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ABSTRACT: The large intrinsic electric dipole of about 10 D of a p- Weak Adsorbate-Adsorbate Interaction
benzogquinenemonoimine compound from the class of N-alkyldiaminoresorcinone LOW -ecm’ -2
(or 4,6-bisdialkylaminobenzene-1,3-diones, i.e., CgH,(:s NHR), (- Q),, where R =

H) zwitterions is reduced considerably upon adsorption on Au(111) substrates. COVerage
Scanning tunneling microscopy images reveal parallel alignment of adsorbed

molecules within extended islands, leading to the formation of polarized domains.

This is in contrast to the typical antiparallel alignment tound in the bulk. High-

resolution images show that the molecules form rows along the (101} directions of H|gh .
the Au(111) surface, but otherwise their arrangement is only weakly perturbed by C

the Au(l111) (23 x \/3) herringbone surface reconstruction. Density functional Overage
theory calculations show that upon increasing the molecular density the strength of

the interaction between the zwitterions and the Au{111) surface decreases. Thus,

the charge redistribution, which occurs at the interface as a result of molecular adsorption, and therefore the interfacial dipole is
coverage dependent. The weakening of the interaction at the organic—metal interface with increasing coverage is experimentally
observed as a contraction of the intermolecular bond length. Moreover, it is the strong adsorbate—adsorbate interactions {and
not the interactions between the adsorbate molecules and the surface) which determine the molecular arrangement within the
2D network the zwitterions form.

Strong Surface-Adsorbate Interaction

Strong Adsorbate-Adsorbate Interaction
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Weak Surface-Adsorbate Interaction

Currently existing experimental and theoretical studies
dealing with adsorbed molecules with intrinsic dipoles typically
focus on the competition of dipole—dipole interactions

O rganic molecules often exhibit electronic properties that
are similar to semiconductors and offer additional
tlexibility for controlling those properties through structural

design and manipulation of interactions with supporting
substrates, adsorbates, and functional groups. Such great
potential is currently at the origin of a rapidly growing and
rapidly diversifying branch of melecular electronics based on
A key
parameter, and often a hindrance to better device operation,
for all organics-based electronics is the electrostatic charge

i
carbon-based polymers and small molecules.

injection barrier, related to the electrostatic landscape that
develops on surfaces and interfaces and generally impedes
charge transfer. These charge barriers at electrode interfaces can
be manipulated with inorganic adsorbates if the adsorbate’s
work function is lower than that of the surface. Importantly,
organic molecules can exhibit intrinsic charge dipoles and are
therefore potentially useful to manipulate charge barriers at
surfaces and interfaces as needed, if the current fundamental,
molecular-level understanding of the material properties is
improved through basic research.

A4 ACS Publications — © xxxx American Cherical Seciety

between the molecules with other bonding forces and how
such competition determines the molecular self—aqs‘mnbly." For
instance, the dipole moment of anthraquinone compounds was
found to play a role in the bonding to Cu(lll) and the
formation of dimers.® As another example, the comparatively
small dipele moment present in styrene in the gas phase
increases upen adsorption through interactions with the
surface.® The in-plane dipole moment is even found to force

the formation of small rings which serve to cancel the
electrostatic stray field® At higher coverage, the styrenes form
domains of parallel aligned molecules, which have also been
attributed to their dipole moment interactions.” Dipole—dipole
interactions can also alter the net force between adsorbed
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molecules from repulsive to attractive, as has been shown, for
instance, with the salen complexes on Cu(l 11).* While charge
exchange between molecules and supporting substrates seems
to represent the main mechanism that determines the resulting
dipole of the adsorbed molecules, other contributions, such as
image dipoles, can also play a role.? Small molecules with large
intrinsic dipoles are therefore well-suited model materials for
investigating more systematically how the intrinsic molecular
dipole evolves and possibly governs surface adsorption.

We have recently investigated a newly discovered class of
molecules with unusually strong intrinsic dipoles, which are the
p-benzogquinonemonoimine zwitterion (Z1), CgHy(:0)
NHR), (- O), """ Molecules with R = H are considered as
the parent molecule of an entire family, and numerous
derivatives have been prepared with other R substituents. The
electrically neutral molecules carry positive and negative
charges on opposite parts of the central ring, the positive
charge being delocalized between the nitrogen moieties over
tour bonds invelving 67-electrons, while the negative charge is
likewise spread between the oxygen atoms. This electronic
structure results in a large dipole moment of approximately 10
D' In the crystalline state, the zwitterions form molecular
arrangements whose structures are thought te be determined
by their strong dipele and by the H-bonding intermolecular
interactions involving the O and N—H groups of adjacent

10-13
molecules.

The dipoles of neighboring molecules tend to
peint in opposite directions in the bulk crystals, thus effectively
canceling out the dipole and reducing the electrostatic
energies. 013 Similar antiparallel alignment is observed on
HOPG surfaces in solution.”* Under UHV conditions on
Ag(111) and Cu(l111) surfaces, surface interactions play a
deterministic role in what self-assembled structures quinonoid
zwitterions form,'

The molecular interactions with Au are of considerable
practical importance as gold is commonly used as a contact
component in devices and has been shown to interact
substantially with orgnmcs.m For this reason, we expand here
our studies of organics-induced interface dipoles to include the
close-packed Au(111) substrate. Crystalline Au  substrates
exhibit comparatively complex (111) surfaces because of the
tendency for this close-packed surface to t‘Xhlblthl large number
of reconstructions, most notably the (23 % 4/3) herringbone
surface reconstruction.!”™" In spite of the greater complexity
of the Au(111) surface over the Cu(111) or Ag(111) surfaces,
many studies find adsorbate—substrate interactions to be
comparatively weak on Au(111). The focus here is on studying
how the interaction of the zwitterions changes as a function of
molecular density, which is varied by changing the surface
coverage in our calculations.

With notable exceptions, i.e., refs 39, 21, and 22, recent
studies investigating thin organic films on transition metal
surfaces infer thin-film properties from the computation of a
single molecule on a metal slab, which often corresponds to an
idealized system of “isolated” molecules.?* ™% Here, we
present calculations where we systematically vary the molecular
density and in so doing illustrate that the interaction of organics
in a 2D island with the substrate differs from that of an isclated
molecule. We show that for low coverages the charge transfer
that occurs upon adsorption leads to a surface dipele which
attempts to cancel out the molecular dipole, similar to what was
found earlier for Ag(111) and Cu(lll) substrates.® This
electronic reorganization alters the system's dipole consid-
erably. At higher coverages the decrease of the bonding

strength between the substrate and the adsorbate results in an
increase of the intermolecular attraction. Because of this, as the
coverage increases, the distance between adjacent zwitterions
decreases, with a concomitant increase in the adsorbate to
substrate distance. This leads to a decrease in the overlap
between molecular and surface wave tunctions, which markedly
affects the charge redistribution occurring upon adsorption, and
the induced surface dipoles.

B EXPERIMENTAL METHODS

An Omicron low-temperature scanning tunneling microscope
(STM) with an electrochemically etched W tip was used under
UHYV conditions to image the samples. The Aulll 1) substrate
was prepared in situ by repeated cycles of Ar ion sputtering and
subsequent annealing at approximately 600 “C. The sample was
imaged with STM to confirm cleanliness before molecules were
deposited. The molecules were synthesized as described in refs
10, 11, 13, and 28. In the vacuum system, the molecules were
thermally evaporated from a Knudsen cell onto the Au sample
held at room temperature, at a rate of about 0.03 monolayers
(ML) per minute. After deposition, the sample was transterred
in situ into the ST'M and imaged at a sample temperature of 77
K. Measurements were always taken over the distance of several
molecules to reduce the measurement error. Especially at low
coverages, the measurements were performed on small islands
such as those in Figure 1(a) where we were able to measure

Figure 1. Low-coverage 5TM image (a) and high-coverage 5TM
image (b) of parent quinonoid zwitterions on Au{111). Tunnciing
parameters: Uy = 0.3V, I, = 750 pA. (c) Proposed structure model of
parent zwitterions on Au(111). (d} High-resolution STM image
l.hu“ﬁng details of the molecular network, tugt‘thur with the
herringbone reconstruction ridges (U, = 03 V, I, = 900 pA).
Structural domain boundaries are highlighted with white arrows in (a)
and {d). Red arrows indicate the orientation of the electric dipole
moment on selected molecules in (c).

over several molecules in the interior of an island, while
neglecting molecules within proximity of the island edges.
Thus, structural relaxation effects near the island edges were
excluded from the measurements. Further, measurements were
repeated on many islands and several samples, with varied scan
angles and speed, to minimize systematic experimental errors.

B COMPUTATIONAL METHODS

Density functional theory (DFT) calculations (geometry
optimizations, electronic densities of states, charge densities )
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were performed using the Vienna Ab initio Simulation Package
(VASP) version 5.2.11.*% The projector augmented wave
(PAW) method® was used to treat the core states along with
a plane-wave energy cutoff of 500 eV, and the /O 2s/2p, H
Is, and Au 6s/5d electrons were treated explicitly. ‘The nonlocal
correlation functional of Langreth and Lundgqvist (vdWw-
DF2)33? was employed to account for the dispersion
interactions. The [-centered Monkhorst—Pack scheme v
used to generate k-point grids for various coverages which
varied from 0.96 (7 % 7 x 1), 0.89 (19 X 19 x 1), 0.64 (11 X
1% 1),0.50 (7X7%1),032 (7% 7%1),022 (7% 7x1),
to 0.16 ML (3 x 3 % 1). These grids were also used for
calculations on the bare hexagonal Au(111) surface slabs and
the corresponding gas-phase networks. Further structural
information about the unit cells used for the difterent coverages
can be found in the Supporting Information (SI). The
computational settings employed gave rise to energies
converged to within 4 meV/atom, and the geometries were

as

converged such that the magnitude of the largest force acting
on the optimized atoms was less than 0.05 eV/A. The surface
was simulated using a four-layer slab, with a ~30 A vacuum
separating two slabs. During the geometry optimizations the
bottom two layers were fixed at the experimental bulk lattice
constant of 4.08 A for Au, whereas the upper two layers of the
surface and the molecule were free to fully relax. The eptimal
lattice constant calculated with vdW-DF2 is 4.35 A In the SI we
illustrate that the trends observed for calculations using this
lattice constant instead are in agreement with those obtained
using the experimental value. The dipole correction was applied
along the direction perpendicular to the metal surface. The
“free” zwitterion was optimized in a box measuring (28.838 x
28.838 ¥ 40) A, and a ["-point grid was sufficient to achieve
convergence.

B RESULTS AND DISCUSSION

Experimental Results. A series of ST'M images of parent
zwitterions on Au{111) at a variety of coverages are shown in
Figure 1. The molecules form 2D islands of structurally ordered
networks on the Au(l11) surface. Island nucleation occurs
preferentially at the kink sites of the well-known herringbone
reconstruction,'**°
in Figure 1. The reconstruction does not impede island growth
with increasing coverage. At a coverage below 0.1 ML few
islands containing approximately 50—200 molecules are visible
(see Figure la). The observation of a low frequency of
occurrence of nucleation events relates to a large mean free

which is clearly visible in the ST'M images

path for the adsorbed zwitterions, which also implies low
diffusion barriers. As the adlayer coverage increases, the islands
grow in size, extending easily over many “herringbone”
reconstruction ridges.

1t becomes obvious at higher coverage that the orientation of
the islands correlates with the local direction of the herringbone
ridges. Especially, Figure 1b and d shows the organic network
with molecular resolution, together with the herringbone
reconstruction. Atomically resolved STM images of the
uncovered Au(111) were also taken on the same sample on
uncovered surface areas, to identify the crystallographic (110}
directions of the surface and their alignment with respect to the
observed molecular rows.

The structural model shown in Figure lc results from a close
inspection of the alignment of the molecular rows in the
networks, the orientation of those rows with respect to the
reconstruction ridges as well as the {110} directions of the Au

surface, and the details of the geometry at the structural domain
boundaries. The b
the two enamine/iminium groups of each molecule bind to the

s of our model is that within the islands

oxygen meieties of two neighboring molecules via hydrogen
bonds, thus creating a 2D network exhibiting a nearly square-
shaped unit cell. This bonding scheme assumes parallel
alignment of the molecular dipole moments within each island,
so that the islands must exhibit remnant nonzero electric
polarization. Boundaries between the resulting structural and
polar domains are frequently observed, such as those
highlighted by white arrows in Figure la,d. The boundaries
can be easily constructed from the proposed model by
assuming two structural domains, aligned in opposite directions
with respect to each other. Pairs of molecules directly at the
boundary form double hydrogen bonds as shown in Figure Ig,
and this would tend to stabilize the domain boundary and is
also consistent with the observed bonding on HOPG™ and
Cu(111).1%

It is concluded from this model that (i) rows of molecules
align with the in-plane (101) directions of Au, (ii) the
symmetry axis of the molecules is aligned parallel to the
reconstruction ridges, which explains the observed tilt of the
islands in Figure b, and (iii) that the symmetry axes of the
molecules make an angle of 30 with the (011} directions of the
Au surface by following the herringbone ridges, which are
known to make such an angle with the densely packed
directions of the surface,'>*”

We measured the intermolecular spacings with subangstrom
precision, to identify the exact adsorption sites on the Au(111)
surface. We find that the molecular spacing along the (101)
direction of the Au is within the range of 1.08 and 1.11 nm.
This spacing would be commensurate with the lattice spacing of
the Au surface along this densely packed direction, where four
atomic distances correspond to 1.15 nm, if a compression of the
surface in this direction of 5% is considered. Such a
compression along {101} is indeed assumed to be the origin
of the surface reconstruction.”® The same measurements of the
molecule spacings in the perpendicular {212} direction show,
however, that here the molecular positions are incommensurate
with the Au surface lattice. This means that although the (110}
surface directions of the Au surface are a template for the
growth of melecular rows the molecules are not generally
locked to specific adsorption sites on the surface. This also
implies very small binding energy variations between on-top,
bridge, and hollow sites for the molecules on the surface.

I'he same analysis of the intermolecular bond length was
performed for comparison at low (=0.1 ML) and high (~=0.8—
1.0 ML) molecular coverage. Figure 2a compares two typical
line scans taken over five molecules within a low coverage
island and a high coverage film. Histograms of all measure-
ments taken at both coverages, together with Gaussian fits, are
shown in Figure 2b. Comparison of both histograms shows
unambiguously that the intermolecular bond length contracts
by 0.2 A upon increasing the coverage from 0.1 ML to a nearly
complete monelayer.

Given the ubiquitous nature of polarization-induced
renormalization of melecular levels at metallic %urfacﬂ,” the
electric dipole of the zwitterions on Au(111) is expected to be
significantly altered as compared to isclated species. Density
functional theory calculations were therefore carried out to
study the bonding of an “isolated” zwitterion to Au(111) and to
explore the wvariation of the binding energy and charge
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Figure 2. (a) STM images and representative line pmﬁ!t‘s of parent
zwitterions taken at low (i) and high (i) coverages as indicated. (b)
Histograms of length measurements taken for low and high coverages,
fitted with @ Gaussian curve.

redistribution which occurs upon adsorption as a function of
surface coverage.

Geometries and Binding Energies. First-principles
calculations have been undertaken to gain a molecular-level
understanding of the interaction of the parent zwitterion with
the Au(l111) surface, the charge transfer which occurs at the
interface, and the dependence of these properties upon the
coverage. Periodic calculations with plane-wave basis sets were
carried out where the Langreth and Lundgvist method (vdW-
DF2M323) s used to account for the van der Waals
interactions. The vwdW-DF and vdW-DF2 methods have been
applied to a broad range of systems, including benzene on
Cu(111),* dichlorobenzene on Au(111) and (_332),23 various
amines on Au(111),* as well as noble gas;esk' and Hz‘17 on
various metal surfaces. Even though this functional performs
better than standard generalized gradient approximation
(GGA) type functionals for systems where dispersion
interactions are of import, it can in some cases underestimate
the equilibrium binding energies between organic molecules
and surfaces.*® For example the binding energy of benzene to
Au(111) and Ag(111) has been calculated as being 0.56%% and
0.39 eV, respectively, as compared to the experimental
estimates of 0.64"° and 0.57 SV,'“ suggesting that the
interaction energies we calculate may be up to 32% too
small. 'The accurate treatment of dispersion interactions
between organic molecules and metal surfaces is a challenging
task and the topic of numerous recent theoretical studies 2+
For example, it has recently been shown that the binding
energies of benzene on Au(l 11) and Pt{111) calculated with
the optB88-vdW and PBE+vdW*¥ methods are closer to
experiment than those obtained using vdW-DE2.

To investigate the interaction of flat-lying orientations of the
zwitterion with the substrate, geometry optimizations were
carried out where the center of the molecule was placed over
the top (T'), bridge (B), or hollow (H) position of the Au(111)
surface, as illustrated in Figure 3. In addition two configurations

Figure 3. Au(111) surface im:[imting the top (T), hollow (H}, and
bridging (B) sites. The axis that bisects the zwitterion, , is indicated
by the pink dashed line and the x-axis by the black arrow. In this figure
the zwitterion is centered over the T site with £ = 0°. Carbon,
nitrogen, oxygen, hydrogen, and gold atoms are colored as black, blue,
red, white, and }'L‘”U\-\", mspertivel)’.

were considered: one where the axis bisecting the zwitterion
(L) makes an angle (#) of 0° with respect to the x-axis and
another where this angle is 30°. The binding energy of the most
stable configuration, HO®, was calculated as being 0.98 eV. The
relative binding energies with respect to the most stable site
(see Table 1) show that the potential energy surface is quite

Table 1. Adsorption Sites, Angles (@) (see Figure 3 for an
Ilustration of the Binding Sites), and the Metal to Adsorbate
Distances (dzp,,4) of the Quinonoid Zwitterion on the
Au(111) Surface”

site o E,y (eV/molecule) A et (A)
B ] 001 326
B 30 0.03 339
H o 0.00 325
H 30 0.04 338
1 ] 0.03 320
T 30 0.04 325

“ri’n_m.f was taken as the shortest vertical distance between a carbon
atom in the zwitterion and a gold atom on the surface.

flat, with around 0.04 eV corrugation, which is similar to results
previously obtained for benzene on various coinage metal
surfaces.”®* The small differences in energy imply that the
diffusion barrier is low. The shortest vertical distance between a
carbon atom in the ring and the metal surface was found to be
3.25 A, and the zwitterion remains relatively parallel to the
metal surface after optimization. This computational result of
only weak corrugation of the potential energy surface is
consistent with the experimental observation of a long mean
free path of the adsorbed melecules and an organic adlayer that
is incommensurate with the substrate (see the previous
section).

The computations above were performed using a coverage of
0.555 molecules/nm® Our STM images (see for example
Figure 1d) revealed that one monolayer of coverage
corresponds to 1.73 + 0.1 molecules/nm? Thus, the coverage
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Figure 4. Mustration of the zwitterionic networks which were uptimized on the Au(111) surface at coverages ranging from 0.16 to 0.96 ML, where |
ML was defined as being 1.73 molecules/nm® The unit cells are indicated by the black lines, and the length of the lattice vectors, a and b, is
provided. The bottom row of 0.96 ML configurations differs by a rotation of one ZI per unit cell by 90° (T} and 180° (T2). In each of these
conﬁguratinns one of the rotated ZI molecules is highlighteci by a red or green circle.

employed for the study of “isolated” systems corresponds to
0.32 ML. It should be emphasized here that the molecular
arrangement employed in the computations in the low coverage
regime is different from the experimentally observed island
formation, The goal of the theoretical analysis is, however, to
establish how changing the intermolecular spacing (through a
systematic change in the coverage) affects the interaction of the
zwitterions with the Au(111) surface. The highest coverage
considered for the clculations provided in the main text was
1.67 molecules/nm* (0.96 ML). As will be shown, the
adsorption energy for the lowest coverages considered, 0.16
ML, was roughly equivalent to the one computed for .32 ML.
Also, the interaction between the zwitterions in the 0.32 ML
network was found to be negligible, verifying that this
computational model was a good approximation for an isolated
molecule.

In Figure 4 we illustrate the unit cells which were considered
in the coverage studies, With the exception of two of the 0.96
ML configurations, the molecules have been arranged in such a
way so that they form rows within which all of the dipoles point
in a single direction. The oxygen atoms in one such row are
oriented to face toward the amine groups in the next one, so
that the negative end of the dipole within one row points
toward the positive end of the dipole in the adjacent one (a
“head-to-tail” arrangement). At low coverage, the molecules
interact with each other via long-range dipele—dipole
interactions. As the coverage increases intermolecular hydro-
gen-bonding and dispersion forces become increasingly
important. For this reason, and inspired by our experimental
observations at high coverage, the molecules have generally
been positioned in such a way as to allow for hydrogen
bonding, provided that the distance between the rows is small
enough. The 0.64 ML coverage can be thought of as a
honeycomb network, and putting one more molecule in the
center of the hexagons increases the coverage to 0.96 ML.
Three such high-coverage networks have been considered: in
the first (0.96 ML) the staggered rows of aligned zwitterions
resemble those in a single domain of the structure medel,
illustrated in Figure l¢, despite their differing coordination
environments. The second (0.96 ML-T) can be obtained by
rotating the central zwitterion (circled in red), and therefore its
dipole, by 90°%; the third (0.96 ML-T2) is constructed bya 1807

rotation of the zwitterion (circled in green) instead.
Optimization of the 0.96 ML network in the gas phase resulted
in a negligible geometrical distortion, indicating that this is the
preferred interatomic spacing within a flat layer of gas-phase
zwitterionic molecules (for this particular unit cell).

The binding energies (BEs) of the various organic networks
shown in Figure 4 are given in Table 2. The binding energy was

Table 2. Influence of the Surface Coverage on the Binding
Energy (BE), Contributions to the Binding Energy (see
Equation 2), and the Metal to Adsorbate Distance (djy,..q) of
the Quinonoid Zwitterion on the Au(111) Surface*

coverage BE BEx 7z BEz s dap et
(ML) {eV/molecule)  {eV/molecule) (eV/molecule) (A)
096-T2 129 048 081 336
0.96-T 1.14 0.52 0.62 3.36
096 147 073 074 3+
0.89 104 024 0.80 334
0.64 119 042 077 3.37
0.50 1.02 0.07 0.96 327
0.32 0.98 0.04 095 325
022 1.01 0.02 099 326
ole6 098 001 097 326

“The orientations of the molecules at these coverages are illustrated in
Figure 4. "One ML of coverage is defined as 1.73 molecules/nm?.

computed as the difference in electronic energy between the
total system and the sum of its fragments in accordance with
eq 1

1

BE = —[~Ejp o + [MXE,]

+ E.
= ]

® ()
where the first term, Egy, . is the energy of the total surface—
adsorbate system; the second term is the energy of an isolated
zwitterion; M is the number of melecules per unit cell; and the
third term is the energy of the periodic Au(111) slab.

It is useful to decompose the overall binding energy into two
contributions

1
BE = —[BE;,;; + BE,
M[ 7171 71t 2)
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Figure 5. Redistribution of electronic charge which occurs upon adsorption of the zwitterion to the Au(111) surface for a coverage of 0.16 ML. Red
indicates an accumulation and blue a depletion of d‘mrgﬂ. (left) A two-dimensional plot of the CDD which shows a slice bi\ccting the molecule. The
amine ends are pointed toward the right. The inset shows the color scheme associated with the isovalues in units of of A3, (right) An isosurface of the

CDD with isovalue +0.002 ¢/A%

where the first term is the difference in energy between the
(in the geometry optimized on the
surface) and that of the free, isolated zwitterion and the second
term is the adsorption energy of the network to the Au(111)
surface.

Table 2 shows that for coverages up to 0.50 ML the
interaction between the zwitterionic network and Au(l11)
remains nearly constant and close to the value calculated for the
lowest coverage considered, 0.16 ML. The small deviations in
BEy.qup which range from 0.95 to 0.99 eV/molecule, are likely
a result of the corrugations in the potential energy surface
which we estimate to be ~0.04 eV/molecule based upon the
results of our binding site studies. As a result of the nearly
negligible intermelecular interaction, and the almost constant
adsorption energy, the binding energy remains virtually
unchanged for a coverage of 0.50 ML or less.

BEz 4 is small for low coverages and increases as the
intermolecular distance decreases because of the wvariation in
intermolecular hydrogen bonding and dipolar interactions
between the rows of molecules within the simulation cells
(see Figure 4). The influence of the rotated dipole within the
three 0.96 ML coverage structures will be discussed in greater
detail below. The strengthening of the intermolecular
interactions also results in a decrease of BEy .« In general,
these two opposing trends lead to a gradual increase in the net
binding energy with increasing coverage for the zwitterionic
networks considered. This behavior is in stark contrast to the
one calculated for tetrathiafulvalene adsorbed to Au(ll1),
where the averall adsorption energy decreased with increasing
cm;er:Lge.21
the repulsion between neighboring dipoles, which became
larger as the distances between the tetrathiatulvalene molecules
became smaller. Another theoretical study has shown that the
pattern which rubrene forms on Au(111) can be explained via a
simple model consisting of long-range repulsive dipolar forces
and attractive van der Waals interactions at shorter distances.*
In line with our work, it has been illustrated that the

zwitterionic network

Fraxedas and co-workers® attributed this trend to

intermolecular interactions between |,4-diaminobenzene
(BDA) molecules on Au(111) are important in understanding
the patterns formed upon molecular :Ldsnr}'n'iorl.24

However, the trends noted above are not linear, and two
significant outliers emerge upon careful examination of Table 2.
The net binding energies calculated for the 0.64 ML and the
0.96 ML coverages are significantly greater than what would be
expected based upon an extrapolation of the binding energies of
the other networks we have considered, primarily as a result of
the stronger intermolecular attraction. Moreover, even though
the molecular density is larger for the 0.89 ML coverage, it has a
smaller BE;; - than the 0.64 ML, honeycomb-like network.
This is due, in part, to the less favorable intermolecular

interactions within the Zl rows in the former; the molecules
rotate by ~307 when the ZI network is isolated and optimized
in the gas phase. What is even more striking is that placing a
zwitterion in the hexagonal heles of the 0.64 ML arrangement
vields a dramatic increase in BEz; 5 to 0.73 eV/molecule. In
going from (.64 to 0.96 ML the binding energy between the
Au(l11) and the zwitterions decreases, with a concomitant
increase in the distance between the two. Nonetheless, the total
binding energy calculated for the 0.96 ML coverage is 0.28 eV/
molecule larger than any of the other systems we have
considered, and the local environment about each zwitterion
matches well with the structural model proposed for the
molecules within a single domain (see Figure 1c). About half of
the total binding energy for the 0.96 ML network is a result of
the attractive intermolecular interactions, highlighting the
importance of the molecular arrangement in optimizing the
hydrogen bending, dipole—dipole, and van der Waals bending
between the zwitterions. It is noted that the unit cell used in the
computation contains only one structural domain and dees not
have a region representative of a domain boundary.

Comparison of the three 0.96 ML networks illustrates that it
is not only the coverage and pattern but also the orientation of
the zwitterions which determine their stability. The 0.96-T2 is
higher in energy by approximately 0.18 eV/molecule due to the
decrease in the intermolecular bonding strength (note that
BEg o is actually greater than in the unturned configuration).
The 0.96-T is even less stable, such that the change in energy
which results from rotating one of the Z1 molecules in the 0.96
ML cenhguration, i.e., in going from 0.96 te 0.96-T to 0.96-T2,
was determined as being ~0.33 eV/molecule. The stability of
the unturned network (in which the dipoles of the zwitterions
are aligned in a "head-to-tail” fashion] can in part be explained
by the number of hydrogen bonds formed: the average number
per molecule is 4, 2.33, and 2.66 for the 0.96, 0.96-T, and 0.96-
T2 networks, respectively. The average (and min/max) O-H
distances between adjacent molecules were found to be 2.51
(2.12/3.25), 2.82 (1.92/3.57), and 2.65 (1.80/3.46) A in the
aforementioned networks, respectively. The rotation of the
zwitterion also affects the orientation of its molecular dipole,
which in turn has an impact on the overall energy as well. These
calculations support the structural model for the high-coverage
network in a single domain, as illustrated in Figure 1, since the
most stable network we have found, and its simulated STM
image shown in the SI, matches well with it.

Electronic Structure and Charge Transfer. The charge
transter, which occurs at the metal—molecule interface, is
dependent upon the relative energies of the frontier molecular
orbitals and the Fermi level (Ep), as well as the overlap between
the adsorbate and the surface wave functions.'® For example,
recently we have carried out dispersion-corrected DFT
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calculations, which showed that functionalizing benzene with
classic activating and deactivating groups can be used to change
the magnitude and even the direction of the charge transfer.””
So, whereas electron density was donated from Cu(lll) to
1,3,5-trinitrobenzene, 1,3,5-trimethylbenzene bequeathed some
of its charge to the metal surface. Moreover, our prior
molecular calculations (which employed a finite cluster to
model the surface) revealed that the parent quinonoid
zwitterion interacts with Cu(111) and Ag(111) via a transfer
of electron density from the highest occupied molecular orbital
(HOMOQ) to the metal surface, followed by back-donation into
the lowest unoccupied molecular orbital (LUMOJ,“’ in the
spirit of the Dewar, Chatt, and Duncanson model.**

To investigate the nature of the charge reorganization upon
molecular adsorption to the Au(111) surface in greater detail,
we have calculated the charge density difference (CDD) plots
for the various coverages considered. The CDD may be
obtained by taking the difference between the self-consistent
charge density of the interacting system and a sum of the
densities of the isolated substrate and adsorbate (but using the
geometry as for the interacting system). For low coverages the
CDD plot (see Figure 5) illustrates that there is a build-up of
electronic charge (red) below the amine-containing side of the
zwitterion and a depletion of electronic charge (blue) below the
end which contains oxygen, in line with the results previously
obtained for adsorption to Cu(111) and Ag(111)."* The CDD
plots show that for all three substrates at low coverage the
charge transfer induces a surface dipole which opposes the
molecular dipole. The pillow effect™ dictates that the electron
density just above the surface decreases upon adsorption as a
result of Pauli repulsion. Regions showing both a depletion and
an increase in the charge density between the molecule and the
surface are evident at low coverage, suggesting that both Pauli
repulsion and charge donation from the molecule are important
in explaining the charge redistribution that occurs. A Bader
charge analysis of the valence charge densiry49 yields a charge
per molecule of +0.09¢, +0.04¢, and +0.02¢ for the 0.32, 0.64,
and 0.96 ML coverages, respectively. Although small, the trend
does agree with how increased molecular coverage lowers the
adsorbate’s interaction with the surface. We have therefore
visually inspected the charge density differences calculated for
different coverages and from the observed trends infer the likely
consequences on the induced surface dipole.

As the coverage increases, so does the surface—adsorbate
distance, with a concomitant decrease in the overlap of the
molecular and the surface wave functions. Thus, the amount of
Pauli repulsion observed at higher coverages ought to be
smaller than at lower ones. Indeed, in Figure 6 it appears that at
the highest coverage considered, 0.96 ML, the "blue” regions
between the surface and the zwitterion are minimal. The CDD
plot is indicative of a loss of charge in the z-system of the
zwitterions, and there is a small buildup in the plane of the
molecule, indicative of o—x mixing which occurs as a result of a
slight tilting of the anionic part of the molecule toward the
surface. This is perhaps seen most clearly in the bottom panel
in Figure 7(c). Careful inspection of the CDD plots suggest
that for higher coverages the component of the induced surface
dipole which lies perpendicular to the surface increases, and the
one which is parallel to the surface (opposing the molecular
dipole) is decreasing. The depolarization model of Langmuir
suggests that the strength of the surface dipoles, which are
generated as a result of molecular adsorption, decreases as the
number of induced dipeles increases.™
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Figure 6. Redistribution of electronic Ehargc which occurs upon
adsorption of the zwitterion to the Au(llﬂ surface calculated for
coverages of (a) 0.32, (b} 0.64, and (c) 0.96 ML. Red indicates a build-
up and blue a depietiun of Ehargt‘. The picture pm\’i&cs a two-
dimensional cut of the CDD bisecting the molecule, and the colors
representing the isovalues are the same as in Figure 5. Isosurfaces for
these CDDs are shown in Figure 7.

To further study how the electronic structure changes upon
molecular adsorption, we have plotted the projected densities
of states (PDOS) arising from the zwitterion for various
coverages and compare them to the energy of the frontier
molecular orbitals of the free molecule in Figure 8. At the
lowest coverage considered the peak attributed to the HOMO
is quite broad, a result of the increased overlap between the
molecular and surface MOs, which occurs because of the
smaller distance between them (see Table 2). Because of this
broadening, the top of the peak crosses the Fermi level, so that
the HOMO is not completely occupied. The interaction of the
HOMO with the metal surface can give rise to either a four-
electron event or a two-electron event. In the case of the
former, the HOMO interacts with a filled band, and if the
antibonding combination of the two rises above the Fermi level,
the electrons will be "dumged“ into the surface, thereby
relieving the Pauli repuision.4“51 In the case of the latter, the
interaction is with an unoccupied metal band, but the result is
the same: charge is transferred from the molecule to the surface
too. It appears that there is very little back-donation to the
LUMO, which is located over 1 eV above the Fermi level, in
contrast to what was observed for Cu(111) and Ag(111).

Upon increasing coverage, the supmmoiecu].lr interactions
become progressively more important as the intermolecular
distances decrease. The distance between the surface and the
adsorbate increases, on the other hand, so the peak attributed
to the HOMO in the PDOS plots becomes less disperse. The
narrowing of this peak, and the shift of the HOMO further
away from the Fermi level, results in an increase in the
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Figure 7. Redistribution of electronic charge which occurs upon adsorption of the zwitterion to the Au(111) surface caleulated for (a) 0.32, (b) 0.64,
and (c) 0.96 ML coverages. Red indicates a build-up and blue a depletion of charge in these charge density difference (CDD) isosurface plots
(+0.002 ¢/A%). The top Parmi vaidcs. a birds eye view and the bottom Palml a side-on view.
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Figure 8. (a) PDOS of the zwitterion at (top to bottom) 0.16 ML,
0.50 ML, and 0.89 ML coverage and the gas phase. The Fermi level
has been adjusted to zero. (b) Fraction of occupation of the HOMO as
a function of coverage. (c) lsosurface (+0.03 au) plots of the HOMO/
LUMO of the quinonoid zwitterion.

occupation of the HOMO at higher coverages, as illustrated in
the right panel in Figure 8. These results are in-line with our
Bader charge analysis. Similar trends in the HOMO occupation
as a function of coverage have been computed previously, for
example, for tetrathiafulvalene on Au(11 12 1t s apparent in
the case of these zwitterion molecules that attractive supra-
molecular interactions (dipole—dipole, H-bonding) are not
dampened as a function of coverage, but rather the interaction
between the surface and the adsorbate is. Our calculations
demonstrate that in this system relatively strong attractive
adsorbate—adsorbate interactions dominate over Coulombic
repulsion brought about by the charge redistribution which
occurs upon molecular adsorption.™

B CONCLUSIONS

At first glance, the experimentally observed self-assembled
arrangement of zwitterions on Au(lll) bears a striking
resemblance to the 2D networks of room-temperature
deposited zwitterions on Ag(111) but is vastly different from
the LD hydrogen bonded chains of antiparallel aligned
molecules found on Cu(111)."* However, important differ-

ences between the same networks on Ag(111) and Au(111)
become observable upon closer inspection of the details of the
molecular arrangement with respect to the substrate lattice.
Specific for zwitterions on Au(111) is that the 2D adsorbate
layer is incommensurate with the Au(111) surface, albeit
growth is templated by the densely packed (101} rows of Au.
And although the molecules seem to overgrow the herringbone
reconstruction of the Au surface unimpeded, the nucleation
sites of molecular islands are precisely determined by this
reconstruction.

Our first-principles calculations predict that the diffusion
barrier of the zwitterions is small for low coverages. This
prediction is in agreement with the experimentally observed
incommensurate structures. Importantly, the calculations
further demonstrate that the interactions of the adsorbates
with the substrate, the charge transfer which occurs upon
adsorption, and the resulting dipole depend upon the melecular
density. As the distance between the molecules decreases with
increasing coverage, the intermolecular interaction becomes
larger with a concomitant increase in the substrate—adsorbate
distance. The result is a decrease of the Pauli repulsion and a
reorganization of the charge density which occurs upon
molecular adsorption. This in turn affects the induced surface
dipole, as well as the overall dipole of the system.

This study therefore shows that organic adsorbate—substrate
interactions can be strongly coverage dependent, so that
computations performed on a single molecule on a substrate
slab may not always be a good model to determine the
properties of the metal—organic interface. If the molecules are
arranged in a way so that they maximize the number of
intermolecular hydrogen bonds in the calculations, the binding
energy between them may be quite strong. Especially for this
system at high coverage, the tendency of the molecules to form
hydrogen bonds clearly dominates over the arrangement of
molecular dipoles to minimize the electrostatic energy.

There is a fine balance between intermolecular bonding
forces and adsorbate—substrate interaction, which shifts in favor
of the former with increasing coverage. This is even seen in the
experiment as a slight shortening of the intermolecular bond
length at near-full monoclayer coverage. This experimental
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observation, however, is surprising. The observed molecular
arrangement at low coverage is very different from the
arrangement assumed in the theoretical model. In experiment,
the molecule distribution is inhomogeneous, with nucleated
islands exhibiting high areal density, separated by a large empty
space. The theoretical model is based on a homogeneous
molecule distribution, where the molecule—molecule bond
length is a function of coverage. In this sense, the high-coverage
computational medels appear te be a better description of the
zwitterionic networks adsorbed on Au(111) at all coverages.
However, the precise measurements of intermolecular distances
with sub-Angstrom resolution show that the bonds do contract
slightly, by a mere 0.2 A, as the islands grow. This is interpreted
as an experimental confirmation of the predicted weakening of
the molecule—substrate interactions with increasing coverage.

B ASSOCIATED CONTENT
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Optimized coordinates for each system, simulated STM images,
further computational results, This material is available free of
charge via the Internet at http://pubs.acs.org.
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