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ovalently bonded self-assembled

monolayers (SAMs)' 3 on noble

metals are of ever increasing
importance*® for a variety of
applications.5~° Their electronic properties
are exploited in organic (opto)electronic de-
vices to tune electrode properties, which
can lead to a significant improvement of de-
vice performance.®'°'3 In particular, the
alignment of the frontier energy levels in
the organic semiconductor with the Fermi
level of the electrode needs to be
optimized.’* 18 In this context, the effective
work function, ®, of the electrode is the
single most important parameter, which
needs to be adjusted through the employ-
ment of suitable SAMs. A key quantity of in-
terest is, therefore, the SAM-induced work-
function modification, Ad.

Besides using SAMs for “mere” surface
modification, in the quest for ultimate min-
iaturization, the molecular monolayer
itself'”~2% or even individual molecules
can be used as the functional entity of a de-
vice. For such applications, the alignment
between the SAM and the metal states is of
key importance, as the positions of the
highest occupied and lowest unoccupied
m-states in the SAM relative to the Fermi
level of the electrodes determine the tun-
neling barriers for hole and electron
transport.

Great effort has been made to under-
stand and control the electronic properties
of SAM-modified surfaces, both
experimentally?®3° and through computa-
tional modeling.3'~3> In-depth knowledge
on the impact of the docking chemistry,33
the molecular polarizability,* depolariza-
tion effects,>*~* and (dipolar) donor- and
acceptor substituents®"* has been seen to
be of uttermost importance for designing

21-28

www.acsnano.org

ABSTRACT The electronic structure of mixed self-assembled monolayers (SAMs) on Au(111) surfaces is
modeled using slab-type density-functional theory calculations. The studied molecules have a dipolar character
induced by polar and electron donating or accepting tail-group substituents. The resulting electronic structure of
mixed layers is found to differ qualitatively from a simple superposition of those of the respective pure layers.
Specifically, the positions of the frontier electronic states are shifted relative to the metal Fermi level, with the
sign and magnitude of that shift depending on the dipole moment of the molecules and the mixing ratio in the
film. This appears counterintuitive considering previous investigations, in which it has been shown that, for
densely packed layers, tail-group substituents have no impact on the interfacial energy-level alignment. The
seeming contradiction can be lifted by considering the local electrostatic interactions within the films in both
mixed and homogeneous monolayers. Beyond that, we show that mixed SAMs provide an efficient tool for
continuously tuning substrate work functions over a range that far exceeds that accessible by merely changing
the coverage of homogeneous layers, with the net effect depending linearly on the mixing ratio in agreement with

recent experimental findings.

KEYWORDS: self-assembled monolayer - metal—organic interface -
quantum-mechanical modeling - band-structure calculation - mixed monolayer -
heterogeneous surfaces - intermolecular interactions

molecular structures that lead to SAMs
with the desired characteristics.

An alternative approach for tuning SAM
properties is to fabricate mixed layers of dif-
ferent functional molecules.*~*' Following
this strategy, Wu et al.>? have shown that, by
combining SAMs of alkanethiols and fluori-
nated alkanethiols, the substrate work func-
tion can be adjusted in an almost linear
fashion as a function of the mixing ratio.
The fabrication of well-ordered mixed lay-
ers is an experimental challenge and phase
segregation is frequently observed.?>3~%°
While for some applications this can be ex-
ploited,®® mixing at the molecular level is
usually desired. One approach to prevent
segregation is to intentionally generate de-
fects in a well-ordered homogeneous SAM
by electron irradiation or UV light exposure.
In this way, a place-exchange reaction can
be promoted in which part of the molecules
are replaced by another component
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Figure 1. Side (a) and top (b) view of the biphenylthiolate SAM on a
five-layer Au(111) slab. In the depicted case, cyano and amino substi-
tutents are mixed in a ratio of 1:1. The Cartesian directions are indi-
cated. The black rectangle marks the p(\/3 X 3) surface unit cell and
the molecules are packed in a herringbone pattern. (c) x,y-averaged
electrostatic energy of an electron across a hypothetical free-standing
densely packed homogeneous SAM (solid [dashed] line: cyano-
[amino-] tail group). Left- and right side vacuum energy (E,), AE,,c :=
E,fight — E ' jonization potential (IP), and electron affinity (EA) are
indicated.

to obtain a mixed film.4*>6162 Another strategy to real-
ize mixed SAMs is to attach both functional groups of
interest to the same molecule.>>#37%¢ Silien et al.>' suc-
ceeded in using a network of flat-lying molecules as
mask® for patterning a binary SAM on the nanoscale
and Pace et al.% have shown that under certain circum-
stances it is possible to produce crystalline mixed do-
mains. In layers ordered that well, one can exploit the
fact that the local electrostatic environment of ad-
sorbed molecules crucially impacts their properties.
Such considerations have, for example, been used for
explaining the mixing-ratio dependent ultraviolet pho-
toelectron spectroscopy (UPS) results observed for
mixed pentacene and perfluoro-pentacene layers.*
Furthermore, in single-molecule transport experiments
the conductivity is distinctly different for isolated mol-
ecules and for molecules assembled in a monolayer;”
such a situation is in some sense reminiscent of a previ-
ous computational study*® in which SAMs at reduced
coverage but essentially in their monolayer geometries
have been investigated. We are, however, not aware of
a computational study that provides a systematic inves-
tigation explaining the peculiar properties of a mixed
SAM that consists of two different functional molecules.
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Here, we provide such a study. Specifically, we address
the question of how the electronic properties of a mo-
lecular layer change when it is patterned on a subna-
nometer scale. As we will show in the following, the
electronic properties of a mixed SAM differ qualitatively
from what one might naively derive from the proper-
ties of the two neat layers, with each of them consist-
ing of only one of the constituent molecules of the
mixed SAM. Resolving that puzzle will require us to dis-
entangle several effects and will reveal electrostatic in-
termolecular interactions in SAMs as the key issue. To
comprehend our observations on mixed monolayers, it
is both instructive and revealing to contrast these find-
ings against the properties of homogeneous
monolayers.

The System. For the present study, we chose to inves-
tigate biphenylthiolate-based SAMs adsorbed on the
Au(111) surface (Figure 1) because such SAMs have
been subject to extensive experimental’’ =78 and
computational®'363941-4479 sty dies. For methyl-
substituted biphenylthiolates on the Au(111) surface a
p(\/3 X 3) unit cell has been suggested,”>”” which
serves as an important input for our calculations. These
rely on density-functional theory (DFT) based, slab-
type band-structure calculations in which the interface
is modeled by five metal layers on top of which the mol-
ecules are adsorbed. As shown in Figure 1b, the sur-
face unit cell contains two inequivalent molecules ar-
ranged in a herringbone pattern, which is typical for
oligophenylenes.8 For mixing ratios other than 1:1, a
multiple of the cell was chosen. The tilt of the molecu-
lar backbone with respect to the surface normal
changed only moderately between the systems and
was in the range of 14—21°. Further details on the ap-
plied methodology can be found in the Methods sec-
tion. The molecules are assumed to bond to the flat
metal surface via a thiolate group, which will be re-
ferred to as the docking group in the following. In this
context, it should be mentioned that the actual struc-
ture of the Au—thiolate interface is still subject to con-
troversy,®! but its details do not impact the main con-
clusions of the present paper.

By substituting the terminal hydrogen atoms of the
biphenylthiolates with strong (polar) donor or accep-
tor groups (the tail groups), the direction and magni-
tude of the molecular dipole moment can be con-
trolled. Here, we chose amino (—NH,) and cyano (—CN)
tail groups as they carry intrinsic dipole moments that
point in opposite directions and are very strong donors
and acceptors, respectively. Figure 1a,b shows the case
of a 1:1 mixing ratio of those tail groups. We note that
the role of docking and tail group substituents in such
SAMs is well understood® and that the results of the
present article can be expected to be transferable to
other chemical groups of similar functionality, that is,
polar donor and acceptor substituents. The electronic
properties of homogeneous layers of both amino- or
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cyano-substituted biphenylthiolate SAMs have been
described in the literature and are briefly reviewed here,
as they are key to understanding the properties of
mixed layers:**** At dense packing, the —NH, substitu-
tion has been predicted to decrease the work function
of the Au (111) surface, while —CN tail groups are ex-
pected to increase it.3%4* Additionally, the a priori unex-
pected observation has been made that the substitu-
ent (and, thus, the molecular ionization potential) has
no impact on the relative alignment of the metal Fermi
level and the highest occupied w-states,* at least as
long as the SAM packing density was sufficiently high.*®
In other words, the energetic distance between the
Fermi level and the highest occupied m-states (HOPS),
AEyops, is identical for both SAMs. The same behavior
was observed also for more polarizable (e.g., polyene)
and less polarizable (e.g., aliphatic) backbones.>®

This phenomenon can be explained on electrostatic
grounds,**3> considering that a 2D extended dipole
layer divides space into two regions with vacuum lev-
els differing by an energy proportional to the dipole
density as dictated by the Helmholtz equation. This is
schematically shown in Figure 1c, where the plane-
averaged electron electrostatic energy for a (hypotheti-
cal) free-standing SAM is shown. The two vacuum-
level energies, E," and E,"9", differ by an amount AE,,..
Consequently, also a left- and a right-sided ionization
potential, IP* and IP"9", and electron affinity, EA"" and
EA"9", need to be defined. They can be approximated
by the energetic difference between the highest occu-
pied (lowest unoccupied) states of the SAM and the re-
spective vacuum levels. The tail-group substituents
change the potential energy only on “their side” of the
monolayer. Moreover, their impact on the potential en-
ergy landscape within the SAM is restricted to their im-
mediate vicinity, consistent with the electrostatic prop-
erties of a densely packed dipole layer® and
depolarization effects within the SAM 3%~ 438384 There-
fore, also the eigenstates within the SAM are hardly
affected by tail-group substitution.

What eventually determines the alignment be-
tween the potential wells of the metal substrate and
the SAM are only the left-sided vacuum level of the
SAM, the position of the vacuum level above the metal
surface, and the bond dipole that results from bonding-
induced charge rearrangements.3233%” The latter are
largely localized in the docking-group region and on
the top Au layers, resulting in the bond dipole being tail
group-independent at full coverage.** As a conse-
quence, tail-group substitution with a donor- or accep-
tor group hardly affects AEops, the offset between
Fermi energy and HOPS.

RESULTS AND DISCUSSION

SAMs Adsorbed on Au(111). Bearing these properties of
the homogeneous monolayers in mind, one might ex-
pect that also in the mixed system there should be only
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Figure 2. Projected density of states of the mixed SAM on Au(111)
with a 1:1 mixing ratio (black line). The dashed blue and dotted red
lines show the projections onto only the —NHj, (blue) and —CN (red)
substituted subsystems. The insets depict the local densities of states
integrated in the energy windows shaded in blue and red, respectively
(thick vertical bars). It corresponds to the charge densities in these en-
ergy ranges. The thin red and blue vertical lines indicate the posi-
tions of the HOPS peak maxima of both components in absence of
the respective other fragment (i.e., at half coverage). All curves are
aligned to the Fermi energy, E.

a single pronounced maximum in the density of states
that is derived from the highest occupied states of all
constituent molecules. This is, however, not the case as
can be seen in Figure 2. There, the calculated density
of states projected onto the SAM (PDOS) is shown for
the system depicted in Figure 1, namely —NH, and
—CN substituted biphenylthiolates on Au (111) at a
mixing ratio of 1:1.

It displays a pronounced double peak structure be-
tween ca. —0.5 and —1.5 eV. To understand its origin,
we calculated the densities of states projected onto the
two subsystems, that is, only on the —NH, substituted
(blue line in Figure 2) and —CN substituted (red line in
Figure 2) biphenylthiolates within the mixed SAM. Their
comparison clearly shows that the highest peaks be-
longing to the respective subsystems do not coincide
in the mixed monolayer; rather, the highest PDOS peak
is localized only on the —NH, substituted molecules.
This can also be inferred from the corresponding local
density of states (LDOS) shown as the right inset of Fig-
ure 2 which, furthermore, confirms the m-character of
the corresponding molecular orbital. The highest peak
that also comprises states on —CN substituted mol-
ecules is found at 0.4 eV lower energies. From the LDOS
plot, those states are confirmed as the HOPS of the
—CN substituted sub-system that energetically overlap
with the tails of the HOPS peak and a lower-lying state
on the —NH, substituted subsystem. Considering that
charge-carrier injection depends exponentially on the
barrier height that results from the level alignment, a
shift by 0.4 eV is a sizable effect. Moreover, this surpris-
ing finding shows that the electronic structure of the
mixed SAM qualitatively differs from that of both the
—CN and the —NH, substituted SAMs. There, as dis-
cussed in the previous section, the respective HOPS
peaks in the homogeneous layers at full coverage are
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Figure 3. DOS of the free-standing mixed and the respective pristine
SAMs (top to bottom). The dark gray filled and light gray crossed
areas show the DOS projected onto the two inequivalent compo-
nents of the respective monolayers separately. The insets show the
charge density in real space (LDOS) in energy windows of 0.1 eV
around the respective peak maxima. The dashed black arrows indi-
cate the splitting of the HOPS levels in the mixed layer compared to
the pure layers. Dashed orange lines show the DOS resulting from non-
selfconsistent (nscf) calculations in which no (de)polarization is al-
lowed upon merging the two components. For details see text. In the
bottom panel, the nscf-DOS is divided by 2 to save space. The two
touching vertical lines in the topmost panel show the HOPS positions
for both components in the absence of the respective other fragment
in analogy to Figure 2. All curves are aligned at the vacuum energy on
the thiol side of the SAM, E,'*" (cf. Figure 1c).

calculated to be within 0.03 eV (at —0.96 for the —NH,
substituted and —0.99 eV for the —CN substituted
SAM).#

The next issue to be clarified is whether the PDOS
of the mixed SAM is merely a superposition of the
PDOSs of the two subsystems, that is, a —CN and an
—NH, substituted SAM at half coverage. This is neces-
sary because it has been shown in ref 43 that, upon re-
ducing the SAM coverage, the energetic difference be-
tween the HOPS peaks of —CN and —NH, substituted
SAMs increases. This effect is not unexpected consider-
ing that in the limiting case of an “infinitely” dilute
monolayer one ought to arrive at the “isolated mol-
ecule” situation and the energy levels of isolated donor-
and acceptor-substituted molecules clearly differ from
each other. We find, however, that such effects become
relevant only at coverages well below 0.5 (the cover-
age of the individual subsystems of the mixed SAM).
This is indicated by the thin vertical lines in Figure 2 that
show the respective HOPS peaks for the half-coverage
SAMs at —0.74 eV (—NH,) and —0.85 eV (—CN), respec-
tively;® that is, coverage-dependent shifts contribute

NTANTY ] ]
@%\&) VOL. 4 = NO. 11 = RISSNER ET AL.

only about 25% to the overall peak splitting observed
in the mixed monolayer.

The homogeneous half- and full-coverage systems
will serve as reference systems for the remainder of
this article. This is useful since the comparison allows
strictly distinguishing between effects that can be ob-
served already in the homogeneous subsystems (like
coverage-dependent depolarization®®) and such that
arise from specific interaction of the two SAM compo-
nents and, thus, go beyond a mere superposition of the
properties of the subsystems.

SAMs in the Absence of the Metallic Substrate. At this point
the question arises, which kind of interaction between
the monolayer constituents is responsible for the unex-
pected electronic structure of the mixed SAM. To disen-
tangle contributions from molecule/molecule and
metal/molecule interactions, we discuss the hypotheti-
cal situation of a free-standing SAM next. This system is
realized by removing the metal slab and saturating the
thiolates with hydrogen atoms.*

As the left-sided vacuum level is most relevant for
the alignment of the SAM states with the metal Fermi
energy (cf.,, Figure 1c and corresponding discussion),
the DOS of the different free-standing SAMs is best
aligned at £,*%, that is, the vacuum level at the side of
the SAM that approaches the metal upon adsorption.
The results for the mixed monolayer and the —NH, and
—CN substituted biphenylthiolates at full coverage are
shown as thick solid lines in the respective panels of Fig-
ure 3. As the two molecules in the surface unit cell are
not symmetry equivalent even in the homogeneous
SAMs, it is useful to partition the total DOS of the layer
into the contributions of the two symmetry-
inequivalent subsystems. The results are indicated as
dark gray and crossed light gray areas. We find that (i)
in the homogeneous layers, the inequivalence of the
two molecules in the surface unit cell is essentially irrel-
evant for their level alignment; (ii) both, for the homo-
geneous —NH, and —CN substituted SAMs, the HOPS
peak is found at approximately —5.1 eV; that is, also in
the free-standing layers the tail-group substituent has
almost no impact on the position of the HOPS relative
to E,=f4 (jii) in the mixed SAM (top panel), the splitting
of the eigenstates is even more pronounced in the ab-
sence of the metallic substrate (ca. 0.7 eV instead of 0.4
eV). This is because the HOPS peaks associated with
the —NH, and —CN substituted molecules are shifted
up by 0.43 eV and down by 0.23 eV compared to the
homogeneous layers, as indicated by the dashed black
arrows. The assignment of the various peaks to the dif-
ferent molecules is nicely confirmed by the insets,
which show the local densities of states (correspond-
ing to the charge density) within an energy window of
0.1 eV around the respective DOS peaks. Like for the ad-
sorbed SAM, we have also calculated the DOS of the in-
dividual components of the mixed monolayer, that is,
the free-standing —CN and —NH, SAMs at half-
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coverage, in the absence of the respective other frag-
ment. This allows discriminating the effects arising from
interaction between the individual components from a
mere superposition of their respective DOS. Like in Fig-
ure 2, the resulting HOPS-peak positions are plotted as
vertical lines in the topmost panel. They essentially co-
incide. This comparison clearly shows that the contribu-
tion of packing-density effects to the level splitting van-
ishes in the absence of the metallic substrate.

Explaining the Electronic Structure of Mixed Monolayers.
Electrostatics. The above results allow the conclusion that
the qualitative differences between homogeneous and
mixed monolayers are due to molecule/molecule inter-
actions. The interaction with the metal plays a mitigat-
ing role, as upon adsorption the splitting between the
HOPS states of the —NH, and —CN substituted sub-
systems is reduced to about half (cf, Figures 2 and 3).
A significant contribution to the intermolecular interac-
tion between polar molecules is electrostatic. To eluci-
date the role of such electrostatic interactions, we have
calculated the potential energies for an electron in the
two subsystems (—NH, and —CN substituted monolay-
ers at half coverage), Exnz-1/2r and Ecn.1/2. Prime and
double prime denote the two inequivalent sites for the
molecules in the unit cell. The results are shown in Fig-
ure 4a for a few neighboring cells averaged along the
x-axis of the unit cell (cf. Figure 1). Isodensity lines
spaced by 0.1 eV clearly show that, compared to the
common zero defined as the energy of the “left”
vacuum level, the electrostatic energy in the region be-
tween the molecules decreases continuously for the
—NH, substituted biphenylthiols, while it increases for
the —CN substituted molecules. This region between
the molecules at half coverage is where the additional
molecules will be located in a densely packed SAM.
Therefore, when going from half to full coverage, the
additional molecules are embedded in the electrostatic
energy landscape of the same type of molecules in a
homogeneous monolayer, while they feel the electro-
static energy landscape of the other type of molecules
in a mixed monolayer. In the latter case, this shifts the
eigenstates of the —NHj, substituted molecules up in
energy and those of the —CN substituted molecules
down, resulting in the peculiar level alignment dis-
cussed above.? This mechanism is schematically sum-
marized in Figure 4b, where the electrostatic potential
energy landscape is sketched for the half-coverage
SAMs with the tail-group dipole moments pointing to-
ward the right (1a) and toward the left (1b), respec-
tively. Their HOPS levels are drawn as gray (green) bars.
Panel 2 shows the changes in potential energy that
affect the molecules in subsystems 1a and 1b upon
merging. l.e,, it schematically combines the electro-
static potential energy arising from the —CN substi-
tuted sub-system at the position where the —NH, sub-
stituted molecules are found in the mixed SAM and vice
versa. The energy levels of the molecules are modified
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Figure 4. (a) Electrostatic energies Eyy,1/2' (left) and Ecy.1/2 (right)
across the components of the mixed monolayer. The plots are aver-
aged along the x-axis of the unit cell (cf. Figure 1) and aligned at E,*;
the unit of energy is eV and isolines are drawn every 0.1 eV. (b) Sche-
matic illustration of the electrostatic situation in mixed SAMs. Panels a
and b show the potential energy landscape in the two subsystems be-
fore mixing. HOPS levels are drawn as gray (green) bars. Panel 2 shows
the changes in potential energy that affect the molecules in the sub-
systems upon mixing and how those changes shift their eigenstates.
The situation after mixing is shown in panel 3.

accordingly: The HOPS of molecules belonging to sub-
system 1a are shifted up and states in subsystem 1b are
shifted down in energy. This results in the situation
shown in panel 3. We note that, because of the nature
of this effect, a prerequisite for an experimental confir-
mation of the predicted level-splitting by ultraviolet
photoelectron spectroscopy (UPS) measurements is a
mixing of the differently substituted molecules at the
molecular scale.

Polarization and Depolarization. Following the same line of
argument for the respective homogeneous layers, this
explanation implies a corresponding downward (up-
ward) shift of the eigenvalues for the homogeneous
—NH, (—CN) substituted layers upon increasing the
packing density from half to full coverage. Hence, it
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Figure 5. (a) Effect of (de)polarization on the electron electrostatic en-
ergy AEmixed (left), AEyy, (center), and AEcy (right) when combing the
components of the mixed SAM (left) and when doubling the packing
density of the respective pure layers from half to full coverage (center
and right). See text for the definition of these quantities. The ener-
gies are averaged along the x-axis of the unit cell (cf. Figure 1) and iso-
lines are drawn every 0.1 eV. (b) Sketch of the electrostatic energy
landscape for increasing the packing density of a homogeneous —NH,
SAM from half to full coverage. Similar to Figure 4b, panels a and b
show the potential energy landscape in the two subsystems before
mixing; HOPS levels of —NH; substituted molecules are drawn as gray
bars. Panel 2 shows the changes in potential energy that affect the
molecules in the two subsystems upon mixing and how those changes
shift their respective HOPS. The situation after mixing but prior to de-
polarization is shown in panel 3. Panel 4 shows the changes in poten-
tial energy which affect the molecules in the subsystems due to depo-
larization effects. The final situation (panel 5) differs from the mere
electrostatic sum of the two half-coverage SAMs shown in panel 3.

seemingly contradicts the findings discussed above,
which show that such shifts do virtually not occur be-
tween half and full coverage in the free-standing mono-
layer (cf. Figure 3). The reason for this is that the argu-
ments in the Electrostatics subsection do not yet
account for a second effect: When two half-coverage
monolayers are merged to a full-coverage layer, the
field originating from molecules in one half influences
the molecules in the respective other half of the layer by
depolarization or polarization.

Depolarization is a well-known effect in
SAMs 438384 and is a consequence of the fact that
the electron cloud of every molecule within the SAM is
polarized by the electric field that is the superposition
of the fields generated by all other molecules in the
SAM. In homogeneous layers, this field induces a di-
pole that points in the direction opposite to the intrin-
sic dipole of the molecule, thus reducing its dipole mo-
ment. Depolarization can be very large, especially for
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SAMs with highly polarizable backbones.® In a mixed
monolayer, the opposite effect is to be expected. The
antiparallel orientation of neighboring dipoles within
the SAM leads to a mutual polarization giving rise to in-
creased dipole moments.

To quantify the polarization and depolarization ef-
fects, we have plotted the DFT-calculated changes in
the electrostatic energy that result from the interaction
between two half-coverage subsystems in Figure 5a.
The leftmost plot shows the difference in the electro-
static energy between the mixed monolayer, Eixeq, and
the respective sublattices, AEnixed = Emixed — (Enny1/27 +
Ecn-1727). The central and rightmost plots show the
equivalent quantities for the homogeneous —NH, and
—CN substituted SAMs when going from half to full
coverage; these are defined as AEyn, = Enn, — (Envy1/2
+ Enmy1727) and AEey = Een — (Ecna1rzr + Ecniar),
respectively.

The main observations in Figure 5a are that (i), the
sign of AEi.eq alternates between neighboring mol-
ecules as well as within each molecule; (ii) the most pro-
nounced changes in energy are confined to the vicin-
ity of the tail-group substituents. The energy decreases
by up to 0.5 eV near the —NH, substituents while the in-
crease near the —CN groups is only up to 0.2 eV, consis-
tent with the fact that the field at the locations of the
—NH, groups (due to the —CN dipoles) is much larger
than the field in the spatial region of the —CN groups
(caused by —NH; dipoles; cf. also Figure 4a). (i) Over-
all, those effects largely cancel: the change in electro-
static energy decreases only by 0.1 eV across the mixed
SAM. (iv) No such cancellation is found in the homoge-
neous case. The signs of AEyy, and AEcy are opposite
but remain unchanged throughout the whole mono-
layer, resulting in sizable overall changes of +0.7 eV (for
—NH,) and —1.3 eV (for —CN) due to depolarization
effects. In sharp contrast to the mixed case, isolines are
to a good approximation parallel and significant
changes in the electrostatic energy are found in the
spatial region encompassing the second phenyl ring
and the tail-group. On the basis of these data it is per-
fectly plausible to assume that this change in electro-
static energy again shifts the HOPS energy in the re-
spective homogeneous layers. The direction of that shift
is such that it compensates for the shift discussed in
the Electrostatics subsection, that is, up (down) for the
—NH, (—CN) substituted subsystem. In other words,
when going from half to full coverage in a homoge-
neous SAM, the shift of the orbital energies induced by
the fields that arise from the electrostatic interaction
between the two subsystems (the effect discussed in
the Electrostatics subsection) is fully compensated by
the consequence of depolarization. In analogy to the
scheme for the mixed SAM (Figure 4b), a sketch of the
mechanisms proposed for homogeneous layers is
shown in Figure 5b. Panels 1—3 correspond to the
purely electrostatic picture described already in Figure
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4b for the mixed case. The non-negligible impact of de-
polarization on the HOPS energy is illustrated in panel
4, and panel 5 sketches the final energetic situation.

In the mixed case, because the sign of AEeq Within
each molecule changes and because the most pro-
nounced changes in energy are restricted to the vicin-
ity of the tail-group substituents, the net contribution of
polarization to the shift of the HOPS energies can be ex-
pected to be only of minor importance (i.e., an effect
analogous to that sketched in panel 4 of Figure 5b does
not occur). The inequivalence of the changes in electro-
static energy in homogeneous and mixed SAMs are
caused by the equivalent, respectively, different signs
of the (de)polarization induced charge rearrangements
(see Supporting Information) that eventually determine
the changes in electrostatic energy via the 3D Poisson
equation.

To test the above explanations and to quantify po-
tential oversimplifications in the purely electrostatics-
based explanation provided in the previous section, the
role of those (de)polarization effects on the resulting
DOS have to be considered. This can be done by calcu-
lating the DOS of the mixed and homogeneous full-
coverage SAMs in a non-selfconsistent (nscf) way. To
that end, we fix the charge density of the full-coverage
SAM artificially to the sum of the (self-consistent)
charge densities calculated for the two subsystems.
This prevents any changes of the charge density due
to (de)polarization and thus allows an estimation of the
relative importance of (de)polarization processes for
the correct, self-consistently calculated DOS. For de-
tails on the nscf-calculations, see the Methods section.
The resulting nscf-DOSs are drawn as dashed orange
lines in the corresponding panels of Figure 3. For the
mixed SAM, the nscf-DOS practically matches the self-
consistently calculated one (solid black line). This is
plausible in the light of observations (i) and (ii) made
above when discussing Figure 5a and shows that the
assumption of minor impact of polarization on the DOS
is surprisingly well justified. For the homogeneous
—NH,; (—CN) substituted SAM, the nscf-DOS is shifted
to lower (higher) energies, that is, the depolarization ef-
fects included only in the fully self-consistent calcula-
tions significantly impact the DOS (solid blue and red
lines). In other words, our straightforward electrostatic
model established in the Electrostatics subsection is in-
deed well-suited to rationalize the observations for the
mixed SAM, while it fails for homogeneous layers,
where depolarization effects have to be included.

The above considerations do not allow definitely ex-
cluding minor contributions from the exchange-
correlation interaction between the two half-coverage
subsystems of a full-coverage SAM, but they suggest
the following semiquantitative picture for intramolecu-
lar interactions within SAMs and the resulting level
alignment: Upon proceeding from half to full cover-
age, the electrostatic energy landscape created by the
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Figure 6. Energies of the HOMO-derived states with respect to the left
vacuum energy E,'*" (a) and the metal Fermi energy (b) in the free-
standing (a) and adsorbed (b) mixed monolayers, respectively. Blue tri-
angles (red circles) show data for the amino- (cyano-)substituted com-
ponent. Open gray triangles and circles depict the same quantities as
a function of the packing density (rather than fraction), reproduced
from ref 43. The dash—dotted horizontal blue (red) line in panel a
shows the HOMO energy for the isolated amino- (cyano-)substituted
biphenylthiol molecule (taken from Figure 3 in ref 43). The widths of
the energy windows in panels a and b are the same.

donor- (acceptor-)substituted subsystem (shown in Fig-
ure 4) decreases (increases) the eigenenergies of the
molecules that occupy the second adsorption site in the
surface unit cell. If the latter bear a different substitu-
ent, that is, if one is dealing with a mixed monolayer,
the impact of (de)polarization is negligible and the po-
sitions of the HOPS in the two subsystems are largely
determined by this potential energy landscape (cf. Fig-
ure 4b). As a consequence, a significant energetic split-
ting between the respective HOPS peaks is observed (cf.
Figure 3, top panel). In a homogeneous SAM, the
above-mentioned downward (upward) shift of the mo-
lecular states is largely compensated by the respective
upward (downward) shifts due to depolarization
(shown in Figure 5b). As a net effect, there is only a
very small difference between the positions of the
HOPS peaks upon going from half to full coverage®® or
when replacing donor by acceptor substituents in a
homogeneous SAM* (cf,, Figure 3).

Impact of the Mixing Ratio. As a next step, we will dis-
cuss the impact of the mixing ratio. To that aim, we
have studied a densely packed —NH, substituted SAM
in which an increasing fraction of the —NH; substitu-
ents is replaced by —CN groups in steps of 25%. In this
way, mixing ratios of 1:0, 3:1, 1:1, 1:3, and 0:1 are real-
ized (for details on the considered surface unit cells, see
Methods section). We first present the results for the
free-standing mixed SAMs. Figure 6a shows data for the
HOPS positions associated with the —NH, (—CN) substi-
tuted subsystems as blue triangles (red circles). The
IPft values for homogeneous SAMs at the correspond-
ing submonolayer coverages are also included as light
gray, open symbols.** This again allows discriminating
between packing-density related effects relevant for
each subsystem separately and the interaction between
the subsystems. We note that in ref 43, the molecular
tilt angle was kept constant at its value at full coverage
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for all lower packing densities. This procedure is useful
for modeling and facilitates a comparison with the
mixed systems of the present study. In a real-world ex-
periment, however, geometry-induced effects of a
changing molecular (and dipole moment) orientation
are to be expected. Naturally, the two data sets should
coincide at —CN fractions of 0 and 1. The reason for the
minor deviations we find in Figure 6 between our new
data (colored) and the data taken from ref 43 (gray) is
that we have used a more sophisticated geometry-
optimization scheme here (details in the Methods sec-
tion); this, however, has no impact on the following dis-
cussion. Furthermore, the ionization potentials of the
isolated molecules (also taken from ref 43) are indicated
by horizontal dash—dotted lines.

Figure 6a shows that, for the mixed monolayer, the
positions of the HOPS peaks associated with the two
subsystems depend approximately linearly on the mix-
ing ratio. The slope for the —NH, related HOPS peak is
higher. Hence, both the absolute positions of the levels
and their splitting depend on the mixing ratio. In other
words, reading the plot from left to right corresponds to
increasing the fraction of —CN substituted molecules
mixed into the —NH, substituted SAM, which causes a
pronounced upward shift of the HOPS of the latter. Mix-
ing amino-terminated molecules into the —CN substi-
tuted SAM (i.e., reading the plot from right to left) has
the opposite effect on its HOPS levels, but with smaller
magnitude than for the -NH, substituted molecules.
This can be rationalized by the smaller change in the
electrostatic energy landscape induced by the —NH,
substituted SAM in the region of the —CN substituted
molecules (cf. Figure 4). Note that (de)polarization ef-
fects are negligible only at a 1:1 mixing ratio, while for
the 1:3 and 3:1 cases one has to expect a situation inter-
mediate between 1:1 mixing and homogeneous films.

For the HOPS energies at submonolayer coverage
(light gray symbols), qualitatively different evolutions
are observed. This is not surprising as depolarization-
related shifts have greater influence in those systems
(cf. also the Polarization and Depolarization subsection).
For the limit of zero coverage, IP* converges toward
the IP of the isolated molecule (horizontal dash—dotted
lines), as they form the “natural” limit in homogeneous
SAMs.® Interestingly, this does not apply to the position
of the HOPS of the minority component in mixed SAMs
upon approaching the homogeneous film limit (cf,,
filled red and blue symbols). This is because these mol-
ecules are embedded into a polar medium (i.e., a close-
packed SAM) rather than in vacuum.

As deduced already from a comparison of Figures 2
and 3, the metal mitigates the above-described effects
to a certain extent. Figure 6b shows the energetic offset
AEyops between the metal Fermi level and the highest
occupied m-states after adsorption. Light gray data
points for reduced coverages are again reproduced
from ref 43. While for the coverage-dependent calcula-
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Figure 7. Change of the electron electrostatic energy, AE,,,
across the free-standing mixed SAM as a function of the mix-
ing ratio (black squares), AE,,. across the mixed compo-
nents in absence of the respective other fragment (blue tri-
angles, —NH,; red circles, —CN substituted component),
their sum (orange crosses), and the SAM-induced work-
function modification, A®, (open black diamonds). Note
that per definition the impact of the bond-dipole, AEgp, is
given by AFgp = A® — AE,,..

tions on homogeneous SAMs there are significant dif-
ferences between the trends depicted in Figure 6a and
Figure 6b, for the mixed monolayers only the magni-
tude of the splitting changes and the slope of the evo-
lution of AEops with the mixing ratio is smaller than
that of IP'*" for both SAM components. For homoge-
neous SAMs, the substantial changes in the evolutions
induced by the bonding to the metal can be unambigu-
ously associated with a depolarization of the bonding-
induced charge transfer at the metal—thiolate bond,
that is, a reduced bond dipole at higher coverages.® In
contrast, such effects do not occur in the mixed mono-
layers as changing the mixing ratio has no impact on
the density of the thiolate groups on the surface. More-
over, it has been shown that in densely packed SAMs
tail-group substitution hardly affects the bonding-
induced charge rearrangements at the gold/molecule
interface.** As a consequence, the bond dipole, which,
besides IP*f, is the main quantity determining AEyops,
hardly changes with the mixing ratio.

SAM-Induced Work-Function Changes in Mixed Monolayers.
Understanding the bond dipole in mixed monolayers
is an important prerequisite for analyzing the second
key electronic parameter of SAMs on metal surfaces,
namely the SAM-induced work-function modification,
A®. The latter can be conveniently understood as the
sum of the vacuum-level shift between the “left” and
“right” sides of the free-standing monolayer (cf. Figure
1¢) denoted as AE,, and a second step in the electro-
static potential energy due to the bond dipole, AEgp. 3344
The DFT-calculated AE,,c and A® are shown as black,
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solid squares and black, open diamonds in Figure 7.
With respect to AE,,., AD is more or less rigidly shifted
to more negative energies by Afgp = —1.17 = 0.03 eV.
On the one hand, this confirms that the bond dipole is
independent of the SAM composition. On the other
hand, it underlines that the key to understanding the
evolution of A® with the SAM mixing ratio is under-
standing the evolution of AE,,, that is, the property of
the free-standing monolayer.

Both AE,,c and A® display a close to linear evolu-
tion with the —NH, to —CN ratio. For the related sys-
tem of alkanethiols mixed with fluorinated alkanethiols
on a silver surface this linear dependence was also ex-
perimentally observed for A®.>? At a first glance, this
might appear somewhat surprising, considering that
A® and AE,,c have been shown to increase in a strongly
sublinear fashion with coverage in homogeneous SAMs
due to depolarization effects.®*** Such a behavior is ob-
served also here, when calculating only the homo-
geneous subsystems corresponding to 25%, 50%, 75%,
and 100% coverage shown as red circles and blue tri-
angles in Figure 7. The sublinearity in the coverage is
particularly pronounced for the —NH, substituted SAM,
where AE,, increases only from —1.04 to —1.67 eV be-
tween 25% and full coverage.

Nevertheless, the trend for the mixed system should
then, to a first approximation, be recovered by a simple
addition of the contributions of the individual sub-
systems, as AE,,. is essentially an “electrostatic” quan-
tity. The results of such an addition are shown as orange
crosses in Figure 7. Especially at half coverage, this pro-
cedure yields a value virtually identical to the fully self-
consistently calculated one (black squares). This is not
unexpected, considering the only very weak polariza-
tion effects resulting in an almost vanishing AEixed
when combining the two half-coverage systems to a
1:1 mixed monolayer (see discussion of Figure 5). For
the 3:1 and 1:3 mixing ratios the self-consistent values
are slightly shifted in the direction of the minority com-

METHODS

The density-functional theory calculations were per-
formed using the VASP code.®” Valence electrons were de-
scribed by a plane-wave basis set (kinetic energy cutoff of ap-
proximately 20 Ry) and valence—core electron interactions
by the projector augmented-wave (PAW) method.888° 8 X 5
X 1and 4 X 5 X 1 Monkhorst—Pack®® k-point grids were cho-
sen for the 1:0, 1:1, 0:1, and for the 3:1 and 1:3 mixing ra-
tios, respectively. A Methfessel—Paxton occupation scheme
with a broadening of 0.2 eV was used. Geometry optimiza-
tions were performed using nonredundant internal coordi-
nates based on the DIIS (direct inversion in the iterative sub-
space) method as implemented in the GADGET tool.”! This
approach is clearly superior to optimization in Cartesian co-
ordinates for systems like those studied here. lonic relax-
ations were stopped as soon as every force component fell
below 0.01 eV/A. For electronic relaxations, two separate
convergence criteria were applied: a total energy change AE
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ponent, indicating that the latter is impacted by polar-
ization effects to a somewhat larger extent.

From a practical point of view, the main conclusion
that can be drawn from Figure 7 is that, if one is able
to fabricate a molecular-level mixed SAM, this opens up
a way for tuning substrate work-functions over a much
wider range than would be possible by changing the
coverage using only a single component, where one is
limited by depolarization effects. Finally, the linearity of
all important SAM properties with the mixing ratio (cf.,
Figure 6 and Figure 7) significantly facilitates the predic-
tion of the interfacial properties.

CONCLUSIONS

We investigated molecular-level mixed SAMs of
donor- and acceptor-substituted biphenylthiolates on
the Au(111) surface by means of slab-type DFT calcula-
tions. We find a splitting of the electronic states associ-
ated with the SAM components in contrast to the re-
spective pristine layers, where the end-group
substitution has no impact on the alignment of the
highest occupied m-state relative to the metal Fermi
level. This shows that the electronic structure of mo-
lecularly mixed SAMs differs significantly from the mere
superposition of its components. The differences can
be rationalized by the electrostatic interaction between
the sublattices of the mixed-SAM components. Polariza-
tion and depolarization effects are shown to play virtu-
ally no role for the level alignment in a mixed SAM at 1:1
mixing ratio. We furthermore show that the mixing-
ratio dependences of the quantities of interest for appli-
cations, namely band alignment and work-function
modification, show qualitatively entirely different evolu-
tions than they do as a function of coverage in homo-
geneous SAMs. In particular, the strongly sublinear de-
pendence on the coverage due to pronounced
depolarization is absent in mixed SAMs. This results in
an almost perfectly linear relationship between the
work-function change as well as the level alignment
and the mixing ratio in heterogeneous SAMs.

< 1 X 107*eV and a step in the electrostatic energy (which
is proportional to the dipole moment per area) of 0.01 eV.
The metal was modeled by five layers of Au(111) atoms and
the resulting unit cell was periodically repeated in all three
directions. To exclude spurious interactions between subse-
quent slabs, a vacuum gap of >20 A was introduced in the
z-direction together with a dipole layer within that vacuum
gap to compensate for the asymmetry of the slab. During ge-
ometry relaxations, the coordinates of the lower three gold
layers were fixed (representing the bulk), while the upper two
layers (representing the surface) were free to move. Mixing
ratios of 3:1 and 1:3 were realized by doubling the length of
the shorter lattice vector pointing along the x-axis, thus ob-
taining surface unit cells comprising four molecules (the re-
spective surface unit cells are included in the Supporting In-
formation). Finer steps would require prohibitively large unit
cells; already for a ratio of 1:3 (3:1), unit cells comprising 4
molecules and 60 gold atoms are needed. After setting the
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mixing ratio, the ionic positions were reoptimized. The free-
standing SAMs were investigated in the geometry obtained
by relaxation in the adsorbed state and the thiolates were
saturated by hydrogen atoms. When summing up the charge
densities of two subsystems to obtain the input density for
a non-selfconsistent (nscf) calculation, the PAW occupancies
were left unchanged at their values in the subsystems. We
note that, strictly speaking, the nscf-DOS cannot be inter-
preted as the DOS in absence of polarization since, precisely
because of the lack of self-consistency, the corresponding or-
bital energies are not eigenvalues of the Kohn—Sham Hamil-
tonian of the system. Rather, the applied procedure should
be seen as a method of estimating the importance of (de)po-
larization on the energy levels. Projected densities of states
were calculated using the projection scheme implemented in
the VASP code for the PAW method, which is an approxima-
tion as an unambiguous partitioning is impossible. A conse-
quence of this scheme is that, usually, the sum of the projec-
tions onto all sub-systems does not completely recover the
full density of states (cf. Figure 3). Nevertheless, the qualita-
tive picture is well preserved. Further details regarding the
applied computational methodology and the used param-
eters are given in ref 79. Representations of the systems
and the potential energy landscapes were generated using
XCrysDen.”?
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