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ABSTRACT: Control of electron transport through molecular devices is a
fundamental step toward design of functional molecular electronics. In this
respect, the application of the field-effect transistor principle to molecular
junctions appears to be a desirable strategy. Here we study the possibility of
mechanically controlling the molecular orbital alignment in self-assembled
monolayers via the electrostatic fields originating from dipoles at the
metal−molecule interfaces. More specifically, we analyze first-principles
simulations of prototype alkanedithiolate and alkanediamine monolayer
junctions between Au(111) electrodes as a function of inclination of the
molecules in the film. We find that the molecular orbital alignment and
hence the low-bias conductance of the junctions, sensitively depends on
the interface dipole. The dipole change with molecular tilt is rationalized in
terms of two electrostatic effects: (i) the reorientation of a dipole
associated with the anchoring group and (ii) a dipole modification arising from charge redistribution due to the metal−molecule
bond. The first effect, dominating for the thiolates, is the desired way to gate the junctions by tuning of the molecular tilt.
However, the second effect, equally important for the amines, may hamper the mechanical control of the level alignment because
it depends on other geometric details than the tilt angle. Our results thus suggest that mechanical gating by tilt is achievable with
molecules and anchoring groups with strong intrinsic dipole moments and well-defined binding geometry rather than with
interface dipoles associated with weak and flexible metal−molecule bonds.

■ INTRODUCTION

Since the first proposal1 of a single-molecule electronic rectifier
in 1974 many advances in the field of nanotechnology have led to
the fabrication of various molecular devices2 exhibiting similar
functionality as components encountered in ordinary micro-
electronics, such as rectification,3 negative differential resistance,4

and switching.5 In addition to the efforts of chemical assembly of
molecular electronic circuits, techniques have also been
developed to construct single-molecule devices that display
basic physical transport phenomena such as quantized
conductance6 and Coulomb charging effects.7 However, detailed
control of atomic contact geometry and molecular conformation
is often difficult to achieve at the single-molecule level. To this
extent, molecular self-assembly on metal surfaces is a convenient
way to obtain well-characterized monolayer structures.8−10

Alkanes, simple saturated carbon chains, bridging metal
electrodes have been the prototype tunnel junction for
investigating the electronic and transport properties across
molecule−electrode interfaces.2 These molecules have a large
energy gap (of several electronvolts) between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Notice that here and in the
following, we reserve this nomenclature (HOMO and LUMO)
to molecular orbitals that extend along the carbon alkane chain.

The presence of functional groups introduces additional levels in
the molecular gap that are more strongly influenced by the
interaction with the metal surface.
Alkane junctions display typical off-resonance transport

characteristics as the Fermi energy EF of the metal electrodes
falls in the insulating HOMO−LUMO gap. The low-bias
tunneling probability of electrons can therefore be understood
in terms of an energy barrier, related to the position and
alignment of the molecular level with respect to EF, and of a
tunneling length set by the number of methylene (CH2) groups
in the molecular backbone.
The conductance of alkane junctions has been shown to be

sensitive to a number of details such as electrode shape and
orientation,11,12 tilt and torsional angle of the molecule,13,14 and
gauche defects.15,16 The alkane−metal interfaces also play
decisive roles, as chemical anchoring groups differently affect
the molecular level alignment and the contact resistance. The
thiol group has been widely used as the anchoring element due to
its extremely stable binding to gold, thus providing a good test
bench for comparing theoretical and experimental investiga-
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tions.17−19 Alternatively, amine groups have been demonstrated
to yield well-defined conductance values20−22 because the lone
pair of amines binds preferentially to undercoordinated Au
atoms, resulting in a flexible bond with well-defined electronic
coupling between metal and molecule.22−26 Most recently, even
alkanes with covalent Au−C contacts have been considered
experimentally and theoretically.27

The formation and structure of self-assembled monolayers
(SAMs) has a long history in surface science.8−10 While
alkanemonothiol is one of the most studied SAMs, alkaneditiols
have also been shown to form ordered monolayers.28 The
ordering on surfaces is generally steered by the interplay between
van der Waals intermolecule interactions and covalent
molecule−substrate interactions. The former interaction is
expected to be more pronounced for long molecules and to
favor highly ordered structures. This can lead to a multitude of
phases with different tilt angles29,30 and adsorption patterns.31−34

The problem of molecular level alignment in molecule−metal
junctions is one of the fundamental challenges for first-principles
quantum transport simulations. On the one hand, conventional
methods based on density functional theory (DFT) suffer from
the problem that DFT tends to underestimate energy band
gaps.35 On the other hand, the widely used local DFT functionals
do not correctly capture the image charge effects, which reduces
the energy gaps of molecules when adsorbed on metal
surfaces.36−38 In general, the GW approach39 is currently one
of the most accurate, but computationally expensive, techniques
used to get quantitative agreement with experiments in the
calculation of band gaps and band alignment.40 A simpler,
physically motivated correction for the errors in the Kohn−Sham
orbital energies, limited to cases of relatively weak metal−
molecule interactions, has also been devised and shown to
provide good agreement with experimental data.22,41 However,
in this study, we do not aim for addressing these fundamental
limitations of a DFT-based treatment of the electronic structure.
Instead, we will focus on another important aspect, namely, on
how variations in metal−molecule junction geometry can give
rise to significant shifts of the molecular level due to the
electrostatics associated with interface dipoles42−46 and thus to
changes in the electronic conduction properties.
Recently some of us showed that the inclination of

alkanethiolates in a self-assembled monolayer controls the
interface dipole and that the molecular level alignment can be
modified by changing the tilt angle of the molecules in the film.14

On the basis of the idea of this molecular gating effect it is
interesting to explore other molecular junctions where this effect
would be more pronounced. Along this path, recent work on
metal/organic interfaces pointed out that amine-terminated
alkanes over gold possess a significantly larger effective dipole at
the electrode/molecule interface than thiol-terminated alka-
nes.44

Here we perform a comparative study of the role of interface
dipoles for the transport through molecular films of alkanedi-
thiolates (DT) and alkanediamines (DA) as a function of tilt. We
show that these two common anchoring groups have quite
different tilt-angle dependencies of the electronic and con-
duction properties. We present an analysis of the different band
alignment processes to clarify the findings. In particular, for DT,
the molecular gating can be understood and controlled by the
orientation of an effective molecular dipole associated with the
S−C bond. The DAs, on the contrary, are also strongly affected
by charge rearrangements in the metal−molecule bond, which
leads to a more complex tilt dependence.

■ METHODS
We performed first-principles calculations of the zero-bias
conductance for the thiol- and amino-terminated self-assembled
monolayer using the code TranSIESTA47,48 based on DFT in
combination with nonequilibrium Green’s functions (NEGF).
To describe the scattering region of the molecular film we used
unit cells containing one molecule anchored to Au(111) surfaces
via gold adatoms on hollow sites, as shown in Figure 1. We note

that while the binding to undercoordinated atoms is justified for
the amines20,22 the same choice for the thiols is out of
convenience to be able to compare similar geometries for both
anchoring groups. By defining a surface unit cell of 2 × 2 gold
atoms for each molecule we fix a molecular coverage similar to
usual experimental conditions.29,30,49−51

The electronic structure calculations and the relaxations are
performed over a real-space grid of 200 Ry using a double-ζ plus
polarization (DZP) basis for the C, S, H, and N atoms and a
single-ζ plus polarization (SZP) basis for Au. We used the default
energy shift value of 0.02 Ry. Themolecule, the two adatoms, and
the topmost Au surface layers were relaxed until residual forces
were lower than 0.02 eV/Å. The remaining three Au layers at
each side of the scattering region were kept fixed at bulk
coordinates corresponding to a lattice constant of a = 4.18 Å. We
used the GGA-PBE exchange-correlation functional52 and a
Brillouin zone sampling of 5 × 5 × 1 k points. Projected density
of states (PDOS) onto basis orbitals were carried out using 30 ×
30 × 1 k points and a smearing of 0.2 eV. The transmission
functions were calculated with a sampling of 32 × 32 k points.
We considered four different molecules, namely, butanedithiol

(C4-DT), octanedithiol (C8-DT), butanediamine (C4-DA), and
octanediamine (C8-DA). Furthermore, for each of these
molecules we searched for three stable geometries with different
tilt angles θ (defined in Figure 1). Starting from the most straight
configurations, the tilted ones were generated by rigidly rotating

Figure 1.Definition of geometric parameters of the molecular junctions.
The molecular tilt angle θ is the angle between the molecular principal
axis and the surface normal. (a) Film of C8-DT molecule and
corresponding angles that characterize its orientation. The anglesφ1 and
φ2 are the S-adatom−normal and C−S−normal angles, respectively. (b)
C8-DAmolecule anchored to Au adatoms with NH2 groups. In this case,
φ1 and φ2 are the N-adatom−normal and C−N−normal angles,
respectively.
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the whole molecule with respect to one of the adatoms. On the
other side of the junction the adatom, to which the molecule is
connected, was placed on the nearest hollow site over the ideal
Au(111) surface and the electrode separation was reduced
accordingly. Subsequently the molecule, the two adatoms, and
the topmost gold layers were relaxed until residual forces were

below 0.02 eV/Å. The results of this approach lead to a certain
variation in the orientation of the anchoring groups with respect
to the metal surface. We characterize this variation by the angles
φ1 and φ2, as defined in Figure 1, which turn out to be essential
geometric parameters to describe the electronic properties of the
metal−molecule interface. Actually, because the junctions at the

Table 1. Geometric and Electrostatic Properties of the Alkane Junctionsa

molecule θ (deg tilt) φ18,l (deg) φ1,u (deg) φ2,l (deg) φ2,u (deg) EHOMO (eV) ΔV (eV) ΔU (eV)

C4-DT 0 18 18 39 39 −3.22 −1.75 1.67
29 21 13 52 57 −3.14 −1.51 1.69
38 18 19 58 61 −3.02 −1.35 1.64

C8-DT 0 22 22 43 43 −3.05 −1.61 1.67
26 11 11 63 63 −2.81 −1.09 1.65
35 15 5 78 75 −2.44 −0.52 1.65

C4-DA 9 22 23 40 40 −7.00 −1.17 −2.44
26 62 62 17 17 −5.27 0.11 −1.25
46 60 60 62 62 −4.97 −0.36 −1.01

C8-DA 14 37 36 25 26 −6.14 −0.36 −2.07
36 14 15 43 43 −6.54 −1.15 −2.15
42 61 61 96 96 −4.57 −0.39 −0.84

aColumns correspond to molecular tilt angle θ, anchoring group angles φ1 and φ1 (defined in Figure 1) for both the lower (subscript l) and the
upper (subscript u) interfaces, position of HOMO level EHOMO (defined in Figure 2), potential difference ΔV arising from the lower anchoring group
(defined in Figure 4), and renormalization potential ΔU induced by the metal−molecule bond formation (defined in Figure 7).

Figure 2. Electron transmission function (T(E), top panel) and projected density of states (PDOS, lower panels) onto different atomic orbitals for (a)
butanedithiol (C4-DT), (b) octanedithiol (C8-DT), (c) butanediamine (C4-DA), and (d) octanediamine (C8-DA) at three different tilt angles θ. The
inset in panel a illustrates how we define the position of the HOMO level from the edge of the H PDOS.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp401744m | J. Phys. Chem. C 2013, 117, 14272−1428014274



two ends of the molecule are not strictly mirror symmetric, these
two parameters could differ from one side to the other. All
geometric parameters are listed in Table 1.

■ RESULTS

Alkanedithiolates. In Figure 2a,b we present a PDOS
analysis and transmission functions for C4-DT and C8-DT for
different tilt angles θ with respect to the surface normal. The
results are in good agreement with similar calculations14 and two-
photon photoemission spectroscopy experiments51 on longer
alkanes. The transmission coefficient of the alkanedithiolate
junctions presents the characteristic bandgap of an alkane chain
of ∼8 eV (observed between −3 and 5 eV). The HOMO and
LUMO levels are revealed in the PDOS onto H and C orbitals in
Figure 2 (i.e., PDOS onto the alkane backbone). In general, the
molecular levels shift upward with inclination, but they do not
shift the same amount. In fact, while the HOMO is well-confined
to the molecule (due to its low energetic position), the LUMO,
which is higher in energy, is spatially more extended and thus
couples more strongly to the metal. Therefore, the LUMO
resonance is broader than the HOMO, and it does not show a
well-defined shape. Furthermore, the DFT error in the HOMO
position for an adsorbed molecule has been shown to be smaller
than that for the LUMO.53 For these reasons, in what follows we
always refer to the HOMO position when discussing the
molecular level alignment as a function of tilt. We define its shift
in terms of the edge of the H PDOS, as illustrated in the inset in
Figure 2a.
Metal and anchoring group states introduce features inside the

gap of the alkane chain. At E − EF ≈ −2 eV the gold adatom
introduces a clear resonance in the PDOS for both C4-DT and
C8-DT. Similarly, the sulfur atom introduces a resonance just
below the Fermi level, and this resonance may or may not show
up in the junction transmission. The precise conditions for

having the S-resonance in T(E) is unclear, but it appears to be
very sensitive to details in the geometry. With tilt of the
molecular layer this peak generally becomes more prominent.
The zero-bias conductance versus tilt, shown in Figure 3a,b, is
thus not purely controlled by the energy difference from the
Fermi level to the HOMO position. Also, as already
demonstrated in a previous work,14 the formation of
intermolecular pathways for current could lead to a significant
increase in conduction at Fermi level. Despite these additional
complications, here we will focus on the shift of the molecular
levels as one of the primary sources of changes in the transport
characteristics.
Typical calculations of the tunneling decay constant β employ

a series of conduction data assuming equivalent molecular
conformations, where the only geometrical variable is the length
of the molecular chain. In our case, with only two molecular
lengths (C4 and C8), as well as due to variations in tilt, metal/
molecule interfaces, and conformation of the chains, an accurate
determination of β is difficult. In fact, it depends on each of these
degrees of freedom. However, for the thiols we can estimate β =
0.5 Å−1 based on C4-DT at θ = 0° and C8-DT at θ = 0° (the case
with most equivalent geometries) which is comparable to values
from the literature.19

Alkanediamines. Contrary to the case of the alkanedithio-
lates, our alkadiamine monolayers have the LUMO level of the
carbon backbone closer to the Fermi level than the HOMO, cf.
Figure 2c,d. This result is in qualitative agreement with previous
calculations,40 where it was also shown that the band alignment
strongly depends on the density of the monolayer.
Comparing the PDOS in Figure 2, we can see that the

molecular level shifts are muchmore extreme for the amines than
for the thiolates. However, these shifts do not occur in a
monotonous way as a function of the tilt angle. This is most
clearly observed in the HOMO shift for C8-DA: an initial

Figure 3. Transmission probability T(EF) at the Fermi energy EF as function of molecular tilt angle θ for (a) C4-DT, (b) C8-DT, (c) C4-DA, and (d)
C8-DA.
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downshift is followed by large upshift with tilt. Another
difference with respect to the thiolates is the fact that the states
localized on the NH2 group are not present near the Fermi
energy.
NH2−Au bond is significantly weaker than the S−Au bond

and, in the case of off-resonant transport, we would naively
expect that the conductance of amine-linked molecule is lower.
This is consistent with the results reported in Figure 3. While for
thiols the conductance shows a monotonous increase with tilt
(Figure 3a,b), there is no such clear behavior for the amines
(Figure 3c,d). Indeed this reflects a more complex dependence of
the conductance on the tilt angle. Because of the geometric
variations among C4-DA and C8-DA (cf. Table 1), we will not
attempt to obtain a value for the effective tunneling decay
constant β for the amines. As described in detail below, small
differences in the geometry of the interface can strongly influence
the band alignment and, therefore, the transport properties.

■ DISCUSSION

To rationalize the results of the previous section, in particular, the
electrostatics behind the molecular level alignment, we
distinguish between two components of the interface dipole:
one due to the intrinsic dipole associated with the anchoring
group and another one that arises due to charge redistribution
due to the metal−molecule bond. In the following we analyze
each of the two dipole contributions separately.
Dipole of the Anchoring Group. We start by considering

the dipole that can be clearly associated with the molecule itself.
Because hydrocarbons do not show any intrinsic dipolar
moment,54 the only contribution to a molecular dipolefor
both thiolates and aminesmust come from the anchoring
group. To quantify such a dipole we considered the electrostatic
potential through a layer formed by only anchoring groups. More
specifically, we calculated the plane-averaged one-electron
potential V(z) = ∫ dx dy V(x,y,z)/A along the z direction with
coordinates for the anchoring groups (SCH3 for alkanedithio-
lates and NH2CH3 for alkanediamines) taken from each of the
full junction geometries. We note that an extra hydrogen atom
was attached to carbon and relaxed to maintain the sp3

hybridization in the alkanes. Also, a small potential energy
correction was introduced to cancel the electric field generated
by the molecular dipole,55 which otherwise would lead to
interactions between the periodic repetitions of the unit cell in
the z direction.

Two examples of this procedure are shown in Figure 4 for
fragments of SCH3 and NH2CH3. The potential energy
difference ΔV between the vacuum levels at the two sides of
the anchoring group is proportional to the z projection of
molecular dipole pz

56

ε
Δ = ∞ − −∞ =V V V

ep

A
( ) ( ) z

0 (1)

where e is the elementary positive charge, ε0 is the vacuum
permittivity, and A is the area per unit cell in the xy plane. A
negative value ofΔV thus corresponds to a positive projection of
the dipole onto the z axis, that is, a projection oriented from the
anchoring element (S or N) toward the C atom.
The calculated potential difference ΔV for each orientation of

the anchoring groups is listed in Table 1. For the thiolates the z
projection of the dipole is systematically reduced with tilt. This is
consistent with the presence of a molecular dipole directed from
the S atom toward the C atom.14 In fact, we confirmed that for 12
differently oriented SCH3 fragments with coordinates derived
from each of the thiol junctions, such as the one shown in Figure
4a, the angle between the calculated dipole and the S−C bond is
always below 2°. This is a consequence of rotational symmetry
along the S−C bond. As a resultΔV depends linearly on cos(φ2),
as shown in Figure 5.

Figure 4. Plane-integrated electrostatic potential of the lower (a) thiol (SCH3)- and (b) amine (NH2−CH3)-saturated fragments with coordinates taken
from the C4-DT (θ = 0°) and C4-DA (θ = 9°) configurations, respectively. The difference between left and right vacuum levelsΔV is proportional to the
z projection of molecular dipole pz, cf. eq 1. The inset reports the numerical values of the three components of the dipole of the fragments calculated with
SIESTA. The angle between the dipole and S−C (N−C) bond is found to be 1° (90°).

Figure 5. Plane-integrated potential drop difference ΔV over the lower
and upper thiol group with respect to cos(φ2) calculated for isolated
molecular fragments as explained in the text. The linear regression [full
line, slope of −2.2 eV] indicates that ΔV originates in a dipole aligned
along the S−C bond.
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In the case of amines the situation is more complex. The angle
between the calculated dipole and the N−C bond for 12
differently orientedNH2CH3 fragments with coordinates derived
from each of the amine junctions, such as the one shown in
Figure 4b, varied in the range 80−90°. This follows naturally
from the fact that there is no rotational symmetry along the N−C
bond for the amine fragments. The molecular dipole,
approximately perpendicular to the N−C bond, is therefore
not uniquely characterized by φ2. As a result ΔV does not scale
linearly with cos(φ2) (not shown).
Charge Redistribution Due to Metal−Molecule Bond.

Next we look into the other contribution to the interface dipole,
namely, that arising from charge redistribution due to the metal−
molecule bond. To quantify this, we considered the plane-
integrated electron density differenceΔρ(z) that results from the
interaction between the metal and molecular subsystems, that is

ρ ρ ρ ρΔ = − +z z z z( ) ( ) [ ( ) ( )]sys SAM metal (2)

where ρsys(z) is the electron density of the metal/molecule/
metal system while ρSAM(z) and ρmetal(z) are the electron
densities for the isolated SAM andmetal subsystem, respectively.
The charge redistribution Δρ(z), due to the metal−molecule

bond, is shown in Figure 6. It generates a potential difference for
the electrons ΔU over the interface that satisfies the Poisson
equation

ε
ρ∇ = − ΔU

e
z( )2

0 (3)

The corresponding electrostatic potentials U(z) are shown in
Figure 7, and the differences ΔU for each geometry are listed in
Table 1. We note that ΔU is positive (negative) for the thiolates
(amines), which reflects an electron accumulation (depletion)
on the anchoring group. This difference implies higher-lying

Figure 6. Plane-integrated induced electron density in the lower junction for (a) C4-DT, (b) C8-DT, (c) C4-DA, and (d) C8-DA for three different tilt
angles θ. In the case of amines the shifts of the electron density can be understood in terms of the N-adatom-normal angle φ1. Vertical lines indicate the
position of the Au(111) surface. The circles represent the Au atoms, with the rightmost circle being the Au adatom.

Figure 7.Calculated renormalization potentialU(z) for (a) C4-DT, (b) C8-DT, (c) C4-DA, and (d) C8-DA at three different tilt angles θ. The potential
difference ΔU is measured in the middle of the molecular film, as shown in panel a.
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molecular levels for the thiolates than for the amines. We return
to this issue in the next section.
The charge redistribution originates from a series of complex

metal−molecule interactions whose effects are difficult to
separate. In the case of thiolates (Figure 6a,b) there are no
appreciable changes with tilt. However, for the amines (Figure
6c,d), two effects appear when tilt increases. Analyzing the
induced charge averaged over the xy plane, we find that: (i) the
accumulation of electron density appearing right over the surface
shifts slightly toward the molecular layer and (ii) an electron
density depletion region moves toward the adatom position.
The change inΔρ(z) with tilt can be explained in terms of the

so-called push-back (PB) or pillow effect.42,43,57 In short, PB is
the back-shift of the metal electrons due to the overlap with the
electron cloud of the molecule due to the Pauli exclusion
principle; it always results in a decrease in the metal
workfunction45,58 as the metal−molecule bond is formed and
thus in a downshift of the molecular levels with respect to the
Fermi level. For the amines it can be associated with the N lone
pair: when it is directed along the normal to the gold surface
(small φ1) there is a large overlap with metals states so it pushes
back the electron cloud of the electrodes (black curve in Figure
6c and black/red curves in Figure 6d), reducing the metal work
function and shifting down molecular levels. On the contrary,
when we tilt the molecular film (large φ1), the N lone pair is
pointing away from the gold surface, and its overlap with the
metal states becomes smaller. As a consequence, the PB effect is
reduced and the charge density of the electrodes extends farther
away from the surface (red/green curves in Figure 6c and green
curve in Figure 6d). The result is a larger dipole of the metal
surface and consequently also a larger work function, which
results in an upward shift of the molecular levels with respect to
the nontilted positions.
The second effect mentioned, namely, the electron depletion

appearing at the adatom position with tilt, is due to simple
geometrical reasons, as shown in Figure 8. As the tilt increases,

the negativeΔρ associated with the functional NH2 group moves
toward the z position of the adatom. This results in an overall
reduction of the Δρ(z) at that height. As the NH2-to-surface
distance h is related to cos(φ1), we find a fairly linear relationship
between ΔU and cos(φ1), as observed in Figure 9.
Position of the HOMO Level. As explained above, the

interface dipole of the various junctions is composed of two parts,
namely, one related to the anchoring group and another one
originating from the metal−molecule bond. To show that the

HOMO level position can be understood in terms of these two
contributions, we plot in Figure 10 the EHOMO as a function of the
sum of two electrostatic potential differences ΔV and ΔU.
Indeed, a very satisfactory linear dependence is observed,
supporting the notion that changes in the molecular level
alignment can be understood in terms of the variations in the
effective interface dipole. Furthermore, this result suggests that
the molecular level alignment of alkanes with other terminal
groups can be estimated by considering the orientation of a
dipole of the anchor in combination with the charge rearrange-
ment that occurs during the formation of the metal−molecule
bond.

■ CONCLUSIONS
We have studied the molecular level alignment and conductance
of thiol- and amino-terminated SAMs over Au(111) as a function
of the tilt angle. We have found that the observed shifts in the
molecular resonances can be rationalized in terms of electrostatic
potentials set up by the effective interface dipole,14 which has two
components: (i) a rigid dipole associated with the anchoring
group that changes its projection on the axis perpendicular to the
metal surface with tilt and (ii) a charge redistribution induced by

Figure 8.Distance h of the NH2 group from the Au(111) surface for the
C4-DA molecule at (a) θ = 9° and (b) θ = 46°. This shows that h
decreases with tilt and the electron depletion associated with the amine
group moves closer to the metal.

Figure 9. Change of the renormalization potential ΔU with respect to
cos(φ1,l) in the case of alkanediamines. The linear regression (full line,
slope of 2.8 eV) indicates that ΔU is related to the NH2-to-surface
distance.

Figure 10. Change of the HOMO position EHOMO with respect to the
sum of the anchor group potential difference ΔV and renormalization
potential ΔU. The linear regression (full line, slope of 1.0) shows that
the changes in molecular level alignment can be understood in terms of
variations in the effective interface dipole.
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the formation of the metal−molecule bond. For the thiolates the
level alignment is essentially only sensitive to the first effect, as
the charge distribution over the S−Au bond does not show a tilt
dependence. This leads to a direct dependence between the
HOMO position and the tilt of the molecular film, which in turn
can be considered as mechanical gating of the electron transport
through the SAM. (The conductance increases with tilt.)
For the amines we have found that the level alignment is

strongly affected by both electrostatic components. Whereas this
leads to a significantly larger variation in the HOMO level
position with tilt (∼2.5 eV for amines compared with 0.8 eV for
thiolates), this, unfortunately, does not provide a simple way to
mechanically gate the electron transport through the molecular
layer because the charge redistribution over the NH2−Au bond
depends sensitively on other geometric parameters than the tilt
angle, in particular, the orientation of the N lone pair with respect
to the metal surface.
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Alignment at Organic/Metal Junctions: “Cushion” Effect and the
Interface Dipole. Appl. Phys. Lett. 2005, 87, 263502.
(58) Rusu, P. C.; Giovannetti, G.; Weijtens, C.; Coehoorn, R.; Brocks,
G. First-Principles Study of the Dipole Layer Formation at Metal-
Organic Interfaces. Phys. Rev. B 2010, 81, 125403.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp401744m | J. Phys. Chem. C 2013, 117, 14272−1428014280


