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The modification of electrode surfaces by depositing self-assembled L IE ElE EN—% —HOPS
monolayers (SAMSs) provides the possibility for controlled adjustment 1 e

of various key parameters in organic and molecular electronic devices. Most important among
them are the work-function of the electrode and the relative alignment of its Fermi level with
the conducting states in the SAM itself and with those in a subsequently deposited organic
semiconductor. For the efficient application of such interface modifications it is crucial to
reach a proper understanding of the relation between the chemical structure of a molecule, its
molecular electronic characteristics, and the properties a SAM formed by such molecules.
Over the past years, quantum-mechanical calculations have proven to be a valuable tool for
reaching a fundamental understanding of the relevant structure-property relations. Here, we
provide a review over the field and report on recent progress in the modeling of the interfacial
electronic properties of n-conjugated SAMs. In addition to the insight that can be gained from
simple electrostatic considerations, we focus on the quantum-mechanical description of the
roles played by substituents, molecular backbones, chemical anchoring groups, and the
packing density of molecules on the surface. Furthermore, we explicitly address the energy-
level alignment at the interface between a prototypical organic semiconductor and a SAM-
covered metal electrode and suggest an approach suitable for extending the metallic character

of the substrate onto the monolayer.
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1. Introduction

Despite continuous progress, top-down techniques for structuring at the nanoscale are
expected to eventually reach their technological limits. Bottom-up approaches based on the
spontaneous self organization of suitable building blocks into well-defined superstructures
present an appealing alternative. Self assembly is encountered in many natural systems
including liquid crystals, block co-polymers, semiconductor quantum dots, and metal
nanoparticles. In particular, small molecules are highly attractive building blocks, as their
individual properties, the manner of self assembly into well-ordered supramolecular
architectures, and the functionality of these structures can be custom-tailored through the rich
chemistry of organic systems.! With the advent of nanotechnology, especially the interest in
self-assembled molecular (mono)layers on surfaces has steadily increased. Such 2D-
crystalline structures can be classified on the basis of the interaction amongst the individual
building blocks as well as the interaction between adsorbate and substrate. They comprise, for
example, hydrogen bonded systems,?:3 extended grid-type structures resulting from the
assembly of transition metal atoms with suitably chosen ligands,*® quasi-epitaxially growing
layers,® chemisorbed organic molecules experiencing strong charge transfer to the metal,
where long-range order arises from the electrostatic interaction of the charge-transfer dipoles,’
and strongly (often covalently) bonded layers of essentially upright-standing molecules
usually referred to as SAMs (i.e., self-assembled monolayers). 89101112, Ag far as the latter are
concerned, it is useful to distinguish between SAMs on noble metals, 314 15 on
semiconductors, 1" and on conducting®!® or insulating oxides.?° Here, we focus on the
modeling of the properties of SAMs formed by m-conjugated or aromatic molecules strongly
bonded as thiolates to noble metal substrates, gold in particular. However, many of the
fundamental concepts described below can (with certain adaptations) also be applied to other

self-assembled systems on surfaces.

Single (or at least thin) layers of covalently attached organic molecules hold high
technological promise®!2> for the modification of a number of macroscopic surface
properties.??2 In organic thin film transistors (OTFTs), they have been employed to form or
modify gate dielectrics,?32425:26.27.28 tg shield interfacial trap states allowing for ambipolar
transport,?® to realize new device functionalities,>>3! as the active semiconductor layer,3%:32:33
and to control growth and morphology of the organic semiconductor.®* * Importantly, SAMs

have also been utilized to control the rates for charge-carrier injection from metallic



electrodes into organic semiconductors in OTFTs 343536.37 and other organic electronic
devices.®3940 For these latter applications, the first relevant electronic interface parameter is
the barrier for electron or hole injection, i.e., the energetic separation of the conducting states
in the organic semiconductor from the Fermi level (Er) of the electrodes. Thus, the central
topic of this Progress Report will be how SAMs change the work function, @, of a metal
surface and how the chemical structure of the molecules in the SAM impacts the achievable
work-function modification, 4®. As a further step, we will address under which
circumstances this SAM-induced A@ directly translates into changes of the charge-carrier
injection barriers into an organic-semiconductor layer deposited on top of the SAM (Figure
1a)

The second relevant electronic interface parameter is the additional barrier for charge carriers
imposed by introducing the SAM, which is defined by the alignment of the frontier electronic
states within the SAM relative to Er. This parameter also establishes the link to another area
of research, where the interface energetics of covalently bonded molecules plays a pivotal role,
namely molecular electronics. There, the device functionality is directly embedded into
monolayers or even into individual molecules and their interfaces with metal electrodes
(Figure 1b). 41.42:43:44,4546,47,48:49,50,51,52.53,54 Therefore, we will also discuss how this interfacial
energy-level alignment can be modified by changing the chemical structure of the adsorbed
molecules, what limits control over that alignment, and how neutral radicals provide a

possibility for overcoming these limitations.

It is conceptually appealing and insightful to abstractly separate a SAM/substrate system into
an organic part (the molecular monolayer) and an inorganic part (the metal), and then consider
the effect of chemical bonding between these two components. This partitioning also
highlights that SAMs not only connect the organic and the inorganic worlds but also lie at the
interface between two disciplines of science, chemistry and physics. Furthermore, there are
essentially three parts of the SAM-forming molecules that can, within the limits of synthetic
chemistry, be modified independently: the docking group that bonds the molecules to the
electrode(s), the backbone, and polar or otherwise functional head-group substituents; a
number of possible combinations that will be addressed in this report are shown in the bottom
part of Figure 1. Following the above mentioned partitioning scheme, we will first highlight
some fundamental aspects of free-standing molecular monolayers and then discuss their

covalent bonding to a metal substrate. Subsequently, we will elucidate the impact of the



individual components of a SAM listed above on the relevant interfacial electronic parameters,
work-function modification and level alignment. The last part of this report focuses on the
impact of the molecular packing density on the electronic structure of a SAM.

2. Fundamental aspects regarding the electronic structure of SAMs

Most functional SAM-forming molecules possess a permanent dipole moment. Additionally,
charge rearrangements occurring at the metal-SAM interface upon bond formation give rise to
a dipole moment. Thus, a first intuitive picture for the interfacial electronic structure in SAMs
can be derived from basic electrostatic considerations.>®>*® To quantify insights gained from
this picture, i.e., to evaluate work-function changes or energy level alignments and to
visualize quantities like the electrostatic potentials, charge densities, or (local) densities of
electronic states, quantum-mechanical calculations are useful. Commonly, periodic density-
functional theory (DFT) based slab-type calculations are employed.>’:58:59.60.6162.63 There g
slab consisting of a few atomic layers represents the substrate surface and molecules are
typically adsorbed on one side of the slab (Figure 2). A lateral unit cell is defined (Figure 2a)
which is periodically repeated, thus representing an infinitely extended two-dimensional
system. As periodic boundary conditions need to be imposed also in the third direction, z
(perpendicular to the surface), a vacuum gap needs to be introduced between two consecutive
images of the slab in most band-structure codes in order to suppress spurious electronic
interactions between the periodic replicas (Figure 2b). For the asymmetric systems discussed
in the present Report, i.e., a substrate slab with dipolar molecules adsorbed on only one side, a
step in the electrostatic potential is introduced in the vacuum gap to compensate for the net
dipole moment of the system in z-direction (Figure 2b);54 this procedure suppresses artificial
electric fields which, otherwise, would arise from imposing periodic boundary conditions also
in the third dimension.® The approach just outlined also permits studying free-standing
monolayers, i.e., 2D molecular crystals. The benefit of that will become obvious below. If
required for the sake of consistency, also non-periodic systems, e.g., individual molecules can

be treated by band-structure codes by placing them into a sufficiently large rectangular “box”.

As the typically investigated systems are of a size that renders more exact theoretical methods
computationally unfeasible, well-known shortcomings of state-of-the-art (semi)local DFT

have to be considered. In particular, the notorious underestimation of transport gaps in semi-



conducting and insulating materials precludes quantitative statements on the energies of the
frontier electronic states in the SAM. Nevertheless, even a qualitative discussion thereof
reveals important insights on the interfacial electronic structure. While the inherent inability
of (semi)local DFT to describe intermolecular van der Waals interaction must be expected to
impact, e.g., calculated adsorption energies, the molecular orientation in densely packed
SAMs is more robust as it is mostly determined by repulsive forces; e.g., in prototypical
molecular crystals, standard DFT reproduces the molecular orientation determined by X-ray

diffraction reasonably well.%®

2.1 Electrostatic properties of molecules and free-standing monolayers

As a first step, it is important to realize the fundamental differences in the “electrostatic
properties” of an isolated polar molecule and a quasi-infinitely extended two-dimensional
monolayer consisting of polar molecules. The potential energy of an electron (simply given
by the negative of the elementary charge times the electrostatic potential) around one
individual molecule in vacuum is shown in Figure 3a for the example of HS|2P|CN (i.e., a
thiol docking group, a biphenyl backbone, and a cyano head group). While a pronounced
“bump” is visible adjacent to the —CN group (around which the molecular dipole moment is
largely localized), the potential energy assumes a constant value, the vacuum level Eyac,
already at relatively small distances from the molecule. The molecular ionization potential, IP,
and its electron affinity, EA, are unambiguously defined with respect to that reference energy;
they reflect the energy balance for removing an electron from or adding an electron to the
molecule. These quantities can be tuned, for example, by attaching electron rich (donating) or,

as in the case of the cyano group, electron poor (accepting) substituents to the molecular core.

The situation is markedly different for a (hypothetical) free-standing monolayer of infinite
lateral extent, which is built up from parallel dipolar molecules.®” There, as depicted for an
ideal HS|2P|CN layer in Figure 3b, the SAM divides space into two regions with distinctly
different vacuum levels.®® To stay consistent with the SAM orientation sketched in Figure 1a,
in the following the docking-group side will be referred to as the “left” region and the head-
group side as the “right” region. As a consequence of the step in the electron potential energy
across a layer of dipolar molecules, the resulting IP and EA depend on whether an electron is

removed from or added to the SAM on the right side or the left side. Thus, in such a situation

left
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one is always dealing with pairs of quantities, namely a left and a right vacuum level, E, . and



Er9"  aleft an a right ionization potential, IPiert and IPrignt, as well as a left and right electron

vac
affinity, EAiert and EAvignt. For a free-standing monolayer of finite extent, a single Evac can
again be defined, but the electron potential energy around such a SAM reaches this value only
at distances significantly larger than the monolayer’s lateral extent.®® Therefore, it is of no
consequence for the interfacial energy-level alignment between two materials that are in
intimate contact (e.g., an organic semiconductor on top of the SAM), and considerations valid
for the model case of infinite lateral extent can safely be applied at least as long as no laterally
extended defects exist in the SAM. The role of the latter is discussed in detail, for example, in
Ref. [55].

The magnitude of the step in the potential energy across a free-standing SAM (Figure 3b), i.e.,
the difference between the left- and right-side vacuum energies, AEvac, IS given by the

heuristic Helmholtz equation:

AE (O, _ e cos()

vac — - ff
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Note that, for the sake of convenience and consistency, energies are given for electrons in Eq.
1 as well as in all following equations and in all plots. This is the reason for the factor —e in
Eqg. 1, with e being the (by definition positive) elementary charge. A is the area per molecule

and g is the dipole moment perpendicular to the surface associated with each molecule

within the monolayer. It is related to the absolute value of the dipole moment of a single
isolated molecule, o, by the orientation of this dipole moment relative to the surface normal,

cos(/), and a depolarization factor, &£ (see below).

In fact, Eq. 1 arises from solving Poisson’s equation for a double layer of two laterally
homogenous slabs with opposite charge (similar to a plate capacitor), which leads to the
question whether the discrete atomistic structure of a SAM needs to be taken into account in
basic electrostatic considerations. This question has been elegantly addressed by Natan et
al.,>> who pointed out that the electric field outside a layer of discrete dipoles decays much
more rapidly than around an isolated dipole. While this can be inferred by simply comparing
Figures 3a and 3b, a more quantitative estimate for the maximal decay length of the electric
field outside a 2D array of dipoles with a rectangular unit cell of dimensions axb is Imax =

max(a/2r, b/27).%° Consequently, the potential inhomogeneities due to the discrete molecular
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structure decay on a length scale smaller than typical inter-molecular distances and, thus, as
long as the monolayer is densely packed, they do not impact how an organic-semiconductor
layer on top of the SAM-covered electrode “sees” the SAM. Only in non-ideal SAMs, e.g.,
when containing large pin-holes, a significant intrusion of the dipole-induced field into the
organic-semiconductor layer can be expected,® a notion we will return to in the following

subsection and also towards the end of this Report.
2.2 Depolarization phenomena in dipolar SAMs

When treating a SAM as an array of polarizable dipolar objects, the mutual interaction of the
dipoles has to be taken into account. In the Helmholtz equation (Eg. 1), this is done by
introducing the effective parameter &, We emphasize that & must not be confused with the
macroscopic dielectric constant of the SAM. While the latter is related to the response of the
free-standing monolayer to a homogenous electric field applied across the layer (Figure 4a),
the former should be seen as an effective quantity that describes the response of each
molecule in the SAM to the (inhomogeneous) electric field created by the dipole moments of
all neighboring molecules (Figure 4b).”® More specifically, neighboring polar molecules give
rise to an electric field,”* which depolarizes any one molecule by inducing a dipole moment
that counteracts its intrinsic dipole moment, 0. Consequently, the dipole moment of each
molecule within the SAM is reduced by a factor & compared to wo. For a 2D array of

polarizable point dipoles, a closed expression for & can be given:’>"

£ (N)=1+—"—kn"? )

4rme,

Here, n denotes the molecular packing density in the SAM, k characterizes details of the
packing geometry in the dipole lattice,’* and « is the polarizability of one isolated molecule in
the direction perpendicular to the layer. Indeed, depolarization effects have been observed in
several systems, both experimentally’*" and theoretically (for SAMs see, for example, Refs.
[58],[59], and [76]), and have been described using equations analogous to Eq. 2.”° A more
detailed analysis, however, reveals that this equation cannot be directly applied to SAMs; " as
intermolecular distances are comparable to the lengths of the molecules, the point-dipole
approximation no longer holds. The resulting finite-size effects, which in most cases

significantly reduce & can be accounted for either by introducing an effective molecular



polarizability (obtained by fitting experimental or theoretical data’>®) or by resorting to a

finite-size parameter.’®"’

Both, the qualitative difference between the macroscopic dielectric constant and & as well as
the necessity for including finite-size effects can be neatly understood by examining the
associated charge rearrangements in real space (as calculated by DFT).”° Figure 4d displays
the charge rearrangements, Apind(z), induced by applying and external homogenous electric
field across the free-standing monolayer as well as the net charge transfer Qind(z); both
quantities are integrated within the x,y-plane of the monolayer within the unit cell. Qind(z),
defined by Eq. 3, specifies the total amount of charge shifted from a region to the right of a

plane at position z to the region left of that plane:
Q) = [Ap(z')dz ©)
0

For both high and low packing densities (see section 5 for details), these plots clearly reveal
that the molecules are polarized along their entire length, which microscopically is reflected
by charge-density fluctuations on the scale of bond lengths throughout the whole molecular

backbone. As a net result, charge is transferred from one end of the molecule to the other.”

In contrast, Figure 4e displays the charge rearrangements Apdepol(z) and Quepoi(z) that are
induced by the field created by the dipolar head-groups of the molecules within the SAM.
They are best visualized by subtracting the charge densities associated with two different
packing densities. The solid lines correspond to the difference between full coverage, no, and
half coverage (i.e., at high packing densities), while the dashed lines reflect the depolarization
charge rearrangements in the low-coverage regime, i.e., between n/no = 0.05 and n/ng = 0.02.
At low coverage, both Apgepoi(z) and Quepol(z) are very similar to the situation found for an
externally applied homogenous electric field. This can be understood by the fact that the field
created by the surrounding polar molecules penetrates the loosely packed SAM and is close to
homogenous at the location of any one particular molecule (Figure 4c). A markedly different
pattern emerges for high coverage.”® While there are still some minor charge-rearrangements
along the entire backbone, significant charge transfer is observed only in the vicinity of the
dipolar head-group substitutent. This confirms two points made earlier, namely that the

molecular dipole moment is localized around the —CN group and that the field created by a
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densely packed layer of such dipoles is largely confined to within that layer.>® As a
consequence, only the polar head-group substituent itself and the immediately adjacent part of
the molecule get substantially depolarized, which underlines the necessity for including finite-
size effects. Finally, the resulting depolarization factor & is plotted as a function of the
coverage in Figure 4f;'0 starting from unity, a slightly sub-linear relationship is observed until,

for full coverage, a value of &™ ~ 2.5 is reached in the case of HS|2P|CN.

The effect just explained also indicates that, in a tightly packed SAM, changing the head-
group substituent or the docking group only modifies the potential energy at the respective
side of the molecule. Therefore, as will be detailed below, it affects only the right- or left-
sided quantities, IPright (EAright) OF IPieft (EAef). S

2.3 Basic considerations on SAM-substrate bonding

After discussing the properties of free-standing molecular monolayers, the next logical step is
to consider the bonding of the SAM to the substrate; as a representative example, we will in
the following focus on bonding to Au(111) surfaces. Clearly, the formation of chemical bonds
between the molecules in the SAM and the substrate must be reflected by charge-density

rearrangements, Ap, at the SAM/substrate interface. More specifically, Ap is given by

Ap(f) = Psvs (F) - [IOML(F) * P (f)] 4)

where psvs is the charge density of the combined metal/monolayer system, pw. refers to the
charge density of the free-standing monolayer alone, and pas denotes the charge density of the
gold slab alone. As will be shown below, all these quantities are accessible through DFT
calculations on the respective (sub)systems. Integrating Ap in the plane of the surface (the x,y-
plane) over the unit cell again reduces the dimensionality of the problem and yields Ap(z). As
before, the net charge transfer between regions at different z-values, e.g., between substrate
and SAM, can then be accessed through Q(z) calculated via Eqg. 3. Moreover, the change in
the electron potential energy, AE(z), due to the interfacial charge-rearrangements, i.e., the
difference to the mere sum of the potential wells of clean gold slab and free-standing SAM,
can be evaluated by integrating Q(z) over z (with A being the area of the unit cell in the x,y-

plane):
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Ag,

AE(2) = — [ Q(z')dz (5)

Note that successively employing Eq. 3 and Eqg. 5 corresponds to solving Poisson’s equation
with the source term Ap and for certain charge distributions yields the Helmholtz equation (cf.,
Ref. [56]).

2.3.1 Dissociative adsorption of thiols on gold

For the bonding of thiols (-SH) to noble metals, a complication arises regarding the strict
partitioning into a molecular and a metallic part in the spirit of Eq. 4. In contrast to other
possible docking groups (cf., Figure 1), adsorption proceeds via the replacement of a bond
(the S—H bond) with an S-Au bond,? 8! rather than the formation of a new bond. An
analogous situation is encountered when using protecting groups.®?:8% This leads to the
question of what should be taken as pwL, the charge density of the free-standing SAM in Eq. 4,
the charge density of the —SH terminated SAM, or that of the monolayer with the hydrogen
already homolytically cleaved, i.e., the monolayer terminated by a radical —Se species? The
latter approach has been pursued, e.g., by Rusu et al.®%8485 and Wang et al.%% when analyzing
the bonding-induced dipoles between methylthiolate or similar molecules and Ag(111),
Au(111), or Pt(111) surfaces. A different and chemically more intuitive approach is to modify

Eq. 4 for the case of thiol adsorption to include the process of hydrogen cleavage:®:°7:787°
Apg (F) = Psvs (F) - {[PML(F)_ P (F)] * Pau (F)} (6)

Here, pn refers to the charge density associated with the layer of H-atoms saturating the
docking-group side of the free-standing thiol SAM.®® As Ap calculated via Eq. 4 or Eq. 6
describes two distinctly different processes, namely the bond formation between the Au
surface and radical —Se species on one hand and, on the other hand, the replacement of S—H
bonds with S—Au bonds,® also the derived quantities, interfacial charge-transfer Q(z) and
interfacial potential energy step AE(z) must differ. While for other docking groups Eq. 4 can
be safely applied,” we will in the following use Apsn according to Eq. 6 for the description of
thiol SAMs.*57787 To what extent (if at all) the chosen partitioning scheme affects the

electronic structure of the interface will be discussed in subsection 2.4.
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Finally, to prevent misunderstandings, we recall that the term “thiol” denotes molecules
terminated with an —SH group; if deposited at low temperature, these are the predominant
species on the cooled surface.8”:88:8% In contrast, the term “thiolate” is commonly used to
indicate the molecular species present at the surface at room temperature, reflecting the fact
that, there, the S—H bonds are cleaved.®*%! Note that, as opposed to the —Se termination
mentioned above, “thiolate” actually refers to an —S species and will in the following be used
to denote molecules bonded via a sulfur group even, as will be shown below, when there is
actually little evidence for pronounced negative charging of the sulfur on the surface. We
emphasize that the dissociative adsorption of thiols is the only pathway considered in the
present Report and, therefore, adsorbed molecules are always denoted as thiolate species.
Nevertheless, we will allow “thiol SAMs” as shorthand for “SAMs formed by exposing a

surface to thiols”.

2.3.2 Notes on the atomistic structure of the thiol/gold interface

Prior to describing the actual interfacial electronic structure, it is necessary to provide a brief
account of the current knowledge on the atomistic structure of the thiolate/gold interface. This
is because the interfacial charge rearrangements induced by thiol adsorption do depend on the
details of the geometry of the sulfur/gold interface. As a comprehensive review of the
extensive literature on this topic is well beyond the scope of the present Report, only a

condensed sketch is given here.

Earlier studies univocally assumed that the sulfur atoms rest in threefold coordinated hollow
sites on an otherwise unreconstructed and defect-free Au(111) surface.892:93.94.95.9 v/arious
DFT calculations on such surfaces have refined this picture by identifying a position between
the fcc-hollow and the bridge position as the most favorable adsorption site,®”:%:9%1%0whijch
indicates that the sulfur predominantly binds to two rather than three gold atoms. This
structural model has first been put in question by Fenter et al., who proposed that, after
hydrogen cleavage, thiolates on the surface pair up to form disulfide species, thus
necessitating two distinctly different sulfur adsorption sites;%1%2 other authors independently
arrived at the same conclusion.%®1%* However, these findings are in seeming contradiction to
both prior®® and later®::1% experimental results, which indicate that disulfides adsorb as
individual thiolates via rupture of the S-S bonds on the surface. Furthermore, early DFT

calculations on defect-free Au(111) surfaces underlined that the dissociated adsorption state
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as individual thiolates is indeed energetically favorable over disulfides.106:107:108.109.110 op|y
recently, further theoretical studies could partially reconcile these discrepancies by finding
that, while at full coverage adsorption as individual thiolates is clearly preferable,
dimerization might indeed occur at lower coverage.'! Adding to the confusion, further
experimental evidence has been advanced, which put the sulfur exclusively at the singly

coordinated on-top sites of a defect-free Au(111) surface, 12113

These persistent inconsistencies among different experiments as well as between experiment
and theory eventually led to the notion of more severe reconstructions of the topmost gold
layer upon SAM formation. Yu et al. suggested a structure where the sulfur atoms are located
at on-top sites but, in contrast to prior studies,**® on-top of gold ad-atoms, which the authors
claimed to occupy fcc- and hcp-hollow sites themselves.'** DFT results on this structure
diverge in that it was found energetically preferable when neglecting the energy required for
extracting gold ad-atoms from the surface!'® and unfavorable when this energy contribution
was taken into account.!'® More light onto possible mechanism involving gold surface
reconstructions has recently been shed by low-temperature scanning tunneling microscopy
(STM) investigations of thiols on pristine Au(111) surfaces that exhibit the characteristic
\3x23 herringbone reconstruction.'*”'8 There, it has been suggested that, once hydrogens are
cleaved to form thiolate species, the latter tend to dimerize through a Au atom that is pulled
from the topmost gold layer.!*° This ad-atom (located at a bridge site) is shared between the
two sulfurs which, in agreement with prior suggestions, are now located on-top of gold atoms
in the remaining top layer. As the buckled gold surface contains one extra atom per 23 atoms
(compared to the bulk structure),'"*8 this process progressively lifts the large-scale Au(111)
reconstruction.!'® Reassuringly, theory agrees that the proposed structural motif is
energetically stable.!%'® Furthermore, DFT-based molecular dynamics (MD) calculations
suggest that gold atoms can also be pulled from the unreconstructed Au(111) surface covered
by thiolates, thus creating vacancies in the top layer.'?%'?! This not undisputed!??123.124.125
model further suggests a dynamic equilibrium between sulfur pairs sharing a gold ad-atom
and thiolates adsorbed on bridge sites next to vacancies, which not only seems to fit recent
experimental data well,*2°121 put has also been found to be energetically stable in independent
DFT studies.?® Notably, these theoretical investigations*?®'?! also found that both, ad-atoms
and vacancies are, in fact, highly mobile species. However, neither were the periodically
repeated lateral unit cells in these calculations large enough, nor was the time scale of the MD

simulations long enough to allow statements concerning their long-range diffusion. While a
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very recent DFT study stated that refilling the vacancies would be energetically favorable,*?’

STM results further suggest that also the ad-atoms diffuse and coalesce into gold islands of
mono-atomic height.*?® Importantly, this latter finding points towards the fact that the ad-
atoms do not actively participate in the sulfur-gold bonding after all and, thus, that the sulfur-
pair/ad-atom structural motif might occur only during the initial stages of SAM formation, but

maybe no longer plays a dominant role in a completed and densely packed SAM.

These most recent contributions are in line with the long-standing observation that, upon
increasing coverage, SAM formation first leads to the lifting of the V3x23 herringbone
reconstruction of pristine Au(111) surfaces and, subsequently, gives rise to the appearance of
ad-atom and vacancy islands;29130131.132.133 the atter are often referred to as “etch pits” as it
is believed that trace amounts of gold actually get dissolved in ethanolic thiol solutions
and,**13% indeed, DFT calculations found that the formation of single-atom vacancies in the
topmost gold layer is energetically favored by the presence of methylthiolate on the
surface. 13137 In short, appreciable long-range mass transport appears to be part of the

assembly process,138:139.140.141

To summarize the above collection of unsatisfactorily diverse statements, the precise
atomistic structure of the sulfur/gold interface is still a question of ongoing scientific debate.
However, a number of statements can be distilled, in particular:

— SAM formation is a highly dynamic process and not only the equilibrium energetics but
also the kinetics play an important role. Both depend appreciably on the chemical structure
of the thiol. As mentioned above, methythiolate on the surface strongly favors vacancy
formation (i.e., the process becomes exothermic),'*¢*3" while benzenethiolate only lowers
the energy cost for removing a gold atom from the first layer.**?> Moreover, both vacancies
and ad-atoms are less mobile in SAMs formed from longer alkylthiols (compared to
methylthiol)*?>1?! and also in the case of benzenethiol.1** While, during initial stages of
SAM formation, dimers linked via sulfur — gold ad-atom — sulfur bridges might still occur
for the latter,'* the size distribution of ad-atom and vacancy islands at full coverage
distinctly differs from that found for SAMs of alkythiols.'*3

— Despite quite explicitly voiced criticism,%?12114 DFT-based calculations are well capable
of determining the energetic order of different structural motifs. However, as simulating
the entire process of SAM formation on a length scale of microns and a time scale of hours

is unfeasible, only a finite number of local adsorption geometries can be tested. In
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particular, the number of ad-atoms or vacancies involved and their approximate position
must often be explicitly set prior to running the calculation; similar intuition is needed for
the interpretation of experimental data. Nevertheless, simulations of the type discussed in
the present Report will continue to make significant contributions towards reconciliation of
diverging experimental observations and towards clarification of key details in the
mechanism of metal-molecule bonding.

— It is not (yet) clear how the structure of the gold/sulfur interface for any one type of
molecule depends in detail on temperature, coverage, preparation conditions (i.e., ultra-
high vacuum or solution, annealing, etc.), solvent,'* and also on whether SAMs are

prepared directly from thiols or rather from acetyl-protected thiols.8283

Despite repeated claims, the question remains whether a single structural motif will ever be
found that is universally valid for the sulfur/gold interfaces in all thiol SAMs, regardless of
the parameters just listed. One of the main challenges for future research will be to determine
whether vacancies and/or ad-atoms are actually incorporated in the sulfur-gold bond, or
whether they are transient species during SAM formation that later coalesce to ad-atom and
vacancy islands. Given these controversies and the lack of data on conjugated SAMs of the
type discussed in the present Report, we will, therefore, limit ourselves to unreconstructed and
defect-free metal surfaces here; the potential impact of ad-atoms will only briefly be
commented on for one exemplary case. This approach also allows for an internally consistent
comparison between different docking groups and different metals where, in comparison to

thiols on gold, only few experiments have been conducted.

2.3.3 The bond dipole at the SAM/substrate interface

Having discussed some important general aspects regarding the atomistic structure at the
SAM/substrate interface, a more detailed view on the interfacial electronic structure can now
be given. For the prototypical example of Au|S|2P|H, a biphenylthiolate SAM on Au(111), a
3D representation of the DFT calculated charge-density rearrangements upon replacement of
the S—H bonds with S—Au bonds? is shown in Figure 5a (see also Refs. [57] and [146]); here,
we calculate Apsy according to Eg. 6. The plane-integrated quantity Apsk(z), the
corresponding net charge transfer Q(z), and the derived potential energy step AE(z) are shown
in Figure 5b. Several important conclusions can be drawn: (i) For a closely-packed SAM, the
charge rearrangements are largely localized at the immediate interface, i.e., the sulfur and the
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first gold layer; they decay rapidly on the second gold layer and the first aromatic ring. (ii)
There is no net long-range charge transfer between metal and molecule; this is clearly visible
in the center panel, where Q(z) crosses the zero line between gold and sulfur. (iii) Rather than
a single dipole layer, the alternating sequence of charge accumulation and depletion
corresponds to a series of small dipoles, whose collective action results in a single pronounced
step of the electron potential energy across the metal/SAM interface. For the sake of
consistency with previous papers, the total magnitude of the potential energy step will be
referred to as “bond dipole”, BD, in the following. However, it should be kept in mind that
BD actually denotes an energy difference. As will be further detailed below, the magnitude
and the sign of BD of course depend on the docking group’™ and details of the local
adsorption geometry. Note that, in addition to the formation/replacement of chemical bonds,
Ap and, thus, BD also contain the Pauli pushback of the exponentially decaying tail of the

electron density “leaking” out of a pristine metal surface into the vacuum.%%147

2.4 A Comprehensive picture of the interfacial electronic structure

The stage is now set to assemble the individual components discussed above into a
comprehensive framework which enables understanding all electronically relevant interfacial
processes that occur on functionalizing a metal surface with a SAM. The pristine metal
substrate is characterized by its potential, the Fermi level, Er, and the corresponding work
function, @, as shown in Figure 6 (upper left panel). The DFT-calculated potential well of the
free-standing and H-saturated SAM already introduced in Figure 3b HS|2P|CN is shown in
the upper right panel of Figure 6 together with the energies of its highest occupied (HOMO)
and lowest unoccupied Kohn-Sham orbitals (LUMO); also indicated are the respective left-
sided quantities, IPeft and EAer, as well as AEvac. The charge rearrangements upon SAM
adsorption, i.e., on replacing S-H bonds with S-Au bonds,?° give rise to a potential energy
step across the metal SAM interface, BD (upper center panel), which shifts the potential well
of the SAM (and with it HOMO and LUMO) relative to Eg. 48149

The final situation after metal-molecule bonding is shown in the lower part of Figure 6. The
SAM-induced work-function modification, A@, is simply the sum of the two potential energy
steps, BD and AE, i.e., the first relevant electronic interface parameter identified in the

introduction is given by:*®7®
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A® =BD+ AE,, @)

For the second relevant interfacial parameter, the alignment of the frontier electronic states in
the SAM with Ef, it should be noted that, due to interaction with a continuum of states in the
metal, the weakly dispersing energy bands in the SAM are broadened and overlap.
Therefore, instead of HOMOs and LUMOs, it is more appropriate to refer to the delocalized

frontier electronic states in the bonded SAM as highest occupied n-states (HOPS) and lowest

unoccupied m-states (LUPS), respectively.”® These states can be clearly identified in the
density of states (DOS) of the entire system projected onto the molecular part (MDOS),
shown on the right of the lower panel in Figure 6. Their energetic separation from Er is given
by the initial energy offset of the left-sided quantities prior to SAM bonding, which is
modified by BD according to:"®

AE,ps =@ — P, +BD +E;M° (8.a)

corr

AE s =D —EA, +BD+ELM (8.b)

corr

These quantities are indicated in Figure 6 (bottom panel) together with the resulting ionization
potential and the electron affinity of the SAM bonded to the metal, IPsam and EAsawm.
Comparison with the top right panel in Figure 6 may suggest that the latter are identical to the

right-sided quantities, IPright and EAvignt, at the head-group terminated surface of the free-

standing SAM, but it turns out that they differ slightly. That difference is referred to as E /oM

corr

and E-MO | respectively.” It can be rationalized by the fact that the internal electronic

corr
structure of the SAM and, consequently, its energy levels, are slightly modified upon
interaction with the metal as a consequence of the interfacial charge rearrangements. For
thiols, the resulting correction energies are typically on the order of 0.2 eV."®

We now briefly return to the issue of the formation of S—Au bonds from the radical —Se
species vs. replacement of S—H bonds with S—Au bonds in the case of thiols, i.e., the
determination of Ap via Eq. 4 as opposed to Apsn via EqQ. 6. The respective Ap's reflect two
distinctly different chemical processes, involving distinctly different initial chemical
structures but the same final structure: the SAM bonded to gold via the sulfur atom with the

hydrogen cleaved from the thiol. Consequently, also the corresponding BD values are
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different. For example, BDsy = -0.9 eV and BDs. = +0.9 eV in the case of 4’nitro-4-
mercaptobiphenyl on Au(111).1%6 Despite this seeming ambiguity, introducing a bond dipole
helps to understand and predict the interfacial electronic structure of SAMs, as will become
apparent in the following sections. It is important to note that all observables of the final
SAM/substrate system are invariant to the partitioning chosen to describe the adsorption
process; due to the different electron distribution in the —SH and —Se groups, differences in
BD are exactly compensated by differences in IPer/EAks and, concomitantly, AEysc.'*®
Consequently, the relevant electronic interface parameters A@® and AEnops/AELups remain
unaffected. Nevertheless, the partitioning following Eq. 6, i.e., BDsn, is preferable as it
permits extracting more insightful information on the actual bonding-induced interfacial
processes; therefore, it will be used for thiols throughout the remainder of the manuscript. In
contrast, —Se type partitioning reflects the localization of the radical character in the SAM
forming molecules and, thus, one obtains BD values that strongly depend on the degree of
conjugation in the SAM backbone; e.g., Rusu et al. obtained a vanishing BDs. for
methythiolate on Au(111)848% compared to the +0.9 eV found in the case 4’-nitro-4’-
mercaptobiphenyl mentioned above. These differences, however, do not actually reflect
differences in the metal-sulfur bond but rather differences in the delocalization of the radical
species along the backbone. ™!

3. Relationship between the chemical structure of the SAM and the electronic properties

of the interface

Knowing the fundamental aspects determining the electronic characteristics of SAMs, in
particular Eqs. 7 and 8, it is relatively straightforward to deduce the impact of changing the
chemical structure of the SAM/substrate system. In this section, we first focus on the roles
played by head-group substituents and docking groups (cf., Figure 1a). At that stage, the
backbone is chosen to be biphenyl in order to deal with an aromatic molecule for which the
packing at the surface is relatively well known; 4-methyl-4’-mercaptobiphenyl on Au(111)
has been shown to pack in a herringbone pattern with two molecules in a rectangular p(vV3x3)
surface unit cell (Figure 2a).2%2 Subsequently, important aspects connected to the chemical
structure of the backbone will be discussed. To conclude this section we will describe the
influence of the degree of coupling between the metal and the m-system, and address the role

played by the substrate metal.
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3.1 Impact of head-group substituents and docking groups

Following the partitioning scheme introduced in Figure 1, we first turn to the impact of head-
and docking groups on the SAM interfacial electronic structure, discussing first the free-
standing monolayers and then the bonding to the Au(111) substrate. The impact on the
potential energy of changing the head-group substituent from a strongly electron donating
dimethylamine- in several steps to a strongly electron accepting cyano-group is shown in
Figure 7a for the free-standing SAM with a HS- docking group. As anticipated,®®’® only the
potential energy landscape at the substituent side of the free-standing and densely packed
SAM is modified, which alters IPright, EAvight, and AEvac; 1Pt and EArt are virtually
unaffected. Considering the identical shapes of the potential energies at the docking-group
side (the left side), it is not surprising that also BD is not affected by the choice of the
substituent, at least as long as it does not impact the angle of the long molecular axes with
respect to the surface normal. As a consequence, changing the head-group substitution can
significantly change the work-function of the SAM-covered electrode (for the investigated
systems listed in Table 1, A® values range from -2.43 to +2.62 eV). However, it does not
impact the alignment between the metal and molecular states (i.e., AEnops and AELups are
unchanged).”® Especially the latter appears somewhat counterintuitive, considering that
attaching electron-donating or -accepting substituents to the molecular backbone significantly
modifies its molecular IP and EA. However, bearing in mind the peculiar electrostatic
properties of a dipolar layer compared to that of an isolated molecule (Figure 3), this

observation is easily rationalized.

A qualitatively different behavior is observed when changing the docking group from a thiol
to, for example, pyridine!®41%515¢ or jsocyanide:1%":1581%9 |n the free-standing monolayers, now
the “left” (i.e., docking-side) quantities, IPiest, EAlest and, consequently, AEvac are changed, as
shown Figure 7b for the case of plain hydrogen termination at the head-group side.
Additionally, a different docking chemistry also induces different interfacial charge
rearrangements upon bonding, which give rise to a different BD; for example, Gilman et al.
describe a subtle-interplay between o-donation and r-backdonation for hydrogen isocyanide
(CNH) and isocyanmethane (CNCH3s) on Au(111) surfaces. ! Indeed, qualitative and
quantitative differences are found in the DFT calculations shown in Figure 7c. Thus, it
follows from Eqs. 7 and 8 that the choice of the docking group appreciably impacts both the
work-function modification and the level alignment.” Notably, the bonding-induced charge
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rearrangements, Ap(z) according to Eq. 4, extend further onto the biphenyl backbone for the
pyridine docking group, which can be attributed (a) to the pinning of the metal Fermi level at
the LUPS of the SAM (vide infra) and (b) to a more pronounced rehybridization of the HOPS.
The latter point is also reflected in new interface states appearing within the molecular HOPS-

HOMO
Ecorr

LUPS gap and a relatively large (several tenths of an eV).”® Lastly, we note in passing

that replacing the thiol docking group with a selenol (—SeH) does not affect the interfacial
electronic parameters (assuming the same local docking geometry at the interface to the gold

substrate),”® while it significantly increases long-range order in the SAM,161.162.163.164

To exemplify how the local atomistic structure at the immediate SAM/Au interface can
impact the surface electronic structure, we considered SAMs of cyano-, amino- and
unsubstituted biphenylthiolate with the sulfurs on-top of gold ad-atoms, which themselves are
situated in fcc-hollow sites of an otherwise undisturbed Au(111) surface.!14122123124125 Thjg
structure is not to be confused with the situation also described in section 2.3.2 in which
sulfur pairs share a gold ad-atom.'?%¥2! The results for the defect-free and the inverted
honeycomb adsorption structures are listed in Table 2. The absolute value of BD is
considerably reduced for the structure containing ad-atoms. The consequences of that effect
are somewhat compensated by the fact that the work function of pristine Au(111) is already
reduced by A@ag-aom = —0.52 eV when adding two additional surface Au atoms per p(V3x3)
unit cell. For the sake of comparability with the corresponding results without ad-atoms, the
Ad®values in Table 2 are thus obtained by modifying Eq. 7 to A®@ = BDsH + AEvac + A®@ag-atom.
As a net-effect, A@ is increased for the cyano-substituted SAM, while the magnitude of the
work-function reduction is decreased for the unsubstituted and the amino-substituted SAMs.
The changes in BD, A®ad-atom, and a somewhat modified value for Ecorr result in AEnops being
significantly smaller in the presence of ad-atoms. In fact, AEnops becomes so small that one is
very likely in the regime of Fermi-level pinning, 1851661673 phenomenon that is discussed in

more detail below.

To summarize, changing the head-group substituent and/or the docking group provides
largely independent handles to tune both, the energy-level alignment at the SAM/substrate
interface and the sample work function over a wide range; an overview of what can, in
principle, be achieved can be obtained from Table 1. The main experimental challenges in this
context are that (i) some of the required molecules might be hard to synthesize and (ii), even
more importantly, the tendency to form densely packed and well-ordered monolayers of
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upright-standing molecules might be less pronounced for some species, especially those
bearing large intrinsic dipole moments. The latter point is underlined by the fact that,
compared to what is actually observed in experiment, both simple estimates according to Eq.
1 and full DFT calculations seem to consistently overrate the work-function changes induced
by SAMs of strongly polar molecules,38406084.8582.168,169,170.171 |n contrast, for well-ordered
SAMs prepared in a highly defined environment, DFT reproduces work-function changes to
within the experimental accuracy.®® This calls for the development of alternative design
principles for functional molecules that combine large dipole moments with good SAM-

forming qualities.
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3.2 The role of the molecular backbone — polarizability

At this point the question arises whether the above-described insensitivity of the level
alignment to head-group substitutions could be mitigated by changing the nature of the
molecular backbone. More polarizable and better conjugated backbones might result in the
impact of substituents reaching further along the molecular backbone. Alternatively, a less
polarizable backbone could be expected to less efficiently “screen” the effect of head-groups
from the thiolate/gold interface. Thus, we studied a series of backbones with systematically
varying polarizability (Figure 1). To isolate the impact of this one parameter, the same
packing found in biphenyl-based systems was chosen together with a thiol docking group,
while varying the head-group from amino- to cyano-substituents.!’?

Rather surprisingly, it is found that changing the backbone from highly polarizable polyenes
(B2) over various intermediate cases (Figure 1) to non-conjugated alkyls has no impact
whatsoever on the fact that switching from the electron donating to the accepting head-group
does not affect the level alignment at the metal/SAM interface; i.e., for each backbone exactly
the same AEwops Values are obtained in the —CN and the —~NH. substituted SAMs.1> What
does, however, change with backbone polarizability is the molecular HOMO-LUMO gap. As,
according to Figure 6, a modified HOMO energy changes IP, also AEnops changes with the
backbone according to Eq. 8a. The calculated AEHops values are shown in Figure 8a, where
the orbital energies plotted as the x-axis have been calculated for the isolated backbones not
bearing substituents or docking groups; note that this plot looks virtually identical for cyano-
and amino-substituents. As expected, a linear evolution of AEHops with the HOMO energy is
observed for the larger gap molecules, exhibiting a slope close to one. However, as soon as
the HOPS approach Er, this evolution levels off (plateau region in Figure 8a), thus preventing
resonance between the conducting states in the metal (i.e., those around Ef) and the
delocalized m-system on the molecule.}’? This Fermi-level pinning 165166167 js a consequence
of interfacial charge rearrangements occurring as soon as the tail of the HOPS crosses Er
(schematically shown in Figure 8b):1”® When the IP«r of the free-standing SAM gets too
small, a significant portion of the occupied molecular DOS would come to lie above Er,
which is not possible in thermodynamic equilibrium. Consequently, electrons flow from the
tail of the HOPS feature into the metal. As the HOPS are typically delocalized over the entire
molecular backbone, this charge is transferred over a considerable distance in upright-
standing SAMs. By virtue of Eq. 1, this means that already a small net amount of charge
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transfer gives rise to a sizable potential energy step, which “pushes” the HOPS peak back
down below Er to establish equilibrium. Consequently, further reducing the HOMO energy
(and thus IPft) does no longer influence AEnops. One consequence of this pinnings is that
none of the above-described strategies for tuning the interfacial electronic structure in SAMs
can be used to establish a situation where the metallic character of the substrate extends onto
the organic layer (i.e., where the Fermi level lies right within the HOPS peak). To that aim, a

radically different approach is required, as will be discussed in the next subsection.

Prior to that, the impact of changing the backbone on the achieved A@ shall be mentioned.
For m-donor or acceptor-substituted conjugated molecules, a more conjugated (and, thus,
polarizable) backbone naturally results in a larger amount of charge transfer between
backbone and substituent and, thus, in a significantly increased dipole moment, Ho, of the
isolated molecule.”? According to Eq. 1, one might thus expect that also A@ increases with
backbone polarizability. Nothing like this is, however, observed for the systems investigated
here. The only impact of the backbone chemical structure on A@ is that it affects the
molecular orientation with respect to the surface normal, expressed through the tilt angle g,
which enters into Eq. 1 through cos(f) in the enumerator.}’2 The reason why increasing the
backbone polarizability and, thus, po does not help in increasing A@ is again rooted in the
depolarization effects discussed in section 2.2. Although not quite sufficient to capture the
complex situation in polar SAMs,’®17* Eq. 2 presages that an increased polarizability, ¢, also
results in a higher &M, which enters Eq. 1 in the denominator. Hence, what is gained by
increasing uo is lost through concomitantly increasing depolarization in more polarizable
backbones. The latter effect can be huge. For example, the hypothetical work-function change
induced by a SAM of amino-substituted polyenes, HS|B2|NH: according to Figure 1, would
be approximately five times larger than the value in Table 1 assuming the absence of

depolarization.t’2 175

3.3 Doped SAMs — a “radically” new approach

As neither substitution with donor or acceptor head groups, nor changing the molecular
backbone, nor choosing a different docking group, nor, as shall be seen below, altering the
substrate work function permit bringing either the HOPS or the LUPS into resonance with the

metal states around Er (Figure 8b), a different approach has to be pursued:'’® Taking a step
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back, one can actually borrow from the concepts developed for inorganic semiconductors,
where ohmic contacts are realized by using degenerately doped semiconductors.t’® Adapting
this concept to organic semiconductors leads to, for example, the system shown in Figure 8c.
There, one of the two central carbon atoms of a pyrene derivative is replaced either by a boron
or a nitrogen atom. Conceptually similar to p-type doping, the former removes one electron
from the delocalized HOMO (the molecular equivalent to the valence band) and the latter
adds an additional electron to the LUMO (n-type doping).t”® The resulting molecule is a
neutral radical with a fully delocalized but only singly occupied highest molecular orbital
(SOMO). This significantly changes the energetic situation at the interface, as sketched in
Figure 8d: While the fully occupied HOPS (or the empty LUPS) of a closed-shell molecule
cannot be brought into resonance with Er because of Fermi-level pinning (Figure 8b), the
same mechanism now forces the SOMO of a (neutral) radical to lie at Er, independent of its
energy in the isolated molecule; again, the necessary charge rearrangements only weakly
change the occupation of the frontier molecular level.}’” As a result, the metallic character of
the substrate now spreads onto the molecule and resonance between the delocalized molecular
n-system and the conducting states in the metal around Er is achieved. Placing such a neutral
radical in a single-molecule junction, i.e., contacting it with a metallic lead on either end (as
indicated in Figure 8c), gives rise to a continuous transmission channel for ballistic electrons,
which efficiently connects the two electrodes (Figure 8e).1”® An ohmic contact is realized,
meaning that, in contrast to closed-shell molecules investigated in such setups,?®°2535
(neutral) radicals do not exhibit a conductance gap and high current across the molecular
junction can already flow at low bias. In fact, the calculated current-voltage characteristics
shown in Figure 8f show that, in the low-bias regime, the current through the neutral radical is
about two orders of magnitude higher compared to the undoped molecule.!”® Recent
experimental results support the validity of this concept !’® and a number of other
experimental observations hint towards the important role played by radicals for charge

transport through single molecules and in molecular electronics,173179.180,181,182,183,184,185

3.4 Tuning the electronic coupling between the n-system and metal

Another important issue in the context of the interfacial electronic structure of SAMs is the
strength of the electronic coupling between the w-system on the backbone and the electrons in
the metal, i.e., the interaction-induced hybridization and broadening of the molecular states.'%®

Clearly, if the docking group is directly incorporated into the conjugated molecular backbones
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(Figure 1), the electronic coupling must be expected to be relatively strong compared to a
scenario where the conjugation is broken between backbone and docking group. One way to
achieve this is to introduce short saturated hydrocarbon chains between, e.g., the biphenyl unit
and the thiol. In order to maximize the molecular packing density on the surface, these alkyl
segments are fully extended in all-trans conformation and, due to their flexibility, they
promote long-range order in SAMs,187:188,189.190,191,192.193 £\, rthermore, intriguing odd-even
effects with the number of methylene (—CH>-) units in the alkyl spacers have been observed
for a number of properties in these highly 2D-crystalline SAMSs, both experimentally*94195.19.
197,198,199.200 and in DFT calculations.?®* More importantly, however, increasing the number of
methylene spacer units successively suppresses electronic interaction between metal and
conjugated molecular core.?! The situation of the r-system directly coupled to the metal can
be compared to a traditional metal/inorganic semiconductor junction. In that sense, the
insertion of non-conjugated alkyl segments gradually converts the system to a nanoscopic
metal/insulator/semiconductor junction.?* The two extreme cases of direct coupling (no alkyl
spacer) and six methylene spacer units are shown in Figure 9 for the example of a biphenyl
backbone. Around Er, metal-induced gap states (MI1GS)%2:202203.204.205 gra seen in both cases.
They extend onto the sulfur and then rapidly decay along the molecule. Also, the first actual
peak in the MDOS can be assigned to the HOPS on the biphenyl core in either system.
However, the HOPS are clearly separated from the metal in the case of the SAM containing
the hexyl spacer (Figure 9b).2° In the latter case the first continuous electronic states, which
extend from the metal over the alkyl segment onto the molecular backbone, are found at
significantly higher binding energies. This suggests a considerable energy barrier for hole

(and electron) transfer between metal and conjugated core in that system.?%!

3.5 Impact of the substrate metal

Having introduced the bond dipole of aromatic thiols on gold, we now briefly comment on the
impact of the substrate metal. While Au(111) is clearly the most commonly used substrate for
SAMSs, also various crystal faces of silver,206:207208.209 copper 210.211212.213 na||adjum, 214215216
and platinum?¢:217.218.219 haye pheen experimentally investigated. Also (liquid) mercury has
been used.??%%2! Due to differences in their lattice constants and their chemical nature, also
different packing motifs and/or different surface reconstructions might be encountered on

these substrates. Indeed, several possibilities have been proposed for SAMs of short-chain
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alkylthiols both from experiments??2:22%:224 and from theory.50115225.226 |n contrast, little is
known about the packing and the atomistic structure of the docking-group/substrate interface
for conjugated SAMs, which are the focus of the present Report; it appears unreasonable,
however, to simply assume the V3xV/3 commensurability of S-atoms found on Au(111) also in
calculation of SAMs on, for example, Cu(111),?%’ due to the significantly smaller lattice
constant of the latter. Consequently, the following comparison is restricted to Ag, which has
essentially the same lattice constant as gold. For the sake of consistency, a defect-free (111)
surface and a herringbone packing of the biphenyl backbones is assumed also here. In fact, the
main structural difference between thiol SAMs on the two metals appears to be that the first
sulfur-carbon bond on the molecular side of the interface is slightly less inclined to the surface

normal on Ag than it is on Au,197:198.199,200201,228,229

In terms of the interfacial electronic structure, the most relevant difference between silver and
gold is the work function (@aua11) = 5.3 eV and @agai11) = 4.7 eV).20 In particular, Egs. 8
suggest that changing the work-function of the metal might impact the alignment of its Fermi
level with the HOPS and LUPS in the SAM. Interestingly, this is not the case. For densely
packed SAMs, AEnops and AEups are found to be virtually identical on both metals, 718
Reexamining Egs. 8 leads to the conclusion that, if neither the level alignment nor the
quantities of the isolated SAM (IEiert and EAlert) change, the difference in the substrate work
function must be compensated by a difference in BD, and this is indeed observed.>®7%:186
Translating this observation to the SAM-induced work-function modification via Eq. 7 yields
the equally intriguing result that, despite the considerable difference in @ of the pristine metal
surfaces, the work functions of the SAM-covered surfaces are nearly identical.%7%18 These
peculiarities regarding level alignment and A@ are in agreement with experimental®4%23 and

independent theoretical results.?

4. Organic semiconductors on SAMs

Focusing on the application of SAMs in organic electronics, we now address how the
interfacial electronic structure evolves when depositing an organic semiconductor on top of a
SAM (cf. Figure 1a). This requires modeling the complete three-component system, which
has first been done on the basis of the unified induced density of interface states model by
Betti et al.?*?
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The main question in that context is to what extent changes of the electrode work function
(induced by the SAM) actually translate into changes of electron- or hole-injection barriers
into a subsequently deposited organic semiconductor (OSC). ?*®* A schematic of the
investigated structure is shown in Figure 10a. To span a wide range of work functions, all the
SAMs with biphenyl backbones from Table 1 have been studied and, as OSC, a single layer
of biphenyl (2P) was chosen because epitaxial growth on the SAMs is realistic for this
material. Considering the well known fact that DFT severely underestimates band-gaps?3* and
that the band gap of oligo(phenylene)s decreases with increasing number of phenyl rings,%®
236,231 2p actually serves as a model for oligo(phenylene)s with a larger number of repeat units.

The resulting separations of the HOPS and LUPS peaks of the biphenyl OSC layer from the

Fermi energy (EZ5 —Erand E. —EZ7.) are plotted in Figure 10b as a function of the

work-function of the SAM-modified Au(111) electrode, @mod. The former quantities are
related to the hole- and electron-injection barriers, albeit these are typically defined as the
distance between the Fermi energy and the HOPS and LUPS onsets.?32% Such a definition
would, however, not be particularly useful for analyzing the output of DFT calculations, as
the peak widths are affected by methodological details.?®*24° In analogy to inorganic
metal/semiconductor junctions?*4 241 .242. 243 and to non-covalently bonded metal/OSC

junctions,165166.167.238.244,245 5 slope parameter can be defined as:

d (EF — Enigps )
d¢mod

S =- ®)

Over a relatively wide work-function range (i.e., for @mod between ca. 2 eV and 5 eV), S
equals unity and the SAM-induced work-function change directly translates into a change of
the injection barriers. A detailed analysis?®® shows that in this region vacuum level alignment
occurs between the SAM and the OSC, i.e., no additional interface dipole is formed at the
SAM/OSC interface and the work-function of the SAM-covered metal does not change any
further upon addition of the 2P layer (A@p = 0); strictly speaking, fully symmetric Pauli
push-back at the organic/organic interface (left panel in Figure 10c) is observed only for
hydrogen-terminates SAMs, but also for the other systems A@,p remains below ~0.2 eV.2%
Note that this situation is markedly different from directly depositing OSCs onto pristine
metal surfaces, where one observes significant Pauli push-back (of the order of several tenths
of an eV);¥¥

27



For @mod sSmaller than ~2 eV or larger than ~5 eV the slope parameter becomes zero. In those
regions, the excess work-function modification has no more impact on the injection barriers.
The reason is again Fermi-level pinning; only this time, EF is pinned at the HOPS or LUPS of
the additional 2P layer.?®® The pinning manifests itself in an extra work-function change
induced by the 2P layer that linearly depends on the excess modification of the sample work
function, with A@p being positive for @neg < ~2 eV and negative for @neg > ~5 eV. Notably,
A@p vanishes when removing the metal substrate in the calculations, i.e., when studying only
the free-standing SAM/2P double layer.?332% This underlines the crucial importance of the

metal being present for the evolution depicted in Figure 10b.

Consequently, one might expect charge transfer between the metal and the OSC to be
responsible for the observed pinning. Nothing like this, however, happens, as is shown in the
right panel of Figure 10c for the situation with the smallest @moa. On the metal, there is
virtually no charge-density rearrangement, Ap(z), which is defined here as the plane-averaged
charge-density difference between the complete system and the non-interacting SAM-covered
metal and 2P layer, respectively. Instead, electrons are transferred from the upper (i.e., right)
region of the SAM to the lower (i.e., left) region of the 2P layer and, additionally, the SAM
backbone is polarized without significant long-range charge transfer along the backbone.
These findings are best visible in the plot of the integrated net charge transfer Q(z) as defined
in Eq. 3.

Interestingly, for certain ranges of metal work-functions, similar pinning situations have also
been observed experimentally in situations where an OSC was separated from the conducting
substrate by an insulating layer or another relatively thick semiconductor layer,165166.247.248
These observations have been explained by an integer charge transfer between the conducting
electrode and the organic semiconductor. The pinning distance (i.e., the energy difference
between the HOPS peak of the semiconductor layer and the Fermi level at which pinning
occurs) in these experiments was typically larger than in the situation discussed above. This
can be explained by charges in the above considered perfectly ordered, crystalline, and defect-
free organic semiconductor layer being more delocalized, as discussed in more detail in Ref.
[233].

5. Impact of molecular packing density
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Having addressed the fundamental properties of perfectly ordered and densely packed SAMs
of well-aligned molecules, it is necessary to also discuss the consequences of non-ideal
situations. This is particularly important, as in many (presumably the vast majority of)
experiments the actually encountered SAMs deviate from the ideal situation assumed in the
present Report so far. In fact, to the best of our knowledge, no experimental study on a
conjugated SAM has been published, in which the authors have pinpointed the structure and
order of the SAM, e.g., by combining diffraction and scanning-probe techniques and, on the
same sample, measured the electronic properties, e.g. by photoelectron spectroscopy.
Assessing the role of SAM imperfections is no minor challenge for modeling either. A full
first-principles description would require huge and, therefore, computationally inaccessible
super cells as well as dynamical approaches to geometry optimization (as discussed in section
2, defects in SAMs, such as vacancies or ad-atoms, are very likely not static objects).
Alternatively, molecular dynamics approaches relying on (semi)empirical force
fields?49:250.251252 combined with quantum-mechanical calculations on selected motifs hold a
certain promise to provide additional insight.?>>%° Such approaches would also be required to
asses the role of dynamic disorder on, e.g., the work-function modification; there, as reported
in sub-section 3.2, the orientation of the molecular dipole moment is of critical importance
and, as the orientation of elongated molecules in a SAM is a rather “soft” degree of freedom,

spatial and temporal fluctuations of the work function must therefore be expected.

Here, we will discuss only one fundamental aspect, namely the impact of the SAM packing
density on the electronic interface parameters A® and AEnops. While, in densely packed
SAMs at full coverage, molecules are usually standing with their long molecular axes close to
the surface normal, so called “lying-down” phases are often observed at lower coverage, e.g.,
for alkanethiols!3104129.130.132.140.141 15 )t 4150 for the biphenylthiols.*®2% In order to isolate the
impact of packing density from that of the molecular orientation (which, however, needs to be
assessed in future studies in the light of what has been discussed in the previous paragraph),
we adopt the following approach:48172 First, one of the two molecules in the p(N3x3) unit cell
is removed from the fully geometry-optimized structure at full coverage, no, to achieve a
packing density of n/no= /.. Subsequently, the lateral unit cell is repeatedly doubled along
both the x- and the y-direction. Keeping only one molecule in the resulting super cells,
coverages down to n/no = /16 are realized. As the computational cost for such large systems

rapidly becomes prohibitive, a still lower coverage of n/no = /64 was calculated only for the
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free-standing “monolayer”, which actually served as the reference case of non-interacting
molecules. At all coverages, the (upright-standing) geometry of the molecule is always kept
fixed to the optimized structure at full coverage.

Adhering to the partitioning scheme used throughout this Report, the properties of the free-
standing molecular monolayers, IEiefuright, EAeturight, and AEvac, are discussed first and,
thereafter, the quantities characterizing the bonding to the metal (BD) as well as the full
metal/SAM system, AEnops and A@, will be analyzed. More specifically, we will limit
ourselves to the prototypical systems of biphenylthiol with amino and cyano head-group
substituents.¥® As already apparent from Figures 3 and 4, reducing the coverage in the free-
standing SAM must be expected to significantly impact AEvac and, thus, 1Pt and EAuett:
Firstly, upon decreasing coverage, there must be a continuous transition from the situation
depicted in Figure 3b to that in Figure 3a, i.e., AEvac — 0 for n/no — 0. From Eq. 1, one could
expect a linear decay of AEvac, because the coverage decreases and, therefore, the area A per
molecule increases. However, as expressed in Eq. 4, also the depolarization factor & depends
on the packing density (Figure 4f),87077.174 resulting in an overall nonlinear decrease of AEac,
as shown in Figure 11a for both head-group substituents.!*® The natural consequence of this
evolution is that the left- and right-sided ionization potentials (Figure 11b) and electron
affinities (not shown) approach the same respective values for n/no — 0, i.e., those of the
isolated molecules which, of course, are different for donor- and acceptor-substituted species.
Reexamining Figure 4c we recall that, at lower coverage, the electric field generated by the
polar head groups starts to penetrate the molecular monolayer,*® i.e., the left and right sides
of the free-standing SAM start to “see” each other. Consequently, IPert and EAjest are no
longer insensitive to head-group substitutions on the right side whereas, at full coverage, only
IPright and EAvignt are affected (Figure 7).

Turning now to the metal/molecule bonding, also the charge rearrangement at the interface
can be expected to depend on the coverage. Moreover, BD, like the molecular dipole, is
subject to depolarization effects and at reduced coverages the electron cloud tailing out into
the vacuum above pristine metal surfaces is now “pushed back™ in to the metal only locally.
On the other hand, also the different energy offsets between Er and IPie/EAlert prior to bond
formation should influence the details of the bonding-induced charge rearrangements; for the

latter reason, BD is also no longer insensitive to the head-group substitution. Together, this
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results in a pronounced non-linear dependence of the respective BD values on coverage

(shown in Figure 11c).148

After having established that the relevant quantities, IPe/EAler, AEvac, and BD all exhibit a
complex dependence on packing density and, furthermore, that they depend on the head-
group substituent for all coverages smaller than n/no = 1, it comes as no surprise that the same
is true also for the derived quantities, 4@ and AEnops. Regarding the work-function
modification (Figure 11a),1*® it is interesting to note that, in the case of the cyano-substituted
biphenylthiol SAM, the individual nonlinearities of BD(n) and AEvac(n) partially cancel, as
they are of opposite sign. This leads to an almost linear increase of A@, albeit with a strongly
reduced slope compared to what would be expected from naively employing Eq. 1.
Conversely, for the amino-substituted SAM, AEyac and BD have the same (negative) sign,
which results in a pronounced sub-linear decrease of the sample work function with
increasing coverage. We note that similar theoretical investigations regarding 4@ have
independently been performed for SAMs of (fluorinated) alkanethiols on gold®#17 and

substituted benzenes on silicon.>®

Finally, as expected, also the level alignment (shown for AEnops in Figure 11d)'*® exhibits a
pronounced nonlinear dependence on packing density and, furthermore, it turns out to be
independent of the head-group substitution only at full coverage. In contrast, at low-coverage,
AEHops in the amino case is lower by as much as 0.5 eV compared to the cyano-substituted
SAM. Especially the coverage dependence bears important consequences for comparing
different experiments (or calculations) in the field of molecular electronics: As the level
alignment critically impacts the current through a molecular wire,*”® appreciable differences
must be expected 3 254:2% petween molecules embedded in a densely packed SAM

43,44,45,41.48:49.50 and isolated species contacted individually by two metal electrodes. 8525354

6. Conclusions

Significant insight into the interfacial electronic structure of self-assembled monolayers on
noble metals can already be gained from purely electrostatic considerations. Further and more
fundamental understanding is obtained from quantum-mechanical modeling, which usually

relies on slab-type band-structure calculations on the basis of density functional theory. Here,
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it is shown how a detailed microscopic picture of the relationship between the chemical
structure of the molecules and the electronic properties of the SAM-covered metal can be
developed. This done by first understanding the properties of isolated monomolecular layers
and then combining that with knowledge on the interfacial charge rearrangements upon
subsequent bond formation. In this context, it is explained why end-group substituents allow
changing the work function but do not affect the level alignment between SAM states and the
metal Fermi level. We describe why changing the docking group affects both quantities and
compare gold and silver substrates. Fermi-level pinning for small-gap molecular backbones is
observed and it is demonstrated that increasing the molecular dipole moments through more
polarizable molecular backbones does not impact the achievable work-function change. We
also suggest that neutral radicals allow establishing Ohmic contacts between metal substrates
and organic layers. Furthermore, it is discussed how the interaction between the n-system of
the SAM and the metal can be tuned through aliphatic linkers, and to what extent SAM-
induced work-function modifications directly translate into a change in the barriers for
electron- and hole-injection into organic semiconductor layers deposited on top of the SAM.
Lastly, we elucidate the complex dependence of all relevant interfacial electronic parameters
on the packing density of molecules on the surface.
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Figure 1. Schematic representation of metal|SAM|OSC heterojunctions (a) and
metal|SAM|metal contacts (b). The self assembled monolayer can be understood as consisting
of three parts: the docking groups, through which they are bonded to the metal, the rod-like,
typically m-conjugated backbone, and the head group, which can be an electron
donating/accepting polar substituent. The systems discussed in this study are listed in the
bottom part of the figure. The nomenclature used for SAMs throughout this Report is

(metal|)docking group|backbone|head group.
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Figure 2. (a) Left: Side view of a typical unit cell containing two molecules on a Au(111)
surface. Right: Top view of a larger region. The unit cell is marked by a black rectangle. (b)
Illustration of the periodicity of the unit cell. A vacuum gap between neighboring slabs
prevents spurious quantum mechanical interaction and a dipole layer is placed in the vacuum

to prevent electrostatic interaction between the slabs.
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Figure 3. (a) Electron potential energy in the plane of an isolated HS|2P|CN molecule and
corresponding contour plot. The black vertical lines help locating the position of docking and
head group in both plots. (b) Equivalent plots for an infinitely extended two-dimensional
HS|2P|CN SAM, averaged over one dimension. A transparent plane at the energy of the left
side vacuum level helps spotting the step AEvac in the electron potential energy across the

monolayer.

35



(d) — high (x 3)

+OO4 = |O\N:,_I\“ :'\\‘_
o +0.03 | y
B 4002 F
S

+0.01 |

+0.00 + +0.00 1.0} ®

+0.01 0.0 02 0.4 0.6 0.8 1.0

- M1 n/no
T <
o 9 +0.00
s 8
3 :
= 2 -0.01

Figure 4. (a): Hypothetical free-standing monolayer exposed to an external, homogenous
electric field. (b) and (c): Schematic representation of the electric fields generated by the
head-groups in a densely (b) and a loosely (c) packed HS|2P|CN SAM (depolarization effects
are not considered). (d): Charge rearrangements Apind(z) and net charge transfer Qina(z) for the
HS|2P|CN SAM upon switching on a homogenous external field of magnitude 0.1V A in the
direction indicated in panel (a). The solid lines refer to high coverage (n/no=1, multiplied by a
factor of 3) and the dashed lines to low coverage, n/no=0.02. (e) Depolarization charge
rearrangements Apgepod(z) and Qgepoi(z) for low coverage (dashed lines; difference between
n/ne=0.05 and n/ne=0.02, multiplied by a factor of 8) and high coverage (solid lines;
difference between n/ne=1 and n/ne=0.5). (f) Depolarization factor & as a function of the

coverage n/no for HS|2P|CN.

(d), (e), (f): Adapted with permission from ref. [70]. Copyright 2008 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim
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Figure 5. (a) 3-dimensional charge rearrangements Ap upon bond formation for Au|S|2P|H.

The dark gray clouds depicted in the left panel indicate regions of accumulation of electron
density, light gray clouds (right panel) mark regions of electron density depletion. (b) Plane-

integrated values of Ap as depicted in (a), charge transfer Q(z) and corresponding change in

the electron electrostatic energy AE(z) (details see text). The resulting bond dipole is indicated.

The illustrations in the background serve as guides to the eye.

Adapted with permission from ref. [79]. Copyright 2007 American Chemical Society.
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MDOS /arb.u.

Figure 6. Bond formation and electronic structure of the metal/SAM interface. The plane
averaged electron potential energy of the combined system (lower panel) results from the
potential energy landscapes of the isolated metal (upper left panel) and SAM (upper right
panel) parts, modified by the impact of the bonding as given by the BD (upper central panel).
Relevant left- and right-sided quantities are also shown; the Fermi energy is indicated as light
gray line. The density of states projected onto the molecular region after bonding is depicted
at the right sides of the lower panel. The areas of the HOPS and LUPS peaks are shaded in
dark gray.

Adapted with permission from ref. [56]. Copyright 2008 American Chemical Society.
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Figure 7. Impact of choice of the head group (a) and the docking group (b) on the
electrostatic energy landscape for biphenyl-based SAMs. Left- and right- quantities are
depicted in panel (b) for HS|2P|H and schematic structures serve as guides to the eye. ()
Change in the electron potential energy resulting from the charge rearrangements for three
docking groups on Au(111): isocyanide (Au|CN), pyridine (Au|Pyr) and thiolate (AulS).

Adapted with permission from ref. [79]. Copyright 2007 American Chemical Society.

39



ol sig4jcN SIZTICN
Ced-e-
S[2PICN —@ A
Ar ~® siB2ien SIBIICN ]

-

—undoped | omomomo—om
== N-doped )

-=B-doped !

L/

1.2 06 00 06 1.2
Voltage /V

S|B11|CN
-7.0 -6.5 -6.0 -5.5 -5.0 -4.5

Figure 8. (a) Energetic distance between the highest occupied delocalized states in the SAM
and the Fermi level, AEnoprs as a function of the highest occupied delocalized molecular
orbital of the isolated backbone, Exomo, for the backbones listed in Fig. 1. (b) Fermi level
pining at metal/closed shell molecule interfaces. From left to right: If the highest occupied
orbital (HOMO) approaches Er, charge is transferred to the metal to prevent occupied states
above Er. As a consequence, the resulting dipole layer causes a step in the electrostatic
potential across the interface, shifting the states down in energy. (c) Geometry of a N- and B-
doped pyrene derivative in the metal/SAM/metal junction. (d) Fermi level pining at
metal/monoradical interfaces. In contrast to what is shown in (b), the highest occupied orbital
is only singly occupied (SOMO) here. Charge transfer then leads to resonance of the SOMO
with Er. (e) Isodensity plot around Er for the B-doped molecules in the molecular junction
representing the transport channel at low bias. SOMO derived states are delocalized over the
whole junction. (f) Current-voltage characteristics of the undoped, N-, and B-doped molecule

in the junction.

(a) Adapted with permission from ref. [172]. Copyright 2009 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim

(b) (b)-(f): Reprinted in part with permission from ref. [173]. Copyright 2009 American
Chemical Society.
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Figure 9. (a): Molecular density of states (MDOS) for Au|S|2P|H (left panel) and isodensity
plots of the local density of states for two energy windows. They show metal induced gap
states (MIGS) around the Fermi energy (blue clouds) and the delocalized density of states in
the HOPS region (red clouds). (b): Molecular density of states when six methylene spacer
units separate the m-system and the metal. The orange portion depicts the MDOS only in the
alkyl region and the green area the complete MDOS; isodensity plots of the local density of
states for the indicated energies showing again the MIGS (top picture), the n-states (central
picture) and the fully extended density of states (bottom picture) at energies far below Er

(respectively, at high binding energies).

Adapted with permission from ref. [201]. Copyright 2007 American Chemical Society
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Figure 10. (a): Side and top view of the representative system Au|S|2P|F||2P. The two
monolayers (S|2P|F and 2P) are shifted for the sake of clarity. The black rectangles mark the
p(3x~/3) surface unit cell. (b) EZ. -Er (red circles) and Er- E2, (cyan diamonds) as a
function of the work function of the SAM covered Au(111) electrode, ®mod. For the definition
of the slope parameter S, see text. The values of EZ}. and EZ5. correspond to the peak
positions in the respective molecular DOS (MDOS). The lines serve as guides to the eye. (c)
Plane-integrated charge rearrangements upon addition of 2P to the metal/SAM system, Ap,
per unit cell (topmost panels), cumulative charge transfer along the z-axis per unit cell, Q,
(middle panels) and change in the potential energy of an electron, AE, upon addition of 2P to
the system (bottom panels) for two systems. Ap>0 indicates an increase of the electron
density, Ap<0a decrease. Vertical lines and schematic pictures of the systems serve as guides

to the eye.

Reproduced with permission from ref. [233]. 2009 American Chemical Society
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Figure 11. Various SAM properties plotted as a function of coverage n/no. Throughout the
figure, circles mark the cyano- and triangles the amino-substituted bithenylthiol SAM: (a) step
in the electron potential energy AEvac (open dark gray symbols) and resulting work-function
modification A® (closed light gray symbols), (b) left (dark gray, dotted symbols) and right
(light gray, filled symbols) ionization potentials, (c) bond dipole (BD) upon adsorption of the
monolayers on Au(111) and (d) distance between the Fermi energy and the HOPS in the
metal/SAM systems, AEHops.

Adapted with permission from ref. [148]. Copyright 2008 American Physical Society
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Table 1. Electronic properties of a variety of SAMs on Au(111). AEnops refers to the
alignment of the highest occupied states delocalized over the backbone (HOPS) and the metal
Fermi level; IPsawm is the ionization potential of the SAM defined as the energetic difference
between the HOPS peak and the vacuum level above the SAM; A® is the SAM-induced
work-function modification. Data reproduced from ref. [172] (marked with a ‘**), where a
sophisticated geometry optimization strategy based on internal coordinates was used. For

systems not investigated in that study, data as used in ref. [233] (marked with a *’) is listed.

Systems A[F; F\';’]PS IPsam [eV]  AD [eV]
AUPYI2PIN(CHs)2 *  -2.73 3.89 -4.06
AU[Pyr2P|NH; * 2.86 4.23 -3.86
AUICN[2P|NH; * 176 3.77 -3.23
AUlPYr2P|H * 3.37 5.55 -3.05
Au[S|2P|NH # 0.86 3.57 243
AUCN|2PH * 1193 5.05 212
AU[S|2P|H * 11.02 4.68 154
AulS|2P|F * -1.00 6.43 0.23
AulPyr[2P|CN * 287 9.39 1.29
AU[CN|2P[CN * 181 9.12 207
AulS[2P|CN * 10.93 8.83 262
AulS|BLINH; * -3.80 7.09 -1.86
AU[S|BLICN # -3.96 10.21 1.02
AulS|B2|NH; * 0.43 287 2,68
AulS|B2|CN # 0.43 7.23 1.57
AU[S|2T|NH; * -0.45 3.01 258
AU[S|2TICN # 0.47 7.66 1.95
AU[S|B3INH; # 0.40 2.90 2,63
Au[S|B3|CN * -0.39 753 1.89
AU[S|BAINH; # 051 277 -2.86
Au[S|B4ICN * 051 8.19 242
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Table 2. Electronic properties of three SAMs on Au(111); data for the flat metal surface are
compared to those for the SAM bonded through a Au ad-atom in the fcc-hollow position. The
bond dipole, BD, the distance between the Fermi level and the HOPS, AEnors, the ionization
potential, IPsam, and the SAM-induced work-function modification, 4@, are listed. In the
presence of ad-atoms, A@ is calculated according to A® = BDsy + AEvac + A@ad-atom 10
account for the effect of the ad-atoms on the work function; A@ag.atom = -0.52eV in all three

cases; otherwise Eq. (7) is used to determine A®.

Systems BD [eV] A4Enoes[eV] [IPsam [eV] 4D [eV]
AU|S|2P|NH; -1.19 -0.86 3.57 -2.43
AUad|S|2P|NH2 -0.25 -0.17 3.24 -2.13
Au|S|2PH -1.16 -1.02 4.68 -1.54
AUad|S|2P|H -0.09 -0.18 4.46 -0.92
AU|S|2PICN -1.17 -0.90 8.68 2.58
Auzd|S|2P|ICN -0.19 -0.17 8.44 3.07
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