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ABSTRACT: A mechanism for electronic rectification under
low bias potentials is elucidated for the prototype molecule
HS-phenyl-amide-phenyl-SH. We apply density functional
theory (DFT) combined with the nonequilibrium Green’s
function formalism (NEGF), as implemented in the Tran-
SIESTA computational code to calculate transport properties.
We find that a single frontier orbital, the closest to the Fermi
level, provides the dominant contribution to the overall
transmission and determines the current. The asymmetric
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distribution of electron density in that orbital leads to rectification in charge transport due to its asymmetric response, shifting
toward (or away from) the Fermi level under forward (or reverse) applied bias voltage. These findings provide a simple design
principle to suppress recombination in molecular assemblies of dye-sensitized solar cells (DSSCs) where interfacial electron
transfer is mediated by frontier orbitals with asymmetric character.

1. INTRODUCTION

Understanding charge transport in molecular assemblies of dye-
sensitized solar cells (DSSCs) is a challenge of great interest
since DSSCs could offer viable solutions to the renewable
energy problem.'” In such cells, the photoconversion
mechanism is initiated by photoexcitation of dye molecules
that are covalently bound to nanoporous semiconductor
surfaces (e.g, TiO,). The attachment is based on molecular
linkers and anchoring groups, as schematically depicted in
Figure 1. The photoexcited electrons are typically transferred
through the molecular linkers and are then injected into the
semiconductor matrix via ultrafast interfacial electron transfer
(IET) dynamics.”~"* To reduce back electron transfer, it would
be desirable to have linkers with rectification properties, as
indicated by the diode in Figure la, which would allow
electrons to flow into the semiconductor but suppress
recombination with the dye.">'* Here, we explore whether
rectification at low bias voltages can be induced by amide
groups conjugated to aromatic rings. We find that modest
rectification (i.e., rectification ratio 1.4—1.6) is indeed feasible
and that the underlying mechanism can be traced back to the
asymmetry of a single state, the frontier orbital with maximum
contribution to the overall transmission at the Fermi level.
While the analysis is limited to the prototype molecule HS-
phenyl-amide-phenyl-SH (A1), the mechanism should be
common to other molecular assemblies with amide groups
bridging the electron donor—acceptor fragments, such as
sensitizers previously used in DSSCs'® and porphyrin-fullerene
dyads such as ZnP-NHCO-Cg, and ZnP-CONH-Cy, that have
already been reported to exhibit different charge separation
rates due to the switched order of the amide group.'®
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Figure 1. (a) Real-space representation of the components of an
idealized DSSC. (b) Energetic scheme for the representation above
with the energy difference between the dye LUMO and the
conduction band creating the bias across the molecular linker.

Molecular rectifiers were first proposed by Aviram and
Ratner more than 40 years ago.'” Rectification has already been
shown in self-assembled monolayers'® >* where the surface
field is important. However, single molecule rectification
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remains to be demonstrated for molecules with rectification
ratios >2.2**° In the limit of infinitesimal bias potentials, all
molecules have symmetric current—voltage characteristics,
regardless of their molecular symmetry, since the scattering
transmission function is the same for electron tunneling
forward or in reverse. Therefore, experimental studies and
investigations based on the Landauer—Biittiker formalism>**’
have focused on higher voltages. The outstanding challenge is
to advance our understanding of rectification mechanisms at
low bias potentials to develop design principles to guide the
development of more effective molecular rectifiers. We focus on
the study of rectification at low applied bias potentials since this
regime is most relevant to DSSCs, where the voltage drop
across molecular linkers is usually small (e.g., < 250 mV). For
example, in DSSCs based on the N3 dye, TiO, and I7/I;
electrolytes, the E;; is about 200 mV.® In addition, depending
on the distance from the absorbing center to the surface, the
voltage gradient across the rectifying linker could be even
smaller. While electron injection at higher voltages is possible, it
is usually avoided, since it results in much lower efficiencies.
This is a result of surface acceptor states being poised near the
energetic edge of the conduction band and thus weakly coupled
to donor states of much higher energy.”® Therefore, rectifying
linkers for DSSCs must exhibit satisfactory rectification at low
bias voltages (i.e., early rectification). At these low bias voltages,
molecular linkers are robust. Previous studies have reported
successful single molecule conductance measurements with
applied bias potentials of up to 1 V***73! and have shown that
molecular structures can tolerate applied bias voltages of up to
sv?

We focus on the transport properties of the amide core in the
prototype molecule HS-phenyl-amide-phenyl-SH, which is a
synthetically accessible molecular linker previously used in
DSSCs," and in porphyrin-fullerene charge transfer dyads.'®
We analyze the nonequilibrium electronic properties of this
molecular framework where the intrinsic asymmetry is
introduced by the core amide group in an otherwise symmetric
molecule. Our study is based on the analysis of transmission
functions as a function of applied bias voltages, according to
density functional theory (DFT) or a simple tight-binding
model that provides valuable insights, calculations of I-V
curves computed by combining DFT and NEGF techni-
ques,®>** and the inspection of the local density of states near
the Fermi level.

A tight-binding model can provide a simple expression for
the transmission, as a function of the applied bias voltage V,
when a single state lgy) provides the dominant contribution to
the current:

T(e, V)
4’y (V)DOS, (e, V)ya(V)DOSy (g, V)
(e~ &) + 2L(V)DOS (e, V) + 1(V)DOSy (e, V)

(1)
where T is the transmission, &, is the energy level of state ),
71/r are the couplings between leg) and the left (L) or right (R)
leads, and DOS,; and DOS;, are the density of states for the two
leads. A derivation of eq 1 is provided in the Supporting
Information (SI). In the most general case, all of these
functions y;/r(V), DOS,/r(¢,V), and &,(V) depend on the
applied voltage. While we do not use eq 1 for transport
calculations, the tight-binding model is valuable, since it
introduces the essential parameters that determine the different
types of rectification mechanisms discussed below.

3394

Rectification typically arises when T(g,V) # T(e,—V) since
the current is obtained by integrating the transmission
function.”* From eq 1, it is clear that the condition T(e,V) #
T(&,—V) can result from asymmetric couplings (y, # yg) under
forward and reverse bias.”>** It can also result from contacts
with different density of states (i.e.,, DOS; # DOSg)** or when
(V) shifts differently under positive and negative voltages. We
focus on the shifting mechanism, which corresponds to intrinsic
rectification, since it is determined by the intrinsic electronic
properties of the molecule and it is observed even for symmetric
couplings and an identical density of states for both leads.

Our analysis of transmission functions shows that con-
ductance through HS-phenyl-amide-phenyl-SH is dominated
by the transport properties of the HOMO, which is the state
most proximal to the Fermi level. Due to the asymmetry of the
amide group, the HOMO has an asymmetric distribution of
charge preferentially localized on the aromatic ring that is more
conjugated with the amide group. Such asymmetric charge
distribution is stabilized (or destabilized) under positive (or
negative) voltages inducing rectification. The underlying
rectification is therefore quite different from other possible
mechanisms, such as those based on pairs of donor—acceptor
states in the molecule as proposed by Ratner and co-workers."”
The mechanism that we observe also complements other
studies of current rectification through 7z stacked multilayers,*’
rectification due to restructuring of frontier orbitals under
strong bias voltage,41_43 or rectification based on controlled
molecular orientation as reported by Tao and co-workers.*
Since it is observed under low bias voltages, it should be
particularly valuable for the design of molecular linkers for
DSSCs where asymmetric states near the Fermi level might
dominate the IET dynamics.

2. STRUCTURAL MODELS AND METHODS

The molecular structures were built according to the usual
three-system model, as shown in Figure 2, including the left
electrode, central device molecular region, and the right
electrode. The electrodes were modeled by using the Au
(111) surface, as either thin nanowires built by repeating layers
of 3 and 7 Au atom sublayers, or slabs built as semi-infinite 2D
(111) fcc surfaces (see SI).44_46 For the nanowires, each unit
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Figure 2. Schematic representation of 4-thio-N-(4-thiophenyl)-
benzamide (HS-phenyl-amide-phenyl-HS) (a), 4-thio-N-(4-
thiophenyl)benzamide bound to Au (Au-S-phenyl-amide-phenyl-S-
Au) (b), and the Au-S-phenyl-amide-phenyl-S-Au system used to
compute the transport properties using nanowire leads (c). The unit
cells for the leads are indicated by boxes, while buffering Au layers
connect the leads to the molecule. Color Key: Ay, S, C, N, O, and H,
are shown in golden, yellow, cyan, blue, red, and white spheres,
respectively.
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Figure 3. [-V curves for Au,-S-phenyl-amide-phenyl-S-Aug show larger current values for positive applied bias than for negative applied bias. (a)
Calculations performed with nanowire Au electrodes; (b) calculations performed with slab Au electrodes.

cell has two sublayers of seven and three atoms, respectively,
that are repeated using periodic boundary conditions along the
transport direction; each lead terminates in a seven atom face
that mimics the Au (111) surface. The slab Au electrodes were
modeled by using 6 layers of 16 gold atoms cut from an fcc
lattice, with a single layer of a triad contact motif on the (111)
surface to attach the molecule.***" In either case, the Au (111)
surface is used for attaching molecules because it is the most
stable surface.*” As discussed below, other Au surfaces might
exhibit different values of absolute conductance and rectifica-
tion ratios. However, the rectification mechanism should be
insensitive to the nature of the lead since it is determined by the
symmetry of molecular frontier orbitals. The molecule was
connected to the gold electrodes via the thiolate anchoring
groups. Transport properties were determined as usual by first
describing the leads as semi-infinite periodic nanowires and
subsequently connecting them to the central scattering region.

Molecular geometries for dithiol molecules were optimized at
the DFT/B3LYP level*® by using the 6-31G(d,p) basis set* as
implemented in Gaussian 09 v.COL>° Starting from the
optimized molecular coordinates for the HS-phenyl-amide-
phenyl-SH system (Figure 2a), the extended molecule, Au;-S-
phenyl-amide-phenyl-S-Au, (Figure 2c), was obtained by
attaching the leads to compound -S-phenyl-amide-phenyl-S-
without the two terminal H atoms. The Au—S distance was set
to 2.32 A, which corresponds to the DFT optimized bond
length in Au-S-phenyl-amide-phenyl-S-Au (Figure 2b). Coor-
dinates for the model systems are provided in the SI together
with a sample input file for the transport calculations. We note
that rectification trends are robust to changes in the Au—S
bond-length (see SI). This is important for comparisons with
break junction experiments that sample a distribution of Au—S§
distances and therefore a distribution of I—V characteristics.>"

Current—voltage characteristic curves were obtained by using
the DFT-NEGF approach as implemented in the TranSIESTA
computational package.*” Even though the absolute values of
conductance are systematically larger than the experimental
data,” the trends in nonequilibrium transport properties
predicted by DET are fairly reliable.>> Also, the self-consistent
field (SCF) electron density redistribution that is critical for
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rectification is well captured by DFT.>* 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)
functional PBE*® was used as the exchange-correlation
functional. We used different Monkhorst—Pack k-point grids
to sample the Brillouin zone®”® for systems using the two
types of gold electrodes. For the nanowire Au electrode, the k-
point grid was 1 X 1 X 80 for the leads and the gamma point
for the molecular region; while for slab Au electrode, we used
10 X 10 X 80 for the leads and 10 X 10 X 1 for the molecular
region. The energy cutoff for the real space grid was set to 200
Ry. The Hamiltonian matrix Hj}@ = (l//f’ﬁ IH(p)y?) was
obtained from the DFT density matrix p, and the overlap
matrix was S = (y/”Iyi’), where the indices ] and K label the
left (L) or right (R) leads, or the central (C) molecular region.
Here, o and f represent orbital indices. These matrix elements

are used to obtain the retarded Green’s function of the central
1

region G =———
eS—H-X] - X3

, where an infinitesimal positive
imaginary part has been added to the energy term. The X
functions are the self-energy terms of the left (L) and right (R)
leads.

The density matrix p = sz / G&(e)de is defined in terms of

the lesser Green’s function GJ(e) which is given by the
nonequilibrium formalism as follows:
Gi(e) = iG(e)ILf (e — ) + Tif(e — pp)1Gc(e), with f
the Fermi—Dirac distribution function and I'y; = i[Xf —
ZZ/R].M’SQ Both the chemical potential of the electrodes yy /r =
&g = V/2 and the finite bias V are incorporated for the
nonequilibrium regime and the electron density is calculated
iteratively and self-consistently until convergence.

The transmission coeflicient is obtained as usual,
T= Tr[FLQEFRgé], while the current is obtained by

integrating the transmission at 0 K, as follows:
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Figure 4. Transmission function for the molecular junction Au;-S-phenyl-amide-phenyl-S-Aug. (a) Calculations performed with nanowires Au
electrodes. (b) Calculations performed with slab Au eletrodes. For panel a, the main peak is centered at —0.33, —0.28, and —0.20 €V for —0.20, 0.00,
and +0.20 V bias, respectively. The insets show the transmission functions in the integration window from —V/2 to +V/2 used for the calculation of

the currents at 200 or 250 mV.
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The analysis of the origin of the asymmetry of the current—
voltage characteristic curve is based on the response of the
transmission function to positive and negative bias potentials as
determined by the local density of states, which can also be
obtained from Green’s function as follows:**%

! fE f:E Im(G*(r, €))de

LDOS(r, E) - 3)
where 6E = 0.01 eV and E is the energy of interest. In this
study, the LDOS is obtained by using the SIESTA computa-
tional package.®’ The local density of states LDOS(rE) is
particularly insightful since it provides a description of the
distribution of charge density for a state of energy E, such as the
HOMO that dominates electron transport in this prototype
system.

3. RESULTS AND DISCUSSION

Figure 3 shows the I-V curve of Au-S-phenyl-amide-phenyl-S-
Au calculated by using nanowire Au electrodes (Figure 3a) and
slab Au electrodes (Figure 3b). The comparison provides
insight on intrinsic rectification, which is observed for various
types of leads, since it depends on molecular properties. Figure
3a clearly shows that the system exhibits modest rectification,
with more current under positive bias than when a negative bias
is applied. For the orientation shown in Figure 3, this
corresponds to yy > py, with electrons moving more easily
from left to right. More generally, the electrons flow more
readily from the nitrogen side to the carbonyl side of the
molecule. The rectification ratio R(V) = II(+V)I/II(=V)I is
predicted to be 1.65 at 200 mV using the nanowire leads and
1.41 at 250 mV using the slab leads. We note that this
magnitude of rectification is not predicted for other asymmetric
molecules (see SI), making the phenyl-amide-phenyl system an
intriguing case study.

To determine the origin of rectification in this prototype
system, we analyze the transmission function (TF) without bias
as compared to the corresponding transmission under positive
and negative biasing potentials (Figure 4). We find that the
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main peak of the TF shifts toward the Fermi level (e.g., from
—0.28 eV to —0.20 eV in Figure 4a) for a +200 mV applied bias
(blue curve), but shifts in the opposite direction (e.g,, from
—0.28 eV to —0.33 eV in Figure 4a) for a —200 mV applied bias
(red line). As a result, the I-V curve is asymmetric since the
current computed as the area under the transmission function
for the integration window from —100 mV to +100 mV (inset
in Figure 4a) is larger for +200 mV than for —200 mV. The
same effect is observed for calculations based on slab Au
electrodes (as shown in Figure 4b), indicating that the
underlying rectification mechanism is an intrinsic property of
the molecule that is observed for different types of leads. It is
noticeable that the width of the transmission functions are
different when comparing results for the nanowire (panel a) or
the slab electrodes (panel b). These widths are determined by
the coupling strength and nanowires have fewer states (lower
DOS near the Fermi level) that couple to the molecular
HOMO (Figure S6 in SI). Hence, the transmission peaks for
nanowire electrodes are narrower than those obtained for the
slabs although they exhibit a similar response to the applied bias
potentials.

To understand, at the molecular level, why the peak of the
TF shifts in opposite directions when applying forward and
reverse bias voltages, we analyze the distribution of charge
density LDOS(r,E) at the corresponding energy E of the
resonant state. Furthermore, we compute the projected density
of states P-DOS for the left (S-phenyl-amide-) and right
(-phenyl-S) parts of the molecular framework by simply
summing over the atomic contributions of the corresponding
molecular fragments (Figure Sa). This analysis shows that the
state responsible for the resonance at —0.28 eV (indicated by
the arrow in Figure Sa) is largely localized on the left side of the
molecule (inset of Figure Sa). That state is thus destabilized and
shifts toward the Fermi level (Figure 4) under forward bias
since the potential is higher on the left and lower on the right
(Figure Sb). Under reverse bias, the opposite effect is observed
since the state is stabilized and therefore shifted away from the
Fermi level (Figure Sb).

When comparing the electronic density of the transport
channel at —0.28 eV to the density of the frontier orbitals of the
isolated molecule (Figure 6), we find that the transport channel
is very similar to the density of the HOMO, which is also
asymmetrically localized on the left side of the molecule. In

dx.doi.org/10.1021/ct5004687 | J. Chem. Theory Comput. 2014, 10, 3393—3400
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Figure 6. Density of states projected into the left (blue) and right
(red) fragment of the isolated molecule HS-phenyl-amide-phenyl-SH.
The inset shows an isosurface of LDOS(r,E) for the HOMO and
LUMO states indicated by the blue and red arrows.

contrast, the LUMO is rather delocalized; it is therefore clear
that the transport channel causing rectification is essentially the
HOMO of the molecule, HS-phenyl-amide-phenyl-SH, mixed
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with electronic states of the leads, particularly in the case of the
nanowire leads. Such electronic coupling poises the transport
channel closer to the Fermi level.

To demonstrate the dramatic effect of the amide group on
the symmetry of the transport channel responsible for the
rectification properties of HS-phenyl-amide-phenyl-SH, Figure
7 shows the I-V curve and transmission functions after
replacing the amide group by a carbon—carbon double bond.
The resulting molecule (i.e., trans-stilbene, or molecule A2) is
fully conjugated and planar. Figure 7 shows that the removal of
the amide group symmetrizes the I-V curves and makes the
response of the TF insensitive to the sign of the applied bias
potential. This is simply due to the fact that the HOMO of the
fully conjugated molecule has a symmetric distribution of
charge density (Figure 8a). Figure 7 also shows that the
extended conjugation increases the conductance when
compared to the less conjugated molecule HS-phenyl-amide-
phenyl-SH, in which the amide group introduces a 22° out-of-
plane twist between the amide carbonyl group and the
neighboring phenyl moiety. To show the importance of
asymmetric transport channel localization, we have analyzed
the transport properties of trans-stilbene after rotation of the
right phenyl ring by 90° relative to the rest of the molecule,
creating molecule A3. We believe that the rotation should
induce rectification as it breaks the symmetric localization of
transport channel. Figure 8b shows that such conformational
change breaks the extended conjugation and localizes the
electron density on the left side of the molecule (i.e., on the S-
phenyl-C=C- fragment). As anticipated, the resulting con-
formationally constrained system exhibits significant rectifica-
tion (e.g, a rectification ratio of 1.51 at 200 mV, as shown in
Figure 9, comparable to the rectification ratio of the molecule
with the amide group), although with much lower conductance
due to the broken conjugation. The design of molecular
frameworks with rectification properties could thus focus on
substitutional groups that would stabilize such conformations
to induce localization of the transport channel on one side of
the molecular junction, either due to chemical modification via
functionalization or conformational changes.

4. CONCLUSIONS

We have found a mechanism for rectification of electron
transport in the prototype molecule HS-phenyl-amide-phenyl-
SH that is determined by the asymmetric distribution of charge
in the frontier orbital most proximal to the Fermi level. An
asymmetrically localized transport channel provides the
dominant contribution to the transmission function in the
integration energy window used for calculations of the current
as a function of voltage, and this state responds by shifting
toward (or away from) the Fermi level under forward (or
reverse) applied bias voltages.

Contrary to mechanisms based on donor—acceptor dyads
where both donor and acceptor states in the molecule
participate in the transport mechanism, the rectification
properties of Au-S-phenyl-amide-phenyl-S-Au are determined
by the asymmetric distribution of charge in the HOMO due to
the amide group, giving the resulting stabilization (or
destabilization), relative to the Fermi level, under the influence
of negative (or positive) potentials. This mechanism comple-
ments other possible rectification schemes, such as those based
on donor—acceptor dyads,'” or controlled molecular orienta-
tion.”® At the same time, the reported results suggest a simple
principle for design of molecular rectifiers where electron

dx.doi.org/10.1021/ct5004687 | J. Chem. Theory Comput. 2014, 10, 3393—3400
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transport is mediated by a single frontier orbital channel (e.g,,
the HOMO or the LUMO) with an asymmetric distribution of

Derivation of 1, I=V curves for bis-phenyl amide with S—Au
distance dependence and molecule rotation dependence,
coordinates for structures of bis-phenyl amide and E-stilbene,
sample input file for TranSIESTA calculation. This material is
available free of charge via the Internet at http://pubs.acs.org/.
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