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CONSPECTUS

Self—assembled monolayers (SAMs) of organic molecules
generally modify the surface properties when
covalently linked to substrates. In organic electronics,
SAMs are used to fine-tune the work functions of inor- g} ! (N
ganic electrodes, thereby minimizing the energy barriers '% = B
for injection or extraction of charge carriers into or out of - h

an active organic layer; a detailed understanding of the
interface energetics on an atomistic scale is required to ‘
design improved interfaces. In the field of molecular elec- =

tronics, the SAM itself (or, in some cases, one or a few

molecules) carries the entire device functionality; the interface then essentially becomes the device and the align-
ment of the molecular energy levels with those of the electrodes defines the overall charge-transport character-
istics.

This Account provides a review of recent theoretical studies of the interface energetics for SAMs of sz-conjugated mol-
ecules covalently linked to noble metal surfaces. After a brief description of the electrostatics of dipole layers at metal/
molecule interfaces, the results of density functional theory calculations are discussed for SAMs of representative conjugated
thiols on Au(111). Particular emphasis is placed on the modification of the work function of the clean metal surface upon
SAM formation, the alignment of the energy levels within the SAM with the metal Fermi level, and the connection between
these two quantities.

To simplify the discussion, we partition the description of the metal/SAM system into two parts by considering first
an isolated free-standing layer of molecules and then the system obtained after molecule—metal bond formation. From
an electrostatic standpoint, both the isolated monolayer and the metal—molecule bonds can be cast in the form of
dipole layers, which lead to steps in the electrostatic potential energy at the interface. While the step due to the iso-
lated molecular layer impacts only the work function of the SAM-covered surface, the step arising from the bond for-
mation influences both the work function and the alignment of the electronic levels in the SAM with respect to the
metal Fermi energy. Interestingly, headgroup substitutions at the far ends of the molecules forming the SAM are elec-
trostatically decoupled from the metal—thiol interface in densely packed SAMs; as a result, the nature of these sub-
stituents and the binding chemistry between the metal and the molecules are two largely unrelated handles with which
to independently tune the work function and the level alignment.

The establishment of a comprehensive atomistic picture regarding the impact of the individual components of a SAM
on the interface energetics at metal/organic junctions paves the way for clear guidelines to design improved functional inter-
faces in organic and molecular electronics.

vacuum \eve\
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Introduction

Single layers of organic molecules covalently bound to a sur-
face have attracted considerable research interest over the
past years."? The spontaneous assembly of molecules into
densely packed and well-ordered two-dimensional crystals on
a supporting substrate makes them highly suitable for modi-
fying macroscopic surface properties** and a number of appli-
cations have been proposed for such self-assembled
monolayers (SAMs).> Notably, SAMs are rapidly becoming an
integral part of organic (opto)electronic devices such as, light-
emitting diodes (LEDs) or field-effect transistors (FETs), where
they are employed to control the energetics at the electrode/
organic interface.®™®

The importance of the interface energetics can be easily
illustrated. In Figure 1a, we show a schematic of the contact
region between electrode and molecular semiconductor.'® '
At the anode, holes are injected into the occupied states of the
organic semiconductor. The energy offset between the Fermi
level (E7) and the highest occupied molecular orbital (HOMO)
is commonly termed the hole-injection barrier (HIB),'®'"
because holes need to overcome this energy barrier before
current can flow. This gives rise to an undesirable onset volt-
age below which the device remains inactive. At the cathode,
a similar scenario is encountered for electrons.

To optimize the performance of organic electronic devices,
it is critical to both reduce and balance the charge-injection
barriers. Traditionally, this issue has been addressed by choos-
ing materials with a high work function (®) for the anode (low
E;) and low-® metals (high E) for the cathode and by using
organic semiconductors with matching energy levels. More
recently, however, SAMs of dipolar organic molecules have
been used to modify the effective work function of electrodes
to reduce the charge-injection barriers (Figure 1b) and mini-
mize the onset voltages.®® This approach leaves more flexi-
bility for optimizing the active device components with regard
to other parameters.

SAMs are also the basis of a new class of molecular elec-
tronic devices, where individual molecules or a single mono-
layer are the active entity.'>"'> Here, the energy offset, AE,
between E¢ and the closest molecular orbital determines the
effective height of the tunnel barrier (Figure 1¢) that domi-
nates the overall charge-transport characteristics of such sin-
gle-molecule junctions.'®'”

In view of the widely recognized role of the interfacial elec-
tronic structure in the operation of organic electronic devices,
considerable experimental and theoretical efforts have been
devoted to understanding the energetics at the contact, in par-
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FIGURE 1. Schematic energy-level diagram at an electrode/organic
interface in organic electronic devices. Part (a) shows the position of
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) with respect to the Fermi level
(E;). By treatment of the electrode with a suitable SAM (b), the hole-
injection barrier (HIB) can be reduced. In single-molecule devices (c),
AEomo Is related to the effective height of the tunnel barrier (solid
red line).

ticular between an electrode and weakly bound, physisorbed
organic molecules.'®'" 8 |n the present Account, we review
our recent theoretical work on the interface energetics of
covalently bound (i.e., strongly interacting) SAMs."9~2! We
focus on prototypical z-conjugated organic thiols, 4'-substi-
tuted 4-mercaptobiphenyls, on gold(111) surfaces and also
briefly comment on the impact of varying the docking chem-
istry and substrate metal. On the basis of electrostatic consid-
erations and first-principles calculations, we illustrate the
microscopic mechanisms that give rise to the work-function
modification (A®) of the Au(111) substrate and the link to the
energetic alignment of the SAM frontier molecular orbitals
with Eg. Our goal is to present an intuitive and comprehen-
sive picture that can give general insight into the fundamen-
tal processes governing the interfacial phenomena in this
important class of systems and that can provide valuable
guidelines for the design of optimized functional interfaces.

Dipole Layers and Charge Transfer

To develop a simple microscopic picture, it is useful first to
consider a few model cases. In Figure 2, the solid vertical line
represents an infinite two-dimensional (xy) plane, which plays
the role of an interface and divides space into a left and a
right region. We assume that the entire space is uniformly
filled with a positive charge background compensated with an
equally uniformly distributed negative charge.



10 10
5 5
0 0

U(z)
U(2)

Interface Energetics of SAM on Metals Heimel et al.

right J-60

right

(@) (b)

1.0 1.0
i <05
N N
=00 =.0.04 = ° o
los o5
1.0 =110
left

U(2)

-1.0 left

right

(@

FIGURE 2. Charge density p (cyan), force F (brown), and potential energy U (purple) for electrons along the z-direction perpendicular to a
single (a, ¢) and double (b, d) dipole layer. All quantities are given in atomic units. Regions of electron accumulation (—) are highlighted in
blue and regions of electron depletion (+) are shown in red. The interface between the left and right half-space is marked by the solid

vertical gray line.

Now, we move one electron (charge —e) per unit area from
a layer of unit thickness on the left of the interfacial plane to
a sheet of equal thickness on the right of the plane. The result-
ing (rectangular) charge density, p(z), forms a 2D-infinite dipole
layer, shown in the bottom panel of Figure 2a. The (triangu-
lar) electric field, E(z), caused by the dipole layer can be
obtained by integrating (along z) the corresponding (time-in-
dependent) Maxwell equation in one dimension:

dg—(zz) = lp(Z)

(1)
Here, ¢, is the vacuum permittivity; E(z) multiplied with —e
yields the force, F(z) = —eE(z), experienced by an electron at
location z (center panel of Figure 2a).

Since a field can be expressed as the negative gradient of
a potential, we obtain the change in electrostatic potential,
V(z), caused by the dipole layer via:

(2)

V(z) multiplied by —e then yields the potential energy, U(z) =
—eV(z), of an electron at z (top panel of Figure 2a). V(z) is con-
stant away from the dipole layer but assumes different val-
ues on either side; thus, the charge transfer across the
interface gives rise to a step in the electrostatic potential of
magnitude AV or, equivalently, a step in the electron poten-
tial energy, AU = —eAV.

Combining eqgs 1 and 2 leads to the Poisson equation (eq
3a), which directly relates the potential to the charge density.
If one is only interested in the magnitude of AV, p(z) can

be expressed as the dipole moment, «, per area, A; integra-
tion of eq 3a then yields the Helmholtz equation (eq 3b):

2
TR =Lt 3a
AV=— ﬁ (3b)

It is also useful to consider two consecutive dipole layers (Fig-
ure 2b), each with half the dipole area density of the single
dipole layer discussed above. While the potential energy has
a slightly different shape within this double dipole layer, AU
remains exactly the same. Importantly, this result demon-
strates that no net charge transfer across the interface is
required to establish a step in the potential energy between
the left and right sides of the interface. Figure 2¢,d illustrates
cases where the regions of electron accumulation and deple-
tion are at some finite distance from the interface.

The SAM as a Dipole Layer

Here, we focus on two different SAMs of 4'-X-4-mercaptobi-
phenyl, one with X = —NH, and one with X = —CN (Figure
3b). The donor (amino) or acceptor (cyano) groups endow the
molecules with sizable dipole moments pointing in opposite
directions, and the thiol group binds the molecules to the gold
(111) surface upon hydrogen removal. Biphenylthiols have
been found to form SAMs where the molecules are arranged
laterally in a typical herringbone pattern (Figure 3a);%*~2* the
long axis of the molecules is slightly inclined to the surface
normal by the angle 6 (Figure 3b).?32>727

We performed density-functional theory (DFT) calculations
on these systems, employing periodic boundary conditions
and the repeated-slab approach; the lateral surface unit cell is
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FIGURE 3. Top (a) and side (b) view of the investigated systems.
The red contour in panel (a) indicates the p(+/3 x 3) lateral unit cell
on the Au(111) surface. The angle between the long molecular axes
and the surface normal is indicated by 6 in panel (b); X denotes the
headgroup substitutions (—NH, or —CN).

highlighted in Figure 3a. The methodology was detailed in ref

20, where its reliability was thoroughly assessed.

The Isolated Molecular Layer. We first consider two free-
standing single layers (one with X = —CN and one with X =
—NH-) of molecules (in the structure they eventually assume
on the surface) and turn to the interaction with the metal at a
later time. Thus, at this stage, no metal is present, and the sul-
fur atoms are still saturated with hydrogen atoms. Molecules
used to form SAMs generally possess a dipole moment; a
densely packed monolayer of such molecules thus corre-
sponds to a dipole layer in the sense of Figure 2.

In Figure 4, we show the potential energy for electrons
(obtained from DFT calculations) across a single layer of the
—NH, (blue) and —CN substituted (orange) biphenylthiols. In
both instances, a strong difference (hereafter denoted AU, ,/)
is found between the values of the electrostatic potential
energy in the vacuum on the thiol side (U'€") and on the sub-
stituent side (UM of the respective layer (we note that this
result is consistent with the concept of local work function
reviewed for instance in ref 10). The overall shape of the
potential wells shown in Figure 4 reveals two interesting
findings:

(i) If the SAM were to be seen as a dipole layer in the sense
of Figure 2c¢ (sheets of opposite charge on either side), one
would expect to observe a linear slope superimposed on
the potential energy well created by the ionic cores in the
region of the biphenyl segment. However, this is not the
case because the field created by the dipole moments of
the individual molecules does not penetrate the densely
packed layer.®2° Rather, we find that the situation is sim-
ilar to that shown in Figure 2d, corresponding to (smaller)
individual dipoles at each end of the SAM that are electro-
statically decoupled; this is consistent with the observation
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FIGURE 4. Plane-averaged potential energy for electrons across a
free-standing monolayer of 4'-X-mercaptobiphenyl, one with X =
—NH, (blue) and a second with X = —CN (orange). The energy
differences between the HOMO or LUMO level and the vacuum
level on the left side (U'S) and right side (UM of the layer
correspond to the respective ionization potentials (IPeq and IP,gp,,)
and electron affinities (EA,eq and EA,;gny)-

that in their ground state, donor—acceptor substituted

(push—pull) z-conjugated molecules do not exhibit any sig-

nificant intramolecular charge-transfer character all the way

across the z-conjugated bridge.°

(ii) When comparing the two monolayers, in agreement with
point (i), the vacuum-level energy is seen to take the same
value on the left side, dominated by the thiol groups, but
differs on the right side, dominated by the amino or cyano
groups.

Additionally, the field created by neighboring (dipolar) mol-
ecules depolarizes each molecule by inducing a dipole
moment opposing the intrinsic dipole moment of the isolated
individual species in vacuo, uy, Or, more precisely, its projec-
tion onto the surface normal, uq, = uq COS 6 (Figure 3b).2931
To estimate AU, the reduced dipole moment, u,, and not
o, Needs to be inserted into eq 3b. The depolarization can be
taken into account by inserting an effective dielectric constant,
eef, INtO the denominator of eq 3b (i.e., u, = po/eer); 023"
ge, NOWeVer, is not to be confused with the macroscopic
dielectric constant of the SAM and depends on the packing
density of the molecules in the SAM, their arrangement rela-
tive to each other, and the nature of the substituents.2%31-3>

The lonization Potentials of SAMs. For an isolated mol-
ecule, the ionization potential (IP) is commonly understood as
the energy difference between the cation, £*, and the neu-
tral molecule, E%; by virtue of Koopmans theorem,3® it is often
approximated as the negative HOMO energy, E,omo:

IP= E+ - EO = _EHOMO (4)

More generally, the IP is the energy difference between the
final and initial states of the system. The latter is again E° but
the former is E* plus the energy of the removed electron, E¢™:



P=E"+E)—E°=E —Epomo (5)

The electrostatic potential around one isolated molecule and,
thus, the potential energy of an ejected electron (E€”), con-
verges to a single value only a short distance away from the
molecule. Because the origin of the energy scale can be freely
chosen, this unique E*~ is usually set to zero and eq 4 is
recovered. Thus, the IP of a single isolated molecule can be
approximated by its HOMO energy only, and the removed
electron need not be considered. We note that electronic
relaxation, that is, screening of the hole remaining on the mol-
ecule, is not taken into account in this simplified picture.

As discussed above, the potential energy for electrons
assumes different values on the left and right sides of dipo-
lar molecular layers. In this case, it is necessary to think of IP
in terms of the more general expression in eq 5. In Figure 4,
the bottom horizontal lines indicate the energetic position of
the HOMO in the respective SAM (orange in the case of the
monolayer composed of X = —CN substituted molecules and
blue in the case of X = —NH,); this is the initial-state energy
of the electron to be removed from the layer. Upon ioniza-
tion, the electron is ejected either over the thiol (left) side or
the substituent (right) side. Because the final-state energies of
the electron (E®7) for these two cases are different (either
Ut or U58M), each molecular layer has two ionization poten-
tials, IPygn and IP,eq, With their difference equal to AU,,. For
the electron affinities (EA), similar considerations hold but
involve the lowest unoccupied molecular orbital (LUMO).
Again, the screening of the hole remaining in the layer, via
local polarization of the surrounding molecules, is not taken
into account here.

In Figure 4, IPo4 is seen to be nearly identical whatever the
nature of the substituents while IP,,,, is markedly different;
thus, the 4'-substitution only affects the right end of the lay-
ers, which is another manifestation of the efficient electro-
static screening within the SAM.?829 We have also compared
molecular layers with different docking groups, thiol (—SH),
pyridine, and isocyanide (—NC), but with the same simple
hydrogen termination at the 4'-position (thus having chemi-
cally identical “right sides”).?" In these instances, the SAMs are
found to be electronically equivalent on the right side whereas
IP,oy assumes markedly different values.?' These results
should be borne in mind when turning to the metal/SAM inter-
face in the next section.

The Metal/SAM Interface

Surface Dipole, Push-Back, and Interface Dipole. Before
we focus in more detail on the process of bond formation
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FIGURE 5. (a) Model of a metal surface (square potential well in
the absence of a surface dipole; all electronic states are occupied
up to the Fermi level (Ep). Also shown is the vacuum level (U,,J
above the surface; the difference between E; and U, is the
(hypothetical) intrinsic work function, ®. (b) As electrons leak out of
the potential well (blue region) and leave a positively charged
region below the surface (red), a surface dipole is formed, which
raises U,,. and leads to the observed work function, ®. Also shown
are the HOMO (H) and LUMO (L) levels of a molecule at some
distance from the surface. (c) Upon interaction of the molecules, the
electrons are pushed back into the metal, reducing the surface
dipole; U, and all molecular orbitals are lowered in energy with
respect to E, leading to the modified work function (®,,,,) and
modified charge-carrier injection barriers.

between the molecular layer and a metal surface, we need to
recall a common phenomenon encountered when adsorbing
molecules onto metal surfaces.'®'"3773 Consider the simpli-
fied picture of a metal surface shown in Figure 5a: The ionic
cores in the metal are assumed to give rise to a square poten-
tial well for the electrons and all states are filled up to the
Fermi level, E..” The energy difference between E; and the
potential energy of an electron in the vacuum above this
hypothetical surface, U, ., could be referred to as the intrin-
sic work function, ®, (or chemical potential) of the metal. How-
ever, because the potential well is not infinitely deep, there is
a finite probability of finding electrons outside the potential
well, that is, electron density is “leaking out” from the metal
into the vacuum (Figure 5b).3” Consequently, a dipole layer in
the sense of Figure 2a is formed with a negatively charged
region just above the metal surface and a positively charged
region beneath. This dipole layer is commonly referred to as
the surface dipole and gives rise to a potential step across the
metal surface. The surface dipole raises U, directly above the
metal surface relative to E; and leads to the observed work
function, ®, of the metal surface.3”

We now turn to the situation where a molecule appears at
some distance from this surface (Figure 5b). By matching its IP
with @, one could hope for a vanishing hole-injection barrier
(Figure Ta,b). However, upon deposition of even only weakly
interacting (physisorbed) species (e.g., organic s-conjugated
molecules'®'" or noble gas atoms3®39), the electron cloud
leaking out of the metal surface is pushed back into the met-
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al.*® This push-back (or pillow) effect always contributes to
reduce the surface dipole and lower U, relative to E¢ and,
consequently, leads to a reduced work function, ®,,,,, Of the
sample (Figure 5¢). In the case of physisorbed molecules, the
amount by which the surface dipole is reduced is often termed
the interface dipole. As such an interface dipole occurs
between the metal and the adsorbate; not only U, but also
all electronic states in the adsorbate (in particular, the HOMO)
are lowered in energy with respect to E (Figure 5c).'%'" This
always increases the hole-injection barrier (Figure 1a) and is
thus detrimental for the performance of organic electronic
devices relying on the active organic layer being directly
deposited onto a metal electrode. As discussed in the next
section, however, SAMs of suitable molecules can counteract
this effect and lower the HIB by effectively increasing the metal
work function (®,,,,4 > ®) and by presenting a (modified) sur-
face to subsequently deposited organics at which no such
push-back occurs.*!

Bond Formation between SAM and Metal. When a thiol
SAM is deposited on the metal surface, interacts, and estab-
lishes chemical bonds, the modification of the charge
density at the metal—SAM interface originates in two con-
tributions: (i) since sulfur atoms appear in the immediate
vicinity of the Au(111) surface (ca. 2.3 A), the push-back
effect>®4° described above occurs; (ii) in addition, the S—H
bonds are replaced by bonds between sulfur and gold.
These two contributions add up, and the total rearrange-
ment of the charge density, Ap, can be obtained from DFT
calculations as:'972!

Ap=p = [(pmor = P1) + oadl (6)

Here, p is the charge density of the final system [SAM on
Au(111)]; pmor is the charge density of the isolated, H-satu-
rated thiol molecular layer discussed eatlier; py is the charge
density associated with the hydrogen atoms that are removed
upon adsorption; and p,, is the charge density of the clean
Au(111) surface. The bottom panel of Figure 6 shows Ap inte-
grated in the xy-plane, Ap(z), for the SAMs of two 4'-substi-
tuted 4-mercaptobiphenyls on gold.

The most striking features from Figure 6 are that (i) Ap(2)
is confined to the immediate interface region, (i) Ap(z) is iden-
tical for the two types of SAMs (these first two points are a
consequence of the dielectric screening within the molecular
layer and hold only in densely packed SAMs?82931) and (iii)
no significant net charge transfer occurs between the metal
and the molecular layer. Interestingly, the bottom panel in Fig-
ure 6 is reminiscent of the situation depicted in Figure 2b, with
no net charge transfer across the metal-molecule interface
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FIGURE 6. Charge-density difference (Ap, bottom) upon metal/SAM
bond formation for 4'-X-4-mercaptobiphenyl with X = —NH,, and
—CN and resulting change in the potential energy of an electron
(AU, top) at the interface, referred to as the bond dipole (BD).

and regions of electron accumulation and depletion alternat-
ing at the (sub)bond-length scale. Integrating eq 3a yields the
potential (energy) step due to Ap(z) (top panel in Figure 6)
(which, in our calculations, corresponds to a potential drop by
1.2 eV). Thus, upon metal—SAM bond formation, the entire
potential well of the SAM and UJgM (Figure 4) are rigidly
shifted in energy with respect to E.. In analogy to the inter-
face dipole, a terminology mainly used in conjunction with
physisorbed molecules, we refer here to the step in potential
energy at the SAM/metal interface as the bond dipole (BD). We
stress that BD can change dramatically in both magnitude and
sign when, instead of thiols, a different docking chemistry is
used (e.g., in the case of pyridine, a drop by 0.6 eV is calcu-
lated and in the case of isocyanide an increase by 1.3 eV).?!
Furthermore, BD depends on the packing density of the mol-
ecules in the SAM and, at low coverage, also on the 4'-sub-
stituents.3’

Work-Function Modification and Level
Alignment

The stage is now set to establish an atomistic picture of the
mechanisms that determine the work-function modification of
the clean Au(111) surface upon SAM formation and the align-
ment of the frontier molecular orbitals in the SAM with E.. The
overall process is schematically shown in Figure 7 in the case
of the —CN substituted biphenylthiol.

Work-Function Modification. For the clean gold surface,
®A,111) denotes the energy required to promote one elec-
tron from E to the vacuum level above the surface (Figure 7a).
The SAM deposition has two consequences: (i) the ejected
electron needs to overcome the additional potential step cre-
ated by the dipolar molecular layer, AU,,, to reach the vac-
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FIGURE 7. The work function, ®,,;4) Of the clean gold surface (a) is the difference between the Fermi energy (E-) and the vacuum level
(horizontal dash-dotted red line). Upon monolayer formation, the potential well of the SAM (¢) is shifted by the bond dipole, BD (b), relative
to E: leading to the final situation in panel d. Also indicated are the potential energy step, AU, ., across the dipolar SAM (c), the HOMO, the
LUMO, and the left-side ionization potential (IP.¢) and electron affinity (EA,.q). In panel (d), the modified work function, ®%°¢, and the
difference from ®,,;11), A®, is indicated together with the ionization potential (IPsay,) and electron affinity (EAsay) of the SAM.

TABLE 1. Potential Energy Step across the Isolated Molecular
Monolayer, AU,,., and across the Metal-SAM Interface, BD, and the
Resulting Modification, A®, of the Work Function® of the Clean
Substrate

system? AV, [eV] BD [eV] A® [eV]
AulS|2P|NH, ~1.49 -1.20 ~2.69
AulS|2P|CN 3.84 -1.18 2.65
AulS|2PH -0.37 -1.17 ~155
Ag|S|2PH -0.38 -0.39 -0.77
Au|CN|2PH ~3.40 1.28 -2.12

9 Calculated to be 5.2 eV for clean Au(111) and 4.5 eV for clean Ag(111).
b The systems are 4'-amino-4-mercaptobipheny! (Au|S|2P|NH,), 4'-cyano-4-
mercaptobiphenyl (Au|S|2P|CN), 4-mercaptobipheny! (Au|S|2P|H), and 4-
isocyanide-biphenyl (Au|CN|2P|H) on gold, as well as 4-mercaptobiphenyl
(Ag|S|2P|H) on silver.

uum level above the SAM (Figure 7¢); (i) the bond formation
between SAM and metal shifts the potential well of the SAM
relative to E; by BD (Figure 7b). The total work-function mod-
ification, A®, can thus be written as:'°72!

A® = AU, +BD (7)

As shown in Figure 7d, the modified work function, ®5°¢ =
Dpy111) + AD, is significantly higher than @, 44, (Figure 7a)
in the case of the —CN substitution, which would contribute to
a reduced hole-injection barrier in organic electronic devices
(Figure 1b). The —NH, substitution leads to a highly reduced
work function, a scenario that would lower the barrier for
injection of electrons from a SAM-treated cathode into the
active organic layer of the device. In Table 1, we list the cal-
culated AV, BD, and A® values for the two systems explic-
itly discussed in the present Account [(4'-amino- and 4'-cyano-
4-mercaptobiphenyl on Au(111)]. Also shown are the values
for unsubstituted 4-mercaptobiphenyl on gold with both a
thiol and an isocyanide docking group (to highlight the impact
of the docking chemistry on BD) as well as unsubstituted
4-mercaptobiphenyl on silver.?" Interestingly, the BD calcu-
lated for 4-mercaptobiphenyl on Ag (—0.4 eV) is 0.8 eV lower
than that on Au (—1.2 eV) and thus nearly completely com-

pensates the work-function difference (0.7 eV) between the
clean (111) surfaces of the two metals (calculated to be 4.5 eV
for Ag and 5.2 eV for Au). Thus, when the same thiols are
deposited on Ag(111) and Au(111), the work functions of the
covered surfaces are expected to be the same. This has actu-
ally been confirmed by data from Kelvin-probe measurements
carried out by de Boer and co-workers.?

Level Alignment. Prior to establishing the covalent bonds
between metal and SAM, the energy difference between
HOMO and E; is given by the difference between the work
function of the clean gold surface, ® 111y, and [P (Figure
7a,0). Upon bond formation, BD shifts the potential well of the
SAM and all corresponding energy levels relative to Er (Fig-
ure 7b). The final energy separation, AE,oumo, in the combined
metal/SAM system (Figure 7d) is then given by:

AEjomo = Dpy11y — [P + BD (8)

Note that because p(z) has a small but finite tail on the first
phenylene ring of the molecule (Figure 6), the electronic struc-
ture of the bound SAM is slightly perturbed compared to the
free-standing molecular layer. This generally leads to a small
corrective term for AE,ome Which needs to be added to the
right-hand side of eq 8."°72! The alignment of the LUMO with
E: is obtained by substituting IP,.q with EAeq.'9 72"

Importantly, since the dipole fields generated by the head
groups do not penetrate the densely packed SAM, we find the
same AEomo for the cyano- and amino-substituted SAMs
despite the strongly different IPs of the isolated molecules.'®
Thus, chemical substitutions outside the immediate metal/
SAM interface (i.e., the docking group and the first phenylene
ring) cannot be expected to impact significantly the tunnel bar-
rier in single-molecule devices (unless they affect the pack-
ing density of molecules on the surface?').
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Conclusion

We have presented a comprehensive, microscopic picture for
the interface energetics of self-assembled monolayers on met-
als and focused on aspects relevant for the application of
these systems in organic electronic devices. In view of basic
electrostatic considerations on single and multiple dipole lay-
ers, we discussed the results of DFT calculations for the pro-
totypical case of 4'-X-4-mercaptobiphenyls on gold with X =
—NH, and —CN. For free-standing molecular monolayers, the
concept of right- and left-side ionization potentials in dipolar
SAMs was established. Electrostatic interactions between the
two sides of a densely packed SAM were seen to be largely
suppressed. After reviewing more general interfacial phenom-
ena at metal/molecule junctions, we provided a detailed anal-
ysis of the bonding-induced charge rearrangements that occur
upon SAM formation. Importantly, no indication is found for
any significant net charge transfer between metal and mole-
cules, and due to dielectric screening, the S—Au bond appears
to be insensitive to the headgroup substitutions, X, at high
coverage.

The modification of the work function of the clean Au(111)
surface (relevant for optimizing charge-injection barriers in
organic electronic devices) and the energetic alignment of the
frontier molecular orbitals in the SAM with the electrode Fermi
level (relevant for single-molecule devices) were decomposed
into contributions from two dipole layers; one, the bond
dipole, is formed at the immediate gold—sulfur interface, while
the second is due to the aligned dipole moments of the mol-
ecules within the SAM. The step in electrostatic potential
energy due to the former is seen to impact both level align-
ment and work-function modification, while the potential step
arising from the latter contributes to the work-function mod-
ification only. Importantly, the choices of the docking chem-
istry and headgroup substitution allow for an independent
optimization of those interfacial properties of the electrode/
organic contact that critically contribute to the performance
and functionality of organic devices.
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