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Abstract—Understanding interfacial interaction between conjugated organic molecules and noble metals is important
not only for surface science, but also in relation to organic epitaxy, the architecture of intermolecular networks or nano-
structures, and organic electronics. Particularly, properties of interfacial geometric and electronic structures and their
related phenomena have attracted much interest for their potential in various electronic and optoelectronic applica-
tions, and thus extensive efforts have been devoted to understand and control organic/metal interfaces. We provide an
overview of interfacial phenomena between conjugated organic molecules and noble metals via various interactions at
the organic/metal interfaces such as surface-molecule and intermolecular interactions, as well as recent progress

achieved in this area.
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INTRODUCTION

Conjugated organic molecules have received much attention as
promising materials with high charge-carrier mobility and environ-
mental stability for molecule-based electronics, and they present
remarkable advantages compared to standard inorganic technolo-
gies such as low cost, low weight, low-temperature process, and
mechanical flexibility [1-5]. Using conjugated organic molecules in
electronic devices also can provide excellent controllability of geo-
metric and electronic structures of active components which play
a critical role in determining device characteristics and perfor-
mance [6]. Extensive research thus has been devoted to the devel-
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opment and advancement of molecule-based electronics and their
applications in the past few decades, which include not only organic
thin-film devices such as organic light emitting diodes (OLED),
organic thin-film transistors (OTFT), and organic photovoltaic
(OPV), but also molecular devices at the single-molecule level [2,
3,5,7-18].

In recent years, it has been recognized that interfacial contacts
between conjugated organic molecules and metal electrodes play
important roles as molecular functionality in molecule-based elec-
tronics. As shown in Fig. 1, organic/metal (O/M) interfaces are
where charge transfers between active components and electrodes
occur in organic thin-film devices, and such interfacial contacts
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Fig. 1. Schematic illustration of charge transfers between active components and electrodes in (a) organic thin-film devices and (b) molecu-

lar junction devices.
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are also present in any persuasive models for molecular devices
[6]. In addition, balancing of various interactions at the O/M in-
terfaces (ie., surface-molecule and intermolecular interactions) is
important in organic epitaxy and the architecture of intermolecu-
lar networks or nanostructures in reference to size and structural
control of the system [19-21]; and the molecular registry on a metal
surface governed by interfacial interactions has strong correlation
with the subsequent film growth and its electronic structure [22,
23]. Therefore, how to understand and control interfacial interac-
tions and their related phenomena is one of today’s challenging
issues not only in the field of surface science, but also in various
fields of science and engineering in relation to organic electronics.
Noble metals, represented by gold (Au), silver (Ag), and copper
(Cu), have been widely used as electrodes in molecule-based elec-
tronics owing to their chemical inertness, different from other transi-

tion metals which cause oxidation or instability [2,24,25]. The use
of noble metal substrates also facilitates changing surface-mole-
cule interactions corresponding to work-function of metal, surface
lattice, and surface templating effect. Moreover, since conjugated
organic molecules normally lie flat on noble metal surfaces, inten-
tional tuning of intermolecular interactions at the O/M interfaces
can be achieved by careful design of the molecules incorporating
chemical properties. Accordingly, the interfaces between conju-
gated organic molecules and noble metals provide an excellent
framework for systematic study of numerous factors involved in
understanding and controlling the O/M interfaces and their related
phenomena. This review thus focuses on the O/M interfaces formed
with conjugated organic molecules and noble metals, and provides
an overview of various interfacial interactions and their related
phenomena as well as recent progress achieved in this area from
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Fig. 2. (a) Schematic illustration of constant current imaging mode of STM operation. A tip-sample distance is adjusted by a feedback loop
during scanning, and such height adjustment of the tip is recorded. (b) Energy level diagrams for tip and sample when an appropriate
voltage is applied to the sample (i.e., sample bias voltage). (i) Independent sample and tip, which are completely separated. (ii) Sample
and tip at equilibrium without sample bias. (iii) For positive sample bias, electrons tunnel from tip to sample. (iv) For negative sample

bias, electrons tunnel from sample to tip.
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Interfacial phenomena between conjugated organic molecules and noble metals

an experimental point of view. Note that theoretical modelling and
computational works are now widely performed using density
functional theory (DFT) to complement experimental approaches
and describe interfacial phenomena in detail, even if DFT calcula-
tions considering both molecules and surfaces require significant
amounts of computational resources. For additional information
concerning the DFT calculations, the reader may wish to refer to
other reviews [21,26,27]. This article mainly addresses surface-mol-
ecule and intermolecular interactions involved in the formation of
interfacial geometric and electronic structures, based on scanning
tunneling microscopy/spectroscopy (STM/STS) [28]. This review
may afford not only deeper insight into the O/M interfacial struc-
tures, but also new perspectives to organic electronics using conju-
gated organic molecules and noble metals.

SCANNING TUNNELING MICROSCOPY
AND SPECTROSCOPY

Since the IBM laboratory succeeded in the development of a
scanning tunneling microscope, it has become a powerful tool for
topographic imaging, spectroscopy, and their combinations [29-
31]. The fundamental principle of STM operation is based on the
quantum tunneling of electrons. As shown in Fig. 2, a tunneling
current can flow due to the quantum tunneling effect when a sharp
metal tip is brought close enough to a conducting sample surface
within a separation of only a few A range. The tunneling current
can be used to probe local physical properties as well as to mea-
sure topography of the sample surface with sub-atomic accuracy.

The most widely used mode for STM operation is a constant
current imaging mode. In this mode, a tip-sample distance is ad-
justed by a feedback loop during scanning, and the tunneling cur-
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rent between tip and sample is maintained at a constant set value
when an appropriate voltage is applied to the sample (ie., sample
bias voltage). The sample bias voltage is normally applied within a
range from a few mV to a few V while the tip is grounded. Thus,
the tunneling current corresponding to the sample bias voltage
typically varies from a few pA to hundreds nA, and the exponen-
tial dependence of the tunneling current on the tip-sample dis-
tance enables topographic imaging with a high spatial resolution.

When the sample bias voltage, V,, is applied to the sample in
STM operation, the energy levels of the sample shift downward or
upward in energy by |eV,| corresponding to the bias polarity as
shown in Fig. 2(b) [32]. Electrons tunnel into unoccupied states of
the sample from the tip for positive sample bias, and from occu-
pied states of the sample into the tip for negative sample bias. Thus,
the electronic states contributing the tunneling current, I, vary with
the sample bias, of which the polarity determines either occupied
or unoccupied states of the sample are probed. In a spectroscopy
context, a spatially resolved signal of dI/dV, can be obtained by a
lock-in amplifier technique, which is well-known as STS [33-35].
With simple assumptions, the dI/dV, signal are simplified as fol-
lows [32]:

di,
d—\Ts v * ent(o) : ns(evs) : T(evs’ eVs)
dT(E, eV

eV,
+_[O n(+eVFE)-n(E)- v

where n, and n, are density-of-states (DOS) of the tip and the sam-
ple, respectively, and T is a transmission coefficient. At a fixed
location of the tip, the first term of the equation reflects the local
DOS (LDOS) of the sample at eV, with respect to the Fermi level
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(Ep), and a variation in T corresponding to V, becomes smooth and
monotonic. Therefore, the dI/dV; signal as a function of V, can be
directly interpreted as overall structure of the LDOS of the sample.

SURFACE-MOLECULE INTERACTIONS

Surface-molecule interactions are normally reflected in local ad-
sorption geometry and its electronic structure. When a conjugated
organic molecule is brought into contact with a noble metal sur-
face, the adsorption process may involve several interfacial interac-
tions and effects (e.g., van der Waals (vdW) interaction, polarization
of the electron density, partial charge transfer through covalent
bonding, and other chemical interactions via orbital hybridiza-
tion) [6,19-23,36-40].

1. Adsorption Geometry

To understand the adsorption process relevantly, the O/M inter-
faces are generally classified by the strength of surface-molecule
interactions, and cases of conjugated organic molecules on noble
metal surfaces are also categorized in the same manner as described
in Fig. 3 [22,41,42].

First, it has been commonly considered that conjugated organic
molecules without any functional groups which might chemically
interact with noble metals, ie., 7+conjugated hydrocarbon mole-
cules, physisorb on the noblest Au surface without significant elec-
tronic coupling (categorized into A in Fig. 3) [19,24,36,42]. Note
that the close-packed (111) facet is the most thermodynamically
stable and chemically inert surface of Au, and thus the noblest Au
surface normally corresponds to the Au(111) surface [43]. Highly
delocalized highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) states of the conjugated
molecule are basically spread throughout the entire molecular
structure, and the noble metals with full d bands show lower reac-
tivity as compared with other transition metals [24]. Particularly
on the Au(111) surface, both HOMO and LUMO states of 7-con-
jugated hydrocarbon molecule rarely give origin to charge transfer
with the surface owing to high chemical inertness of the Au(111)
surface and its highest work-function (~5.2 eV) [44,45]. Therefore,
the adsorption process of 7-conjugated hydrocarbon molecules
onto the noblest Au surface is mainly governed by vdW interac-
tions in a flat-lying manner, and the 7=states of molecules are well-
preserved and accompanied with a small degree of molecular level
broadening. It implies that a variation in adsorption energy corre-
sponding to various molecular orientations is normally too small
to determine specific adsorption geometry under these conditions,
due to a shallow vdW potential minimum [46]. With those rea-
sons, incommensurate or coincident growth of molecular layers is
generally observed in most cases of the A category, and lateral
interactions between adsorbates in the system should be consid-
ered to determine the mode of quasi-epitaxy as will be discussed
below in relation to intermolecular interactions and further reviewed
elsewhere [21,46]. Note that the herringbone reconstruction of the
Au(111) surface is not seriously affected by physisorbed adsor-
bates, and rather plays a role as a template, which can limit the size
of molecular domains [47-51]. Fig. 4(a) shows that the Au her-
ringbone reconstruction is still present at about one monolayer
(ML) coverage of benzene (~0.99 ML) on the Au(111) surface [52],
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indicating that surface-molecule interactions are weak and mostly
based on the vdW interactions. In addition, as experimental and
theoretical techniques have progressed, the existence and contribu-
tion of valid surface-molecule interactions other than vdW inter-
actions in such physisorptive systems have been questioned and
probed [25,53-55]. Various 7conjugated hydrocarbon molecules,
such as benzene [52,56], pentacene [23,53,57], perylene [58,59], coro-
nene [58], and dehydrobenzo[12]annulene (DBA) [60], on the
Au(111) surface have been studied thus far, indicating that the pil-
low effect, ie., polarization effect of electron density at the O/M
interface, contributes to the formation of interface dipoles with the
vdW adsorption characters [22,61,62]. DBA interestingly shows a
specific adsorption configuration even on the noblest Au(111) sur-
face in low-temperature experiments (see Fig. 4(b)), suggesting that
small contribution of very (and normally negligible) weak elec-
tronic coupling between molecular 7-states and electronic states of
the Au(111) surface can play a crucial role in constraining adsorp-
tion geometry even in the archetypal adsorption system of cate-
gory A [60].

Secondly, many types of conjugated organic molecules, which
normally contain polar groups, show some extent of orbital hybrid-
ization with noble metal surfaces, ie., formation of mixed mole-
cule-metal states, even though covalent bonding cannot be distinctly
claimed (categorized into B in Fig. 3) [42]. Note that this category
B also includes 7-conjugated hydrocarbon molecules on noble
metal surfaces other than the Au(111) surface. In this category,
determination of specific adsorption geometry is relatively clearer
than the category A. Representative instances which fit into this
category are 3,4,9,10-perylene-tetracarboxylic acid dianhydride
(PTCDA) on the Ag(111) surface, benzene on the Cu(100) surface,
and pectacene on the Cu(111) surface [25,63-68]. In this category,
the features corresponding to HOMO and LUMO states of ad-
sorbed molecule are commonly broadened in the energy region
close to the E; of substrate. Such adsorption characters mainly orig-
inate from the hybridization of LUMO state, which becomes par-
tially occupied via static electron transfer from metal to molecule.
Thus, the LUMO is the molecular state most closely connected to
the metallic charge reservoir of the substrate. Particularly in the
case of PTCDA/Ag(111), M. Eremtchenko et al. revealed that it
can be experimentally probed which part of the adsorbed mole-
cule is coupled to the metallic charge reservoir most strongly (that
is, which part of the molecule plays the predominant role in
chemical interaction with the substrate) because the metal elec-
trons respond to the redistribution of the electron density in the
LUMO modulated by a vibrational excitation (see Fig. 4(c)) [64].

Finally, adsorption of conjugated organic molecules which con-
tain anchoring groups onto noble metal surfaces is classified as
strong chemisorption via plain covalent bonding (categorized into
C in Fig. 3) [3742]. In this category, it is normally possible to
describe the growth mode of molecular layers as point-on-point
coincidence (i.e., commensurism) with the substrates, which means
that each primitive lattice vector of molecular layers is an integer
multiple of an identically oriented substrate lattice vector [46]. For-
mation of organic self-assembled monolayers (SAMs) via covalent
Au-thiol bonds is the most representative instance of this category
[69,70], and the adsorption energy (a few eV) is much larger in



Interfacial phenomena between conjugated organic molecules and noble metals 1285

¢
O
()
I

N ¢
((
N

..'A

e

~

»)
AN

:

»).

)
@

X
(P~
P
@
1105
L

()

Fig. 4. (a) STM images of 0.9 ML (left) and 0.99 ML (middle) of benzene on Au(111), and model structure of the benzene monolayer over
the hep region of Au(111) (right). Red rhombus indicates the unit cell of the structure. Reprinted with permission from ref. 52; Copy-
right (2004) American Chemical Society. (b) STM image of isolated DBA molecule on Au(111) obtained by spatially varying the tun-
neling conditions (left), high-coverage STM image of DBA/Au(111) (middle), and corresponding model structure (right). Reprinted
with permission from ref. 60; Copyright (2012) American Institute of Physics. (c) STM image of the herringbone phase layer of
PTCDA on Ag(111) (left), corresponding model structure (middle), and electron energy-loss spectra for PTCDA and perylene on
Ag(111) (right). Red peaks in (i) correspond to a particular set of Raman enhanced modes at 0.3 ML of PTCDA, which are not
observed in (ii) low-temperature experiments at 100 K. Perylene shows only slight activation of two Raman modes on Ag(111) as indi-
cated in (iii). Circles indicate the breathing amplitude of the central carbon ring of PTCDA, of which six modes are particularly large
(red and blue circles). Four breathing modes indicated with red circles coincide with the Raman enhanced modes to which the metal
electrons strongly respond. Reprinted with permission from ref. 63; Copyright (1998) Elsevier and ref. 64; Copyright (2003) Nature
Publishing Group. (d) STM image of organic self-assembled monolayer composed of decanethiol (C,,H,,SH) on the Au substrate
(left), and corresponding model structure (right). Black box indicates the unit cell of the structure. Reprinted with permission from
ref. 73; Copyright (2009) Elsevier.

comparison with the physisorptive systems [71,72]. In addition, anchoring groups onto the noble metal surfaces. The adsorbates
differently from the other categories A and B, the adsorption pro- can stand in an upright direction in some cases such as organ-
cess in a planar fashion is not necessary any longer due to the othiol on the Au(111) surface (see Fig. 4(d)) [73].

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Note that adsorption geometry can be determined by high res-
olution microscopy, which is accompanied with density functional
theory (DFT) calculations in many cases. For the direct site-deter-
mination of an adsorbate, high sensitivity and wide dynamic range
of microscopy are required, because simultaneous observations of
the substrate corrugation and the position of molecule are neces-
sary. The change in the height profile owing to the adsorbate can
be as large as several angstroms (A), but the corrugation associ-
ated with a close-packed metal surface is only of the order of 0.001-
0.01 A [60,74-76).

2. Electronic Structure

Physisorption of conjugated organic molecules on noble metal
surfaces (in the categories A and B) mainly occurs via the vdW
interactions [36]. In this case, the valence electron distribution in
the adsorbate is polarized toward the metal surface, and it mainly
originates from the image force and the exchange-correlation force
[6,40]. Valence electrons of the molecule, which stay away from
each other according to the Pauli exclusion principle, are stabilized
by the image charges near the metal surface, and thus surrounded
by the exchange-correlation holes. Such attractive interactions lead
to lowering the energy of the system, and the polarization effect of
the adsorbate is accompanied with redistribution of the surface
electron density [41,62,77,78]. Upon physisorption of the adsor-
bate on the noble metal surface, the spill-out electron density of
the metal surface is pushed back into the metal substrate to a cer-
tain degree, inducing redistribution of the electron density of the

(@) o4 |
|

- |

|

@ VR

o
(b) ((:) Adsorbate
resonance
Adsorbate (antibonding)
resonance >
Molecular \\\ Molecular
state *, Sstate
- —
Substrate J
band +
’
f!
Substrate >¢
band Adsorbate
resonance
(bonding)

Fig. 5. (a) Charge density difference maps of cyclohexane (left) and
benzene (right) on the identical Cu clusters (32 atoms), show-
ing redistribution of the surface electron density. The adsor-
bates push the spill-out electron density of the metal surface.
Reprinted with permission from ref. 62; Copyright (2005)
American Institute of Physics. (b), (c) Schematic illustration
of chemisorption. Based on the Newns-Anderson model, dis-
crete molecular states interact with (b) broad substrate band
(larger than Vi) and (c) narrow substrate band (smaller than
Vi)
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metal surface (see Fig. 5(a)). However, if the adsorbate is too close
to the metal surface, the repulsive interaction between the valence
electrons of the adsorbate and the redistributed spill-out electron
density from the metal surface starts to dominate over the attrac-
tive interaction. The balance of these attractive and repulsive inter-
actions consequently determines a shallow potential well from the
surface (a few A from the surface) and an optimal interfacial dis-
tance between the physisorbed adsorbate and the noble metal sur-
face [60]. In the category B, unoccupied molecular states such as
LUMO+n (n=0, 1, 2, ...), which are not directly involved in the
physisorption process of the category A, can be strongly coupled to
the metal surface through extensive wave function mixing, allow-
ing chemisorptive properties as well.

Chemisorption significantly involves chemical interactions be-
tween the adsorbate and the substrate (in the categories B and C)
[37,79,80]. Based on the Newns-Anderson model [81], a discrete
adsorbate state, [a>, interacts with a continuum of Bloch states of
the substrate (ie., a substrate band), [k>. According to this model
in consideration of major contribution factors, the shifts of adsor-
bate states due to the image interaction of physisorption can be
neglected, and the total Hamiltonian (H) is simplified as F,+Hg+
Vi, where H,, and H are Hamiltonians for the isolated mole-
cule and the substrate, respectively, and Vp; is the coupling term
of electron transfer between the discrete molecular state and the
substrate electronic continuum. The coupling term is responsible
for broadening of molecular resonance, which is a mixture of the
|a> and |k> states. When the coupling is relatively weak as in the
category B, the coupling energy (Vi) is smaller than the width of
the substrate band, and the projected DOS (PDOS) of the molec-
ular resonance onto the adsorbate has a Lorentzian shape with the
width, /" (see Fig. 5(b)). Here /"can be determined by a direct mea-
surement of lifetime of transient molecular resonance (7) based on
the uncertainty principle (ie., /"=h/7) [6,40]. On the other hand,
for strong chemisorption of the category C, the coupling energy
(Vgr) is larger than the width of the substrate band. In this case,
the molecular state interacting with the metal surface splits into
bonding and antibonding states as shown in Fig. 5(c).

The overall electronic states of organic thin films or molecular
layers on noble metal surfaces will be discussed in the later sec-
tion, “electronic states at organic-metal interfaces”

LATERAL INTERMOLECULAR INTERACTIONS

Structuring of organic thin films or molecular layers, which is
an excellent way of modifying the properties of metal surfaces, has
been proposed as active elements in molecule-based electronic
applications such as memory devices [82-89]. In the formation of
such molecular layers, lateral interplay between molecules (ie.,
intermolecular interactions in a lateral direction) is dominant as
well as the surface-molecule interactions in an upright direction.
Thus, ordering of molecules within molecular domains on noble
metal surfaces is practically governed by self-assembly processes
through balancing of molecule-molecule and surface-molecule
interactions. Lateral intermolecular interactions between conju-
gated organic molecules which can work on noble metal surfaces
are classified as follows:
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Fig. 6. (a) STM image of pentacene on Cu(110) surface (left) and corresponding model structure (right). The substrate-mediated intermolec-
ular repulsion results in the molecular stripes of pentacene with a long-range ordering. Reprinted with permission from ref. 90; Copy-
right (2002) American Physical Society. (b) STM images of tetracyanoethylene on Au(111) (left), Ag(100) (middle), and Cu(100)
(right). Degree of surface-induced polarity according to work-function of metal and lattice-matching properties changes distribution
of the molecules. Reprinted with permission from ref. 97; Copyright (2008) American Chemical Society. (c) STM images of pheny-
lacetylene on Au(111), and hexamer model structures of the molecules exhibiting 2D organizational chirality. Clockwise (C) and anti-
clockwise (A) chirality of the hexamers are shown in the STM images, and configuration of the hexamers clearly indicates sufficient
CH--- 7 interactions. Reprinted with permission from ref. 108; Copyright (2012) American Chemical Society. (d) STM images of 2D
metal-organic coordination network on Ag(100) achieved using 4,4-di-(1,4-buta-1,3-diynyl)-benzoic acid and iron adatoms with ratio
of 1:1 (upper), and a network structure with the central di-iron binding motif on Au(111) (lower). Reprinted with permission from
ref. 112; Copyright (2012) American Chemical Society. (¢) STM images of 2D molecular networks formed by the DBA derivatives
with methoxy groups (left) and butoxy groups (right), respectively. The intermolecular hydrogen bonding and vdW interactions are
tuned by substituting the alkoxy groups, leading to enhancement of the homogeneity of spatial and size distributions. Reprinted with
permission from ref. 120; Copyright (2012) American Chemical Society.

L. Substrate-mediated intermolecular repulsion between adsorbed ulated by the presence of molecules, inducing an indirect intermo-
molecules is valid over comparatively long distances [90-94]. A lecular repulsion (see Fig. 6(a)). This phenomenon implies that the
two-dimensional (2D) electron gas state of the metal surface is mod- indirect interaction mediated by the metal surface can be strong

Korean J. Chem. Eng.(Vol. 34, No. 5)
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enough to effect lateral intermolecular interactions between the
adsorbed molecules. Representative instances which fit into this
category are behaviors of anthraquinone and pentacene on noble
metal surfaces [90-93].

II. Through charge transfer or redistribution of electron density
at the O/M interfaces, adsorbed molecules can be charged or have
an induced dipole moment in the surface-normal direction [25,64,
65,95,96]. The nature and degree of surface-induced polarity can
be varied according to work-function of metal and lattice-match-
ing properties even if identical molecules are adsorbed on noble
metal surfaces [97]. Such surface-induced polarity of conjugated
organic molecule can interact with neighboring molecules, which
significantly contributes to the distribution of molecules on noble
metal surfaces (see Fig. 6(b)) [97-102].

III. Conjugated organic molecules with polar groups can exhibit
molecular dipoles and/or quadrupoles in the surface plane corre-
sponding to properties of the polar groups, which can play a deci-
sive role in ordering of adsorbed molecules. Hydrogen bonding
induced by various functional groups (such as alcohols, carbox-
ylic acids and other hydrogen-donor groups) is one of the most
representative instances in this type of interaction, which provides
an efficient way to achieve the formation of very homogeneous
patterned films and templates [89,93,103-106]. Note that 7-conju-
gation of molecules solely can contribute to hydrogen bonding
indirectly, because nodes exist in the plane in which hydrogen
bonding occurs [107]. Electronic states of 7-conjugated systems
thus support the hydrogen bonding interactions. It was recently
revealed that even 7-conjugated hydrocarbon molecules (i.e., com-
posed of only carbon and hydrogen atoms) can weakly interact
with each other via CH-7 interactions (see Fig. 6(c)) [108].

IV. When metal adatoms are available, adsorbed organic mole-
cules can form metal-organic coordination bonds with the ada-
toms on the surface (see Fig. 6(d)) [109-113]. In this case, bonding
properties are mostly determined by both ligands and metal ada-
toms employed in the system, and the underlying metal surface
also can affect metal-coordination centers via charge transfer [114,
115]. This system is expected to provide benefits in the fields of
2D network design and catalysts.

V. Although vdW interactions intrinsically exist in all cases, more
enhanced and specified vdW interactions can be intentionally em-
ployed in molecular ordering to maximize 2D crystallization energy
[116-119]. It has been demonstrated that the nature of intermolec-
ular interactions in the formation of molecular ordering changes
from hydrogen bonding interactions to chain-chain vdW interac-
tions (ie., chain interdigitation) as the chain length of peripheral
alkoxy group increases (see Fig. 6(e)) [120].

Covalent bond formation and polymerization between adsorbed
organic molecules are not addressed here, because they are far more
related to chemical reactions than interfacial interactions. Funda-
mentals of such reactions have been reviewed elsewhere [21,121-
124].

ELECTRONIC STATES AT ORGANIC-METAL
INTERFACES

The nature of electronic states at the O/M interfaces originates
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from the interactions between highly dispersive states of the metal
substrate and rather localized molecular states [40,125-131]. Thus,
careful experimental and theoretical approaches are necessarily
required to study and understand effects of molecular layers on
the surface states of noble metals (e.g,, the Shockley surface states)
as regards dispersive interface states [132-134].
1. Metal Surface States Observed Through Organic Thin Films

When conjugated organic molecules weakly adsorb (or phy-
sisorb) on noble metal surfaces, the metal surface states are nor-
mally identified through weakly adsorbed molecular layers. It in-
dicates that weakly adsorbed molecular layers on noble metal sur-
faces do not quench the surface electronic states of substrates. In
this case, highly dispersive surface states of metals are distinctly
observed through organic thin films by means of STS or angle-
resolved photoemission spectroscopy, which are naturally described
as 2D electron gas states, i.e., free-electron-like states [54,135-140].
Interfacial electrons near the Ey are mostly confined to the surface
of the metal underneath and highly overlapped with the electronic
states of the clean metal surface. Thus, well-defined systems of
insulating layers on noble metal surfaces provide deeper insights
into weakly adsorbed organic thin films, due to the following sim-
ilarities near the Eg: (i) two different media exist in one system, i,
metal/insulator or metal/organic thin film, and (i) the interface
between the two media is electronically transparent and smooth.
Particularly in the case of NaCl/Cu(111), an analysis of standing-
wave patterns observed through the insulating NaCl layer success-
fully reveals the electronic states and their physical properties at
the metal-insulator interface [141]. As shown in Fig. 7, a one-
dimensional (1D) band gap is formed in the 2D electron gas of
the interface state band, mostly originating from the surface states
of Cu(111), according to growth pattern of the NaCl layer. In addi-
tion, refraction of standing waves as well as reflection occurs at the
boundaries of NaCl (see Fig. 7(b), (c)). Analogous phenomena to
NaCl/Cu(111) are also observed at the interfaces between weakly
adsorbed molecular layers and noble metal surfaces. For instance,
the molecular layer of bis[1,2,5]thiadiazolotetracyanoquinodimeth-
ane (BTDA-TCNQ) on the Au(111) surface exhibits strong and
continuous standing waves between the two media near the Ej as
shown in Fig. 7(f) [142]. On the other hand, the molecular orbital
states of BITDA-TCNQ within the molecular layers are localized
independently of the metal surface states (see Fig. 7(g), (h)). Strongly
scattered standing waves are thus observed near the boundaries of
the molecular layers in the energy regions corresponding to the
molecular orbital states (above the Ey), which originate from the
reflection of the surface-state electrons at the boundaries. The
observation of the scattered surface-state electrons implies that the
localized molecular orbital states serve as potential walls for reflect-
ing the surface-state electrons [143].
2. Mixed States of Conjugated Organic Molecules and Noble
Metal Surfaces

If molecular adsorption involves chemical interactions with a
noble metal surface, valid surface-molecule interactions mainly
contribute to determination of the electronic states at the interface
and the degree of electron delocalization within the molecular
layer. Recent studies show that highly dispersive states at the O/M
interfaces can be achieved via strong surface-mediated intermolec-
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Fig. 7. (a) Spatially resolved STS mapping image of NaCl/Cu(111), showing the probability distribution of the surface electrons in real space
and energy. (b) STS mapping image of a NaCl island step edge on Cu(111), showing strong standing-wave patterns on both NaCl and
Cu(111) surfaces. (c) Guide lines are added in (b), indicating that the standing-wave patterns satisfy Snell’s refraction law. Reprinted
with permission from ref. 141; Copyright (2004) American Physical Society. (d) STS spectra of the clean Au(111) surface (top), BTDA-
TCNQ on the Au(111) terrace (middle) and BTDA-TCNQ at the Au(111) step edge (bottom). (e) STM image of a molecular island of
BTDA-TCNQ on Au(111). (f)-(j) STS mapping images over the same surface area as that in (e), in different energy regions (+300 mV;
+1000 mV, +1500 mV;, +1750 mV and +1850 mV with respect to the Ej, respectively). Adapted from ref. 142.

ular couplings [144-149]. As shown in Fig. 8, the epitaxial PTCDA/
Ag(111) interface has a delocalized 2D band structure which can
be identified by the STS experiments [144]. The resonance struc-
tures of a confined electron state (n=1, 2, 3) within the molecular
layer are clearly revealed in this system and described as a 2D par-
ticle-in-a-box model. The free-electron dispersion parabola can be
obtained by plotting the dispersion relation, E(k), directly (see Fig.
8(c)). Such delocalized and quantum-confined electronic states at
the O/M interfaces exhibit striking similarities with graphene
nanostructures on metal surfaces as shown in Fig. 8(d) [150-153].
The observed free-electron band structure mainly originates from
the Shockley surface state being dramatically shifted up in energy
by interactions with the molecular layer, which is also confirmed
by two-photon photoemission (2PPE) spectroscopy and theoreti-
cal calculations [146,149]. Similarly; Gonzalez-Lakunza et al. reported

that a dispersive hybrid band structure can be achieved at the inter-
face between the organic charge-transfer complexes and the Au
surface [148].

Interestingly, the two different types of the electronic states can
coexist in one system corresponding to the local position of the
system [142]. In case of BTDA-TCNQ/Au(111), the metal surface
states are clearly observed on the Au(111) terrace as discussed
above. However, at the step edge of Au(111), the molecules show
rather strong interactions with the surface. Substantial broadening
of the unoccupied molecular states is induced by hybridization
with the electronic states of the metal surface at the step edge, and
thus the step-edge states of Au(111) and the molecular states are
not distinguishable with the STS experiments (see Fig. 7(d)). Such
locally mixed states originate from the step dipole described as the
Smoluchowski effect [134,154,155]. Since the step dipole has an

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 8. (a) STM image of small molecular islands of PTCDA/Ag(111)
(left), and STS spectra of PTCDA/Ag(111) presented in (b).
Red and blue lines are STS spectra measured on spots marked
with red and blue circles in (b), respectively, and first three
confined states are also indicated with vertical dotted lines.
Dashed line corresponds to the monolayer spectrum of
PTCDA/Ag(111). (b) STM image and STS mapping images
at first three confined states (+750 mV, +800 mV and +860
mV with respect to the Ej, respectively) of a molecular island
of PTCDA on Ag(111). (c) Energy of the confined states ver-
sus inverse island area for the herringbone (H) and square
(S) phase islands of PTCDA/Ag(111) (left), and their para-
bolic dispersion mirrored at k=0 (right). Reprinted with per-
mission from ref. 144; Copyright (2006) Nature Publishing
Group. (d) (i) STS mapping images of graphene quantum

-0.175eV

states calculated using a tight-binding model (ii) and the
Klein-Gordon equation (iii), respectively, in different energy
regions as indicated in the figure with respect to the Ey. Re-
printed with permission from ref. 150; Copyright (2011)
American Physical Society.

opposite direction to the surface dipole, a strong localized electric
field is induced at the step edge. It results in Stark shifts of the
adsorbates near the step edge, and thus the charge is partially trans-
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ferred only from the step edge to the unoccupied molecular states.
Consequently; the unoccupied molecular states of the BTDA-TCNQ
molecules are highly hybridized with the Au surface at the step
edge, forming quasi-1D electron dispersion along the step-edge
line as shown in Fig. 7(i), (j).

CONCLUSION AND FUTURE PERSPECTIVES

The main purpose of this review is to provide a better under-
standing of interfacial contacts between conjugated organic mole-
cules and noble metal surfaces, and methodology to control in-
terfacial interactions and their related phenomena. Advantages of
noble metals can be highlighted as follows: (i) noble metals have
been widely used as electrodes in molecule-based electronics owing
to their chemical inertness, differently from other transition met-
als which cause oxidation or instability, (ii) the use of noble metal
substrates facilitates control of surface-molecule interactions corre-
sponding to work-function of metal, surface lattice and surface
templating effect, and (iii) intentional tuning of intermolecular
interactions at the O/M interfaces can be achieved by careful design
of molecules incorporating chemical properties, because conju-
gated organic molecules normally lie flat on noble metal surfaces.
In addition, molecular orientation, alignment and ordering on the
electrodes have profound effects on the electrical and optical prop-
erties of organic electronic and optoelectronic devices [2,156]. This
review covers only a limited range from single molecules to sub-
monolayer molecular films on noble metal surfaces. However, as
probed through extensively performed studies, the fact that inter-
facial interactions have strong correlation with geometric and elec-
tronic structures of the entire system as well as single adsorption
events imbues this review with special significance in molecule-
based electronics. I anticipate that this review will provide not only
a deeper insight into interfacial contacts, but also a general basis
for designing the architecture of molecule-based electronics for
tuture applications.
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