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A Theoretical Study of Substitution Effects in
Unimolecular Rectifiers**

By Robert Stadler,* Victor Geskin, and Jérôme Cornil
The concept of molecular rectifiers introduced by Aviram and Ratner in 1974 has been the starting point of the field of

molecular electronics and the possibility of unimolecular rectification has been widely debated ever since. Despite the large

amount of publications on this topic over the years, the physical mechanisms leading to this phenomenon have not yet been

clarified to the point where a systematic route for enhancing the rectification ratio (RR) of molecules could be suggested.We

present here a theoretical study of RR for a range of molecules with a carboxylic group as a bridge between p-conjugated

chains substituted by nitro and amino groups to improve the rectification.We estimate theRR in two distinct ways, namely: i)

as the ratio of the threshold electric fields required to transfer one electron between the donor and acceptor units of the

molecule and vice versa, using quantum-chemical calculations based on the semi-empirical Hartree–Fock Austin Model 1

(AM1) method, ii) as the ratio of the currents in forward versus reverse bias, as obtained with a non-equilibrium Green’s

function (NEGF) approach for charge transport through gold/molecule/gold junctions within the framework of density

functional theory (DFT). The trends in RR as a function of the molecular structure agree very well when these two methods

are compared and can be explained in terms of the relative position of the nitro group within the generated electrostatic

potential. These findings allow us to derive some general conclusions about the physical mechanisms behind unimolecular
rectification.
1. Introduction

Interest in electron transport between nanoscale contacts

has recently intensified, in particular due to: i) the advent of the

technologically motivated field of molecular electronics;[1–4]

ii) recent progress in the experimental techniques for

manipulating and contacting individual molecules;[5–8] and

iii) the availability of first-principle methods to describe the

electrical properties of single molecule junctions.[9–13] Such

methods are usually based on density functional theory (DFT)

in combination with a non-equilibrium Green’s function

formalism (NEGF).[14,15]

The field ofmolecular electronics was initiated in 1974, when

Aviram and Ratner introduced a concept for a molecular

rectifier based on a single organic molecule[1]. This molecular

diode consists of a system with a p-donor and p-acceptor group

which are separated by a s-bonded segment. In this theoretical
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work, the flow of charges from the cathode to the anode

through the molecule was divided into three steps, where the

first two are the hopping of electrons and holes from the

electrodes to the acceptor and donor parts of the molecule,

respectively, and the third is the annihilation of electrons and

holes by tunneling through the s-bridge (see Scheme 1). In this

scenario, where the emphasis is put on resonances between

energy levels in the system, the annihilation process inside the

molecule was not assumed to be responsible for the

rectification effect but rather the evolution as a function of

the applied bias of the energetic alignment of the Fermi level of

the electrodes with respect to the localized highest occupied

(HOMO) and lowest unoccupied (LUMO) molecular orbitals

on the donor and acceptor parts, respectively.

In an attempt to design large scale circuits with single

molecule rectifiers, Ellenbogen and Love tried to reduce the

complexity of the rectification mechanism to a single param-

eter, that is, the energy difference between the LUMO

(localized on the acceptor part of the molecule) and the

LUMOþ1 (on the donor side) at zero bias.[16] The first

electron-transport calculations in a coherent regime with a

NEGF-DFT technique on such a molecular diode[17] contain-

ing nitro and amino groups to define the acceptor and donor

parts did not exhibit a large rectification ratio (RR), thus

suggesting that this design scheme was too simplistic. Recently,

another NEGF-DFT study on similar molecules yielded a

larger RR (around 3–4 when averaging the ratios of forward

and reversed bias currents at four voltages between 0.5 and

2 V); the authors argue that the rectification can only be

found if the s-bridge is replaced by a p-bridge.[18] We will refer

to this work later and contrast it with our own results.
GmbH & Co. KGaA,Weinheim 1119
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Several experiments found a rectification in the current–

voltage curves of metal/molecule/metal junctions.[19–22] This

effect, however, can have different origins in the nanojunc-

tion:[23,24] i) an asymmetry in the coupling of the molecule to

the two electrodes.[25,26] This effect can be explained by

charging effects that depend on the energetic positions of

HOMO and LUMO relative to the Fermi levels of the

electrodes. The dependence on bias direction arises from

the fact that the charge transfer at equilibrium, which defines

the level alignment at zero bias, mainly occurs between the

molecule and the electrode to which it is the most strongly

coupled;[26] ii) an asymmetry of the molecular structure caused

by a difference in the length of attached alkyl chains, which

places the conjugated unit crucial for charge transport closer to

one electrode than the other;[27,28] it has been shown that a

single active molecular level is sufficient for this type of recti-

fication;[27] and iii) a rectification effect which is defined by an

asymmetry of the electronic density of the relevant molecular

orbitals (MOs) in the conjugated core, that is, a unimolecular

rectification. Only (iii) is in the spirit of the original Aviram–

Ratner proposal and relates to the tailoring of electronic states.

The three theoretical articles discussed in the last para-

graph[16–18] deal with molecules belonging to this category.

It has to be mentioned that, although unimolecular rectifi-

cation is nowadays usually envisioned to take place in the

strong coupling regime of coherent tunneling (whereas the

original work of Aviram and Ratner[1] allows for a broader

definition), there are also proposals for diodes based on a

Coulomb blockade behavior,[29] a Debye screening in electro-

chemical systems,[30] a multi-phonon suppression[31] and inter-

molecular non-adiabatic electron transfer processes.[32] These

ideas do not fall into the scope of our article, which focuses

exclusively on the physical mechanisms of unimolecular recti-

fication for a single molecule strongly coupled to two metal

electrodes in a vacuum environment.

We present here a systematic investigation of unimolecular

rectification and analyze structure–property relationships for a

selection of asymmetric molecules (Fig. 1). All molecules in
Scheme 1. Illustration of the original Aviram-Ratner concept in Ref. [1]. The k
with the local HOMO and LUMO levels on the p-donor and acceptor units, re
levels at zero bias determines which voltage direction gives rise to the large
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Figure 1 have a carboxylic group as a bridge between the

p-conjugated acceptor and donor segments; this group

introduces asymmetry even in the absence of functional

side-groups. In our study, we focus particularly on the recti-

fication enhancing effect of NO2- and NH2-groups attached to

the acceptor and donor sides, respectively, and on the influence

of their position relative to the carboxylic bridge in the middle

of the molecule. Our results have been obtained by employing

two different computational techniques. In order to separate

intramolecular factors from effects related to contacts in a

junction, we started our study by using the semi-empirical

Hartree–Fock (AM1) method[33,34] coupled to a configuration

interaction scheme, as implemented in AMPAC[33] to analyze

the field-dependent charge transfer processes inside the iso-

lated molecules. We then corroborate our findings by emp-

loying a NEGF-DFT approach[9,35,36] for electron transport

through gold/molecule-dithiolate/gold nanojunctions under

finite bias.
2. Results

2.1. Computational Approaches

The two methods that we used in this work vary significantly

in three aspects. First, AM1 is a quantum-chemical technique

that allows for the description of electronic excitations in the

framework of a configuration interaction (CI) scheme. In

contrast, with NEGF-DFT, the ground-state electron density

under a given external potential (when including an applied

field) is the central variable. Second, AM1 is a parameterized

approach, which makes it computationally very efficient for

systems for which reliable atomic parameters are available,

that is, all organic molecules but only a rather small selection of

metals. By contrast, DFT calculations do not require para-

meters fitted to experiments,[36] which has the advantage that

the issue of transferability of such parameters to different

systems or different physical boundary conditions never arises;
ey feature is the energetic alignment of the Fermi level EF of the electrodes
spectively. In this simple model, the energy difference between these local
st current.
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Figure 1. Chemical structures of the unimolecular rectifiers under consideration in this article.
however, this comes at the cost of being computationally very

demanding. The third difference is the most crucial one for this

work: with AM1, we shift charges between the donor and

acceptor sides inside the isolated molecules, whereas with

NEGF-DFT, we solve the non-equilibrium problem of a

current passing from one electrode to another through the

molecule.
2.1.1. Rectification Ratios from Threshold Electric Fields

in AM1

One way to define an RR from AM1 calculations (which

describe the charge distribution of an isolated molecule under

the influence of an external perturbation) is via Mulliken

charges Nmull on the acceptor and donor segments of the

molecule. We exemplify our strategy in Figure 2 with molecule

M1 (Fig. 2a) as an example. We use so-called sparkles as

the external perturbation,[33] that is, we place two point charges

of opposite sign 6 Å away from the two terminating atoms of

the molecules. Because these point charges are sufficiently far

away from the molecule, this perturbation mimics the effect of

a homogeneous electric field. The charge of these sparkles

defines the x-axis in Figure 2b–d. The figure demonstrates that

the field-dependence of Nmull values calculated over the entire
Adv. Funct. Mater. 2008, 18, 1119–1130 � 2008 WILEY-VCH Ve
donor and acceptor sides of themoleculemirror each other and

exhibit a step structure for CI calculations: at a given threshold

field, an electron jumps from one side of the molecule to the

other. This threshold value can be unambiguously defined from

the inflexion points of Nmull versus the sparkle charge or in

other words from the maxima in d Nmull/dQ (Fig. 2c). Nmull

does not vary with the external field over the carboxylic group,

which plays the role of the bridge for the electron transfer. RR

is here defined as the ratio of the threshold values in the

forward and reversed bias directions, which are obtained by an

inversion of the signs of the sparkles at the opposite ends of the

molecule. We will show that these RR values for intramole-

cular charge transfer are directly related to those computed for

coherent transport through the same molecule coupled to two

electrodes.

The field strength needed for electron jumps in Figure 2b

must be related to the crossing of many-electron ionization and

affinity levels taking place when the eigenenergies of Hartree

Fock (HF) levels belonging to the two parts come close

enough. We stress that a closed-shell HF ansatz cannot

describe such electron transfer processes properly and that a CI

description including excitations among a few frontier occu-

pied and unoccupied MOs is required to access these many-

electron states for the correct description of electron jumps.
rlag GmbH & Co. KGaA,Weinheim www.afm-journal.de 1121
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Figure 2. Illustration of the way RRs can be obtained with AM1: a) definition of the acceptor, bridge,
and donor segments in molecule M1 (see Fig. 1); b) Mulliken charges on each molecular segment of
M1 as a function of the sparkle charge (see text); c) definition of threshold values from dNmull/dQ; d)
shift of MO levels as a function of Q. The sign of Q in b), c) and d) is defined in such a way that the
electron moves towards the positive pole.
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For this reason, it is hard to identify the threshold electric fields

in the evolution of the HF MO eigenenergies with the applied

field where they appear as avoided crossings (marked by

vertical lines), as exemplified in Figure 2d. However, such MO

eigenenergy diagrams can serve as a tool for the analysis of

intramolecular energy jumps that we will exploit in the dis-

cussion section. When the composition and location of an MO

remains sufficiently unchanged with the applied field, its

eigenenergy varies linearly with the external electric field.

Deviations from linearity thus indicate the fields at which

changes in MO composition take place (as corroborated by the

analysis of the spatial distribution of these MOs) and allow for

the identification of a few frontier MOs essential for the

description of the electron jump. In the simple case of molecule

M1, only the highest two occupied (HOMO, HOMO�1) and

the lowest two unoccupied orbitals (LUMO, LUMOþ1) of the

molecule participate in the charge transfer; their eigenenergies

evolve nonlinearly with the field in the vicinity of the threshold

charge values, as shown in Figure 2d. The situation is even

further simplified for M1, where a similar slope is found for all

four relevant MOs in the linear region of their field evolution.

This is rationalized by the fact that these four MOs are all

p-states with similar spatial distributions (see the insets of
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim
Fig. 2d); one can distinguish MOs on the

donor and acceptor sides, respectively,

from the sign of the slope. We will show

later that this similarity in slopes is not a

general case and that differences in spatial

distributions of MOs play a crucial role in

our study. For sake of simplicity, we will

refer to avoided crossings at the threshold

values as level crossings throughout this

article.

In all AM1 calculations, the molecular

geometries have been optimized at zero

bias but the atomic positions have not

been relaxed in the presence of the

sparkles in order to focus only on purely

electronic effects at this stage.
2.1.2. Rectification Ratios from I–V Curves

Using a NEGF-DFT Method

From NEGF-DFT calculations, we

derive a current through a gold/molecu-

le-dithiolate/gold junction (see Fig. 3a

for molecule M1) as a function of an

applied bias; the results can be directly

compared to the current–voltage (I–V)-

characteristics measured in experi-

ments.[9,35] Figure 3b shows such a

calculated I–V curve for M1. With this

approach, we can define RR as the ratio

of the currents in the forward and re-

versed bias directions at each voltage. In
Figure 3c, it can be seen that, although there is some fluctuation

in RR with the bias, it is an order of magnitude smaller than

RR itself. In the following, we have calculated the average of

RR for four different voltages (see caption of Fig. 4) in order to

be able to compare the trends with the AM1 results, where we

get just one RR value according to the threshold voltage

definition.

In order to compute the current with the NEGF-DFT

formalism, the transmission function T has to be integrated

over the bias window for a junction with its electron density

polarized by the generated electric field.[9,35] For the single

molecular junctions considered in this article, T was calculated

using a general non-equilibrium Green’s function formalism

for phase-coherent electron transport,[15] where both the

Green’s function of the scattering region and the self-energies

describing the coupling to the semi-infinite electrodes were

evaluated in terms of localized basis functions.[36] Explicit

examples of such transmission functions are shown in the

discussion section. In our calculations, the supercells for the

scattering region are defined by 3� 3 atoms in the direction

perpendicular to the transport direction and contain three

surface layers on each side of the molecule. We found that a

3� 3 k-point grid is needed for the sampling in the transverse
Adv. Funct. Mater. 2008, 18, 1119–1130
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Figure 3. Illustration of the way RRs can be obtained with a NEGF-DFT technique: a) single-molecule
nanojunction with M1 (see Fig. 1) connected to gold electrodes via thiolate groups; b) calculated I–V
curve for this junction; c) RR obtained as the ratio of the current in forward and reversed bias directions as
a function of the applied voltage. For b) and c), the calculations have been performed for voltage steps of
0.1 V.
Brillouin plane in order to obtain sufficiently accurate results

for T and the current. The atomic configurations used for the

molecular structures in all junctions are those relaxed at zero

bias at the AM1 level and attached to the gold electrodes with

thiolate groups; the sulfur atoms have been placed in a hollow

position with respect to the surface plane at a vertical distance

of 1.7 Å.[37,38]
2.1.3. Justification of Using AM1 and NEGF-DFT on Different

Voltage Scales

Since the two methods employed in this work for studying

RR are based on different theoretical frameworks (and

different approximations) for the electronic structure descrip-

tion, it is useful to evaluate their reliability for the tasks

associated to our study. This was done by benchmarking the

performance of both methods with respect to highly accurate

ab initio CI calculations (complete active space – self consistent

field involving excitations among several frontier orbitals and

using the 6-31G�� basis set) with the Gaussian software;[39] the

latter has also been employed for the DFT results (within the

local density approximation) presented in this subsection for
Adv. Funct. Mater. 2008, 18, 1119–1130 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA,Weinhei
ruling out effects of differences in the

implementation of basis sets. With

Gaussian we also compared sparkle

charges with homogeneous electric

fields on a CI level and found absolute

numerical correspondence.

Figure 4a compares the threshold

voltages obtained with the semi-

empirical AM1 technique (black

squares) and with the ab initio CI

calculations (bright circles). Although

the voltages are in general larger at the

ab initio level, their ratios and there-

fore RR are almost identical when

compared to AM1 (around 1.5).

The justification of using DFT is

less straightforward since it is not

relevant to perform CI calculations on

systems containing metallic electrodes

as the treatment of electron transport

in NEGF-DFT requires. However, we

can compareNmull in the range of field

strengths associated to the voltages

in all I/V curves, see Fig. 4b. Note that

the x-axis in Fig. 4b covers a range

of field strengths corresponding to

sparkle charges of about �5 jej; the
values representative of the bias in

NEGF- DFT calculations on metal/

molecule/metal junctions is only

�0.1–0.2 V Å�1. In this limited range,

the slope of the DFT curve is higher

than that obtained at the ab initio CI

level; Nmull is overestimated by an
almost constant factor of �1.4 with DFT so that the difference

between the two approaches cancels when calculating RR.

It would seem natural to perform all calculations in this

work, including the study of threshold voltages for intramo-

lecular electron jumps, on the basis of a DFT framework. It is,

however, well known that, due to the lack of a derivative

discontinuity in the exchange correlation functional, DFT

describes such jumps in a physically incorrect way.[40] It is only

in the low bias regime for rather strongly coupled junctions,

where no such jumps occur, that DFT-based methods can be

trusted to give reliable results. Therefore, we have limited the

comparison of DFT with ab initio CI to the linear region in

Fig. 4b.
2.2. Trends in Rectification Ratios

2.2.1. Comparison of the Rectification Ratios

In Fig. 5, the rectification ratios derived fromAM1 (squares)

and NEGF-DFT (triangles) are compared for the nine

molecules. We did not perform NEGF-DFT calculations for

molecules M2, M5, and M9, since the nitro groups would have
m www.afm-journal.de 1123
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Figure 4. Comparison of a) Nmull versus sparkle charge from AM1and b) Nmull versus electric field from DFT with results obtained from ab initio CI
calculations (bright circles in the two plots) for molecule M1 in Fig. 1. Note that the range covered by the x-axis in b) is smaller by about a factor of two than
in a). The threshold voltages are highlighted in a) while the range of field strength corresponding to a bias ofþ/�1V in themetal/molecule/metal junctions
is marked by vertical lines in b).

1124
been in direct contact with the gold surface. Strikingly, the

general trends obtained for RR as a function of the molecular

structure are similar with both computational approaches. This

has two important implications: first, in contrast to the assump-

tion made in the original Aviram-Ratner proposal,[1] the

energetic alignment of the molecular levels with the Fermi

energy of the electrodes cannot be the sole decisive factor

when the rectification properties of different molecules are

compared. Although this probably plays a significant role for a

quantitative assessment, our results suggest that the variations

in RR for different molecules must have an intramolecular

origin otherwise AM1/CI calculations would not reproduce the
Figure 5. RRs calculated with AM1 (squares) and NEGF-DFT (triangles).
For the NEGF-DFT results which are voltage dependent (see Fig. 3c), the
average of the current ratio at 0.5, 1, 1.5, and 2 V has been used. The
electrostatic potential at the position of the nitrogen atom of the nitro
group in the AM1 calculations for sparkles with charges Q¼�1 is shown
as circles. The x-axis refers to the labeling of the molecules in Fig. 1.

www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
trends found with NEGF-DFT. Of course, we only draw here

conclusions for the molecules studied in this article and do not

claim that our results can be readily applied to every possible

single molecule junction. It has to be noted that the calculated

RR are rather small compared to some experimental mea-

surements,[19–23] for which it is not so easy to determine

whether the observed effect comes from unimolecular recti-

fication only. However, there are some characteristic features

in the selected molecular structures that are found in the

unimolecular rectifiers described so far in the literature.[16–18]

Namely, we use gold electrodes, thiolates as anchoring groups,

and a molecule with a p-conjugated molecular backbone and

nitro and amino groups to induce acceptor and donor seg-

ments. The second conclusion is that AM1 appears to be a good

screening tool for investigating rectification behavior in single

molecular junctions. Once again, it is worth stressing that this

picture might differ for another set of molecules. However, this

approach is very attractive since AM1 calculations run for only

a few seconds whereas the NEGF-DFT calculations required

to produce the results in Figure 5 take several days.
2.2.2. Geometry Dependence of the Electrostatic Potential

To further analyze the structure-property relationships

obtained in Figure 5, we recall that RR relies on a strong

asymmetry of the electronic density of some relevant MOs. The

nature of the MOs that play a crucial role in the rectification

process for the molecules under investigation will be the main

topic of the discussion section. As expected, the results

demonstrate that the nitro and/or amino groups are important

in defining the actual localization pattern of the relevant MOs,

since our structural variations for a given chain size consist only
& Co. KGaA,Weinheim Adv. Funct. Mater. 2008, 18, 1119–1130
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in changing their distance from the central carboxylic bridge.

We will show hereafter that only the nitro group has actually a

significant electron density in the MOs close to the HOMO–

LUMO gap. From Coulomb’s law, we can derive the electro-

static potential induced by the sparkle charges at a given point

along the molecular backbone in the AM1 calculations. In

Figure 5, we have plotted this electrostatic potential at the

position of the nitrogen atom in the NO2 group as circles on a

different scale compared to the RR data. The resulting curve

follows the general trend observed with RR, that is., with the

substituents moving closer to the electrodes, the electrostatic

potential at the NO2-position increases and RR is enhanced.

There is, however, another feature in the AM1 results (squares

in Fig. 5) which is not captured by pure electrostatics. For

molecules M5 and M9, (those where the substituents are

positioned at the largest distance from the bridge, see Fig. 1),

the rise in RR seems to reach a limit and is indeed smaller than

the slope going fromM3 to M4 or fromM7 to M8, respectively.

This feature cannot be explained just on the basis of electrostatic

arguments and its quantum-chemical origin will be demon-

strated in the next section.

We point out that the two molecules studied in Refs. [17] and
[18] also differ in their structure by the localization of the

functional groups with respect to the electrodes. This

observation might provide an explanation for the differences

in RR between these two junctions which does not rely on the

presence of a saturated versus conjugated bridge, as claimed by

the authors of Ref. [18]. Despite the fact that the current

through a single molecule junction is indeed reduced when a

p-bridge is replaced by a s-bridge, there is no apparent reason

why the reduction in the conductance should be more

pronounced for the forward bias than for the reversed bias

direction.

The importance of the spatial position of a chromophoric

group inside single molecule junctions under bias has been

recognized before in the context of scanning tunneling micros-

copy[41] (where the coupling of the central molecule to the two

electrodes is asymmetric) and monolayers of molecules with

terminal alkyl chains of different lengths, both considering a

single[27] or two MOs[42] in the central moiety in simple

tightbinding models. To the best of our knowledge, the effect

of molecular geometry and of the relative position of chemical

groups in an electric field on the rectification properties has not

been discussed in detail so far at a quantum-chemical level or

within a NEGF-DFT electron transport formalism.
3. Discussion

3.1. Field-Induced Shifts of MO Levels

In Figure 2, we have established for the AM1 calculations a

connection between the local Mulliken charges on the donor

and acceptor sides of an asymmetric molecule and the crossings

of MOs when an electric field is applied. Such a connection has

also been made between the peaks in I–V curves calculated
Adv. Funct. Mater. 2008, 18, 1119–1130 � 2008 WILEY-VCH Ve
with the NEGF-DFTmethod and the bias-induced crossings of

Kohn-Sham orbitals.[17] In a recent DFT-based study of the

rectification properties of an asymmetric molecule, the slopes

of the evolution of different electronic level energies with the

bias have been rationalized in terms of the polarizability of the

different halves of the molecule[43] (including the gold clusters

they were attached to and the resulting screening effects).

Before undertaking a direct comparison of MO level shifts

calculated from AM1 and NEGF-DFT, differences between

the two methods have again to be stressed. On the one hand, it

is well-known that DFT methods underestimate the HOMO–

LUMO gap in general, whereas our AM1-calculations are

likely to overestimate them. On the other hand, the actual level

energies with NEGF-DFT are also influenced by the orbital-

dependent coupling to the electrodes. Our comparison can

therefore be only qualitative in nature. Note also that we

perform the two analyses in a different range of applied vol-

tages, since -as we will show below- the levels do not actually

have to cross within the NEGF-DFT formalism to explain the

trends in RR found in Fig. 5.
3.1.1. AM1

In Figure 6, we display the field-dependent MO level shifts

from our AM1 calculations for molecules M6–M9. The spatial

distributions of theMOs participating in the charge transfer for

voltages applied in both directions are also shown as insets. The

only orbital changing its localization pattern when moving the

position of both side-groups is the LUMO in the forward bias

direction (see the right side in Fig. 5a–d), which is centered

around the NO2-group. In turn, this change of localization

steepens the slope of the corresponding energy evolution with

the bias when the NO2-group moves from the center towards

the end of the molecule. Since the potential at a given point

induced by two oppositely charged sparkles is given by

V¼Q(1/R1� 1/R2), where�Q are the sparkle charges andR1,2

are the corresponding distances, it is clear that in the middle

(R1¼R2) V¼ 0 for any chargeQ; however, there is an increase

in the slope of V versus Q (and hence in the eigenenergy of an

MO localized around that point) when moving away from the

center. A higher slope therefore leads to an earlier crossing

with the unchanged HOMO level. No such effect induced by

the nitro group is found in the orbitals for the reversed bias,

thus explaining why there is an increase in the rectification

going from M6 to M9. Figure 6d also reveals why the

rectification enhancing effect is diminished with the AM1

results in Figure 5 for molecule M9. In this case, the slope has

become so steep for all orbitals with a strong localization on the

nitro group that theHOMO–6 (with a large amplitude onNO2)

crosses easily the LUMOunder reversed bias, thereby partially

balancing the ratio enhancement driven by the forward bias.

Wewant to contrast our findings with themodel proposed by

Ellenbogen and Love: [16] whereas the energy difference

between the LUMO (on the acceptor side) and the LUMOþ1

(on the donor side) at zero bias is suggested in Ref. [16] to be the
rlag GmbH & Co. KGaA,Weinheim www.afm-journal.de 1125
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Figure 6. Evolution of the MO eigenenergies as a function of the sparkle charges (see Fig. 2d), as computed with AM1 for molecules a) M6, b) M7, c) M8
and d)M9 (see Fig. 1). The vertical lines indicate the charge sparkle promoting the electron transfer, as obtained from theMulliken charges calculated at the
AM1/CI level.
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energetic quantity to optimize, we claim from our results that it

is crucial to look at the field-dependent evolution of all MO

eigenenergies. It does not have to be necessarily the LUMO

which plays the central role in the crossing of levels and in

changing the rectification ratio.
3.1.2. NEGF-DFT

In Figure 7, we show the eigenvalues of the self-consistent

Hamiltonian projected on the molecular part in the NEGF-
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
DFT calculations for molecules M6-M8; this has been

computed by diagonalizing the sub-Hamiltonian of the central

region defined with the basis functions localized on the

molecules.[9,17] In marked contrast to Fig. 6, where we plotted

theMO level shifts in a range of electric fields going beyond the

level crossings, we limit the extent in Figure 7 to much smaller

voltages corresponding to those that could be realistically

achieved in experimental I–V measurements.

For comparing the relevant features for the three molecules

in Figure 7, the three orbitals which require attention are

highlighted by showing their spatial distributions in the insets.
& Co. KGaA,Weinheim Adv. Funct. Mater. 2008, 18, 1119–1130
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Figure 7. Evolution of the MO-eigenenergies as a function of the external
bias, as calculated with the NEGF-DFT formalism for molecules a) M6, b)
M7 and c) M8 (see Fig. 1). The diagonal bright lines indicate the bias
window.
These are the LUMO,HOMOandHOMO-1 formoleculeM6;

for the other molecules, additional MOs localized on the

oxygen atoms of either the nitro or carboxylic moieties also

come close to the Fermi level but have not been found to

contribute to the transmission functions in Figure 8 (see

below). In deep parallelism with Figure 6, it is also here only

the LUMO level which exhibits significant changes in its

localization pattern and energetic evolution when the molec-

ules in Figure 7 are compared. We also note that the shapes of
Adv. Funct. Mater. 2008, 18, 1119–1130 � 2008 WILEY-VCH Ve
all the relevant orbitals perfectly match the corresponding ones

calculated at the AM1 level. For molecule M6, the LUMO

remains far above the bias window (indicated by diagonal

lines) when integrating the transmission function for both bias

directions whereas the LUMO is energetically lowered in

molecules 7 and 8, thereby approaching the integration

window and in the case of M8 falling below for a forward

bias of slightly more than þ1V (the actual crossing point is not

displayed in the figure).
3.2. Transmission Functions and the Role of

Coupling to the Electrodes

The most important physical quantity calculated in NEGF-

DFT calculations for electron transport through single

molecular junctions is the transmission function T.[9–13] Its

value at the Fermi energy defines the zero-bias conductance

and its integral over the bias-dependent energy window gives

the current. In Figure 8, we have plotted T at three different

voltages for molecules M6, M7, and M8. The voltage-

dependence in a calculated I–V-curve (see Fig. 3b for example)

is twofold. On the one hand, there is the trivial effect of the size

of the bias window (shown as vertical lines in Fig. 8), which

cannot by itself generate rectification since it does not depend

on the direction of the applied bias. On the other hand, T also

changes when a voltage is applied since the electronic structure

of the junction is polarized by the field; this polarization has to

be asymmetric to induce a rectification in the I–V curves. The

energetic shift of MOs upon application of a voltage, as

discussed in the context of Figure 7, has an impact on T (by

shifting the energetic positions of the peaks), but does not

determine T entirely since no information about the coupling

between MOs and the orbitals of the electrodes (that defines

the width of the peaks) can be obtained from the sole

consideration of the MO level positions.

The overall impression given by Figure 8 is that the shape of

the transmission spectrum changes considerably with the

applied field for the three molecules but in a very similar way

for each structure. The only exception is around the energetic

position of the LUMO peak at about þ1 eV. This peak is

totally outside the bias window for all molecules in the negative

voltage range (left column in Fig. 8), but shifts more and more

into this window at positive bias when going from M6 to M8

(arrows have been inserted in the right column of Fig. 8 as a

guide to the eyes). This observation fully supports our previous

conclusion that a structure-dependent energy shift of the

LUMO is responsible for the trends of RR found in Figure 5.

Our findings are of course limited to the range of molecules

investigated in this article and should not be readily general-

ized to other unimolecular rectifiers. However, as pointed out

before, our choice of systems exhibits many of the character-

istic structural features found in previously studied unim-

olecular rectifiers,[16–18] namely a p-conjugated molecular

backbone, nitro and amino groups, dithiolate anchoring groups

and gold (111) surfaces as electrodes.
rlag GmbH & Co. KGaA,Weinheim www.afm-journal.de 1127
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Figure 8. Transmission functions for molecules M6 (first row), M7 (second row), and M8 (third row) as calculated with the NEGF-DFT formalism. The
plots are obtained for voltages of �1V (left column), 0V (middle column) and þ1V (right column), respectively. The vertical bright lines indicate the bias
window.
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Figure 8 also highlights that electron transport occurs in

the coherent regime for all metal/molecule/metal junctions

investigated here due to the rather strong coupling of the thiol

anchoring groups to both the p-electrons of the organic

molecules and the s-electrons of the gold electrodes. This can

be seen from the widths of all relevant peaks in Figure 8 that

are larger than �0.5 eV. It would be interesting to determine

whether RR would change for weaker couplings (a different

choice of anchoring groups might reduce the coupling and the

width of the transmission peaks, thereby shifting the electron
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
transport regime towards a Coulomb blockade behavior). This

study is however, clearly beyond the scope of the present work.

4. Conclusions

In summary, we have presented a detailed investigation of

structure-property relationships for unimolecular rectifiers and

have explained the evolution of the rectification ratio among

the structures from simple electrostatic arguments combined to

a quantum-chemical insight derived from electronic structure
& Co. KGaA,Weinheim Adv. Funct. Mater. 2008, 18, 1119–1130
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calculations. Our main conclusions relate to the outcome of the

analysis of the structure-dependent rectification ratios and of a

comparison of the ability of two conceptually very different

computational techniques, AM1 and NEGF-DFT, to capture

such characteristics.
4.1. Trends in the Rectification Ratios

In order to achieve a deep understanding of the effect of

substituents on unimolecular rectification, it is not sufficient to

just look at zero-bias properties such as donor and acceptor

strengths. The relative position of the functional groups along the

generated electrostatic potential also plays a very crucial role.

This finding contrasts with design schemes for molecular

rectifiers proposed in the past[16] and might also offer an

explanation for the varying performance of recently investigated

molecular diodes.[17,18] It is not necessarily only the HOMO and

LUMO levels that participate in the rectificationmechanism due

to the fact that MOs further away from the Fermi energy can

become important due to their highly localized nature and

asymmetric position which both contribute in increasing the

slope of their energetic evolution as a function of the bias.When

an occupied or unoccupied level, which is energetically far from

the HOMO-LUMO gap at zero bias, is involved, the trends

derived from electrostatic arguments for theMOs next to the gap

can be partially diminished or probably even reversed.
4.2. Comparison between AM1 and NEGF-DFT

Quantum-chemical calculations of intramolecular charge

transfer processes at the AM1 level[33,34] seem to be a

computationally efficient tool to investigate the trends for

rectification, at least for the range of asymmetric molecules

under consideration; the trends derived at the AM1 level were

indeed found to be corroborated by more sophisticated (and

computationally much more expensive) NEGF-DFT-based

electron transport calculations,[9,35] which also include a proper

treatment of the coupling of MOs to the electrodes. Although

we cannot generalize this statement beyond the range of

molecules that we have studied, this range exhibits never-

theless the characteristic structural features of many unim-

olecular rectifiers currently under investigation.[16–18] Our

findings also suggest that the energetic alignment between

MOs and the Fermi level of electrodes is not the only decisive

factor when the rectification properties of different molecules

are compared; our results clearly point to an intramolecular

origin of the rectification mechanism, which is in deep contrast

to the original Aviram-Ratner proposal.[1]

The physical origin for the close correspondence between

the values for RR computed from the two approaches is not

self evident, since there is no need for explicit level crossings in

NEGF-DFT while there is with AM1. The common denomi-

nator between the two methods is actually the change in the

slope of the field-evolution of the energy of specific MOs. If

the slope is increased for an MO close to the Fermi energy in
Adv. Funct. Mater. 2008, 18, 1119–1130 � 2008 WILEY-VCH Ve
the forward bias direction, it leads to a crossing occurring more

easily with AM1 and to the corresponding level entering more

easily into the bias window at low voltages for NEGF-DFT. In

both methods, this contributes in establishing a RR if such an

effect does not also occur in the reversed bias direction.

An interesting topic, which we will address in our future

research, is to determine whether the close agreement of the

results provided by the two techniques holds only for RR as

small as those obtained for the range of molecules in our study

or whether it applies for any unimolecular rectifier in general.

For technological reasons, another goal is to design systems

with substantially higher RR values than the ones discussed in

this article.
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