrogen and the progression of the reaction followed
by TLC analysis (SiO,, CH,Cl,). Following the first 2 hours of reflux, 3 x 200 mg of 4-nitro-benzoyl
chloride (total quantity added 600 mg, 3.23 mmol, 3.6 eq) and 3 x 0.33 mL N,N-diisopropylethylamine
(total quantity added, 1 mL, 747 mg, 5.8 mmol, 6.5 eq.) were added over the course of the 6 hours needed
to complete the reaction. The mixture was then cooled to room temperature, diluted to 50 mL with
dichloromethane and subsequently successively washed with 5% aqueous NaHCOj5 solution (3 x 50 mL),
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5% aqueous citric acid solution (3 x 50 mL) and water (1 x 50 mL). The organic layer was collected,
dried over Na,SQ,, filtered and the solvent evaporated. Column chromatography (SiO,, CH,Cl,:0.5%-
EtOAc) yielded the desired compound (second eluted band) as a pale yellow solid (220 mg, 0.67 mmol,
75%).

'H-NMR (400 MHz, CDCl3) & (ppm): 8.12 (d, J = 8.9 Hz, 2H), 8.03 (d, J = 8.7 Hz, 2H), 7.40 (d, J =
8.7 Hz, 2H), 7.19 (d, J = 8.8 Hz, 2H), 5.04 (h, /= 6.8 Hz, 1H), 1.26 (d, /= 6.8 Hz, 6H).

3C-NMR (101 MHz, CDCls) & (ppm): 168.06, 148.04, 146.83, 145.11, 142.26, 130.93, 128.95, 124.46,
123.39, 49.28, 21.02.

HRMAS (m/z): calc for C,¢HsN;Os+H*, 330.10845; found, 330.10774.

N-isopropyl-4-amino-/N-(4-aminophenyl)benzamide

0 o]
0:N—©—4 Pd/C, HZNNHZ.HZO‘ H,N < > q
N—Q—Noz EtOH, reflux Ar N—@—NHZ

N-Isopropyl-4-nitro-N-(4-nitrophenyl)benzamide (200 mg, 0.61 mmol) was suspended in absolute ethanol
(75 mL). The mixture was purged with argon (3 vacuum-argon cycles). 5%-palladium on carbon (75 mg)
was added and the suspension warmed to 70 °C under argon. Hydrazine monohydrate (0.85 mL, 0.87 g,
17 mmol, 28 eq) was added and the mixture refluxed under argon for 2 hours. TLC analysis (SiO,,
CH,Cl,:5%- EtOAc) showed complete conversion. The mixture was cooled to room temperature and
filtered over a short Celite plug. The plug was washed with ethanol (30 mL) and the solvent evaporated to
yield the desired compound as a white solid (151 mg, 0.56 mmol, 92%).

"H-NMR (400 MHz, CDCl;) & (ppm): 7.10 (d, J = 8.2 Hz, 2H), 6.77 (d, J = 8.2 Hz, 2H), 6.51 (d, J =
8.2 Hz, 2H), 6.38 (d, J = 8.1 Hz, 2H), 5.20 — 4.85 (m, 1H), 3.93 — 3.27 (m, 6H).

BC-NMR (101 MHz, CDCI;) 8 (ppm): 170.68, 147.06, 145.23, 131.39, 130.81, 130.36, 127.25, 114.80,
113.53, 47.26, 21.03.

HRMAS (m/z): calc for C;sH;9N;O+H*, 270.16009; found, 270.16012.

4-nitro-N-(4-nitro-2,5-dimethoxyphenyl)benzamide

OMe
o DIPEA
O;N O,N NH,
cl CHzClz reflux, N,
MeO

4-Nitrobenzoyl chloride (702 mg, 3.8 mmol) was dissolved in anhydrous dichloromethane (25 mL) under
nitrogen. N,N-Diisopropylethylamine (0.68 mL, 508 mg, 4 mmol) was added, followed by 4-nitro-2,5-
dimethoxyaniline (500 mg, 2.5 mmol), and the mixture refluxed under nitrogen. The reaction was
followed by TLC analysis (SiO,, CH,Cl,). After 2 hours of reflux, 4-nitrobenzoyl chloride (150 mg,
0.81 mmol) and N,N-diisopropylethylamine (0.15 mL, 113 mg, 0.87 mmol) were added and the mixture
was refluxed under nitrogen for a further 2 hours. The reaction mixture was then cooled to room
temperature, diluted to 100 mL with dichloromethane, and subsequently successively washed with a 5%
aqueous NaHCOj; solution (3 x 50 mL), a 5% aqueous citric acid solution (3 % 50 mL) and water (1 x
50 mL). The organic layer was collected, dried over Na,SQOy,, filtered and the crude mixture was adsorbed
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on silica (30 mL). Column chromatography (SiO,, dry loading, elution gradient CHCl;:1%-EtOAc to
CHCl5:2%-EtOAc) yielded the desired compound as a yellow solid (715 mg, 2.05 mmol, 82%).

'H-NMR (400 MHz, DMSO-dg) & (ppm): 10.11 (s, 1H), 8.35 (d, J = 8.7 Hz, 2H), 8.15 (d, J = 8.7 Hz, 2H),
8.03 (s, 1H), 7.66 (s, 1H), 3.88 (s, 6H).

BC-NMR (101 MHz, DMSO-ds) 6 (ppm): 164.79, 149.85, 147.63, 144.31, 140.04, 134.78, 133.21,
129.84, 124.06, 109.11, 108.73, 57.38, 57.18.

HRMAS (m/z): calc for C;5H3N;0,+H*, 348.08263; found, 348.08238.

4-amino-/N-(4-amino-2,5-dimethoxyphenyl)benzamide

(o] OMe (0] OMe
OzN—©—< Pd/C, H,NNH,.H,0 HoN < > (
B —
HN NO;  EtOH, reflux Ar HN NH,

MeO MeO

4-Nitro-N-(4-nitro-2,5-dimethoxyphenyl)benzamide (250 mg, 0.72 mmol) was suspended in absolute
ethanol (75 mL). The mixture was purged with argon (3 vacuum-argon cycles). 5%-palladium on carbon
(75 mg) was added and the suspension warmed to 70 °C under argon. Hydrazine monohydrate (0.85 mL,
0.87 g, 17 mmol, 24 eq) was added and the mixture refluxed under argon for 2 hours. TLC analysis (SiO,,
CH,Cl,:10%- EtOAc) showed complete conversion. The mixture was cooled to room temperature and
filtered over a short Celite plug. The plug was washed with ethanol (50 mL) and the solvent was
evaporated to yield the desired compound as a slightly off-white solid (167 mg, 0.58 mmol, 81%).
'"H-NMR (400 MHz, DMSO-ds) 6 (ppm): 8.66 (s, 1H), 7.62 (d, J = 8.5 Hz, 2H), 7.20 (s, 1H), 6.55 (d, J =
8.5 Hz, 2H), 6.40 (s, 1H), 5.64 (s, 2H), 4.63 (s, 2H), 3.67 (s, 6H).

BC-NMR (101 MHz, DMSO-ds) 6 (ppm): 164.95, 152.21, 146.72, 139.82, 135.59, 129.23, 121.72,
116.16, 113.09, 109.64, 99.18, 56.42, 56.34.

HRMAS (m/z): calc for C;sH7N305%, 287.12699; found, 287.12666.
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Computational Details

Description of the Leads:

Anchoring
site

Left electrode Repeatable unit of
Top view semi-infinite lead

Figure S1. The electrodes used for extended systems in /-V curve calculations. They consist of 6 layers of 16 gold atoms cut
from an Au fec lattice, with a triad contact motif attached to the (111) surface. The lattice constant is 4.080 A.

Computational Methods:

The molecules analyzed in Table 2 were optimized at the DFT/B3LYP level using 6-311+G(d,p) basis set
as implemented in Gaussian 09 v.COl." The isolated molecule used for transport calculations were
optimized in gas phase with DFT/B3LYP level using 6-31++G(d,p) basis set. The molecular junctions
were prepared by inserting the molecules in between the two gold leads as shown in Figure S1, attaching
through the amine terminal groups. I-V curves were obtained by using the DFT-NEGF approach as
implemented in the TranSIESTA computational package.”? The generalized gradient approximation
(GGA) functional PBE? was used for the calculations with single- basis set for gold atoms and double-{
basis set for non-gold atoms as implemented in TranSIESTA.? A Monkhorst-Pack k-point grid of
10x10x80 was used to sample the Brillouin zone for the gold electrode and a grid of 10x10x1 for the
molecular region. The energy cutoff for the real space grid was set to 200 Ry.

Single-State Tight-binding (TB) Model:

For computational efficiency and from earlier experience,*’ all screening calculations in our recent study?®
were performed with the nanowire leads and the thiolate anchoring groups. However, amine anchoring
groups are found to form a better linkage between molecules and scanning tunneling microscope (STM)
tips. Hence, we developed a method that enables us to computationally probe the /- characteristics of
molecules with amine anchoring groups that were identified by our screening process. Therefore, results
from the screening process should be only able to predict trends in rectification ratio (RR) as a function of
molecular structure but may not accurately predict the absolute value for the RR. For this reason, once the
screening process is finished, the most promising candidates are selected for a subsequent refining step, in
order to obtain an accurate absolute rectification ratio using a more realistic model.
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Previous studies® ' have shown that the low-bias molecular rectification is due to the shifting of
the transport state (a frontier molecular orbital, i.e. HOMO or LUMO) closest to the Fermi level under the
applied bias. Therefore, we can use the single-state tight-binding model for a more realistic calculation for
molecules with anchoring groups other than thiolate groups. In this model, the molecule is approximated
as one single state, connected to two leads in a tight-binding fashion. For such a system, the transmission
function as a function of energy, ¢, under a particular applied bias, V, can be described by the Breit-
Wigner formula:!!

1(6.V)- 4M, A,

[g — & (V)]z + (AL + AR)2
where ¢ is the energy of the isolated state, and A; and Ay are the coupling to the left and right electrodes,
respectively. According to this model, rectification is caused only by asymmetric shifting of ¢y with
respect to the applied bias. Hence, we are assuming that the overall shape of the transmission function
will not be affected under low bias.

(1)

Rl1, W ) 4
"y -
- b 4

- b 4

- -

R2, W v
- -

- -

- -

- L 4

% 4 -

R : wr*,v‘if e
- e '@

- L "

v v

Figure S2. The LDOS for R1,, R2,, and R4,. The green line indicates the center point in the transport direction of the
junction (between the gold leads). The red lines indicate the “center of mass” of the conducting molecular states in the
transport direction for each molecule.

Our single state ) will be spatially localized at the “center of mass” of the conducting molecular
state (or gateway orbital) shown in Figure S2. In the case of the present work we have determined that the
HOMO of the molecule is the primary orbital responsible for the electronic conductance, and its “center
of mass” will determine the position of the single state. With the present molecular orientation, the
HOMO is localized on the 4-carboxy-aniline side of the molecule (see Figure S2). Accordingly, when a
positive bias is applied, ¢, increases as the value of applied bias increases, and decreases as the bias
decreases.!® It is assumed that the bias experienced by the molecule is linearly decreasing from the
molecule-lead contact point to the geometric center of the junction. Hence, the change of g, is
proportional to distance in the transport direction between the HOMO “center of mass” and closest
contact point:
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£,(V)=&,(0)+ v x 22" lead distance o
junction length

where V is the applied bias. Therefore, the transmission function under different bias can be approximated
by substituting Eq. (2) into Eq. (1):

4N, A,

. 2
{g B [80 (0)+ Vx state - lead distance }} N (AL PA, )2

T(., V)= 3)

junction length

Assuming that the shape of transmission function does not change under low bias, ¢)(0), Az, and A can
be obtained by fitting the dominant transmission peak using Eq. (3), treating these three quantities as
parameters, and setting V to 0. Meanwhile, the spatial position of €4(0) can be approximated by using the
coordinates of the center of mass of the HOMO. The state-lead distance is the distance between the
molecule-lead contact point and the center of mass of the HOMO, projected onto the transport direction.
Once all the parameters are obtained, the transmission function of the dominant transport state under
different biases can be calculated, and in turn the current under those biases is computed.

Table S1. Parameters from zero-bias transmission function fitted by Eq. (4). Units are eV.

Molecule £9(0) AL Ap
R14 -1.661 -0.0447 -0.0034
R2, -1.580 -0.0298 -0.0008
R4, -1.091 -0.0406 -0.0010
25 T T 10 T T 14 T T
Left Left Left
Right Right 2L Right
~ 20F R1 1o~ 8r R2 1 ~
2 A 2 A 2
3 3 3
o @} o
&) A A
i | A
0 L 1 A L A OM | I A A L. o
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2 2 15 1 05 0 05 1 15 2
Energy(E-Ep) (eV) Energy(E-Ef) (eV) Energy(E-Ef) (eV)

Figure S3. Density of states for molecules R1,, R2,, and R4,. “Left” in legends means electron density of the HOMO
localized on the 4-carboxy-aniline group, while “Right” means localization on the phenyldiamine group.
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