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he self-organization of organic mol-

ecules on metal surfaces is attract-

ing growing interest for its potential
applications to nanodevices and biomateri-
als.! The observed supramolecular arrange-
ments can have remarkable complexity and
variety, and their investigation often re-
veals a subtle balance between competing
interactions.?® The assembly is typically the
result of short-range attraction (e.g., van der
Waals forces or hydrogen bonding) be-
tween adsorbed monomers, and two-
dimensional (2D) close-packed arrange-
ments are by far the most commonly ob-
served overlayer structures.® If the adsorbed
molecules are charged with equal sign, usu-
ally following deprotonation, their mutual
electrostatic repulsion is expected to hinder
their assembly. However, the leading inter-
action term is not a Coulomb 1/r term but a
weaker 1/r° repulsion between parallel
standing dipoles, due to the image-charge
screening produced by the metallic sub-
strate. As a result, self-assembly can still oc-
cur if strong short-range attraction prevails
over the longer-range 1/r? electrostatic re-
pulsion. This still typically yields close-
packed 2D structures, unless the presence
of strongly polar molecules,? the formation
of strongly directional H-bonds,? or asym-
metric charge localization following depro-
tonation of specific linkage groups® induce
some directionality in the assembly struc-
ture, for example, yielding molecular chains.

In light of this discussion, the case of ru-

brene self-assembly on atomically flat gold
surfaces is particularly intriguing. Rubrene
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ABSTRACT At present, organic molecules are among the best candidate “building blocks” for the construction
of self-assembling nanoscale devices based on metal substrates. Control of the formation of specific patterns in
the submonolayer regime is usually achieved by appropriate choice and/or functionalization of the adsorbates. The
effect of this intervention, though, is limited by the typically short-range character of the bonding. We present
here a theoretical study on the system rubrene/gold to show that substrate-induced molecular charging can
instead determine the assembly on larger scales. DFT calculations and electrostatic considerations are used to
discuss the charge transfer at the metal/organic interface. This allows rationalization of previous puzzling
experimental results and, in particular, of the unusual molecular gap broadening upon adsorption observed in
STS spectra. The self-assembly process is further studied by means of classical molecular dynamics simulations.
The charged adsorbates are modeled as mutually repulsive standing dipoles, with van der Waals interactions
intervening at short distances. The striking resemblance between the experimental STM images and the results
of our MD simulations shows that this simple model is able to capture the key effects driving the assembly in this
system. The competition between long-range repulsive interactions and short-range attractive forces leads to
characteristic and easily recognizable 1D patterns. We suggest that experimental evidence of the presence of
similar patterns in other metal/organic systems can provide crucial information on the electronic level alignment

at the interface, that is, on the occurrence of charge-transfer processes between metal and organic adsorbates.

KEYWORDS: supramolecular self-assembly - metal/organic interfaces - molecular

dynamics - charge transfer - polycene - long-range repulsion

(5,6,11,12-tetraphenylnaphthacene, C4,H.g)
is a fluorescent polycene (see Figure 1) with
unique electronic properties, which make it
one of the most promising organic elec-
tronic materials to date.5” As nonpolar mol-
ecules (i.e., missing any functional groups
available to form strong directional bonds),
rubrene adsorbates are expected to interact
through van der Waals forces, and electro-
static effects seem ruled out since deproto-
nation is absent in this system. We would
thus reasonably expect rubrene to cluster
into compact phases, as at first sight it ap-
pears to have no reason to assemble in 1D
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Figure 1. (@) Schematic for the rubrene molecule, C4;Hyg,
and (b) three-dimensional model for the molecule in gas
phase, where the steric hindrance between the lateral
phenyl rings leads to a twisted tetracene backbone.

superstructures. When the self-assembly of rubrene
molecules on a Au(111) substrate is observed by STM,
though, the results come at odds with such a picture.®®
The adsorption yields a progression of supramolecular
structures with increasing coverage, ranging from ran-
domly distributed small structures (mostly pentagons
and hexagons) at 0.04 ML to extended honeycomb-like
domains and hexagonal close-packed islands well
above 0.3 ML. Remarkably, at about 0.25 ML, we ob-
serve zones enclosed by the growing hcp islands where
rubrene molecules build pentagons, which in turn as-
semble into 1D meandering, open-ended chains and,
occasionally, into regular decagons (Figure 2a). The oc-
currence of five-fold symmetries is an unusual phenom-
enon on its own, given how rarely they occur inside in-
organic systems. The development of 1D structures
comes as an even more remarkable surprise. Although
no periodic tiling of the 2D plane can have pentagonal
symmetry, the observed 1D assembly cannot be due to
geometric hindrance of denser packing alone. Indeed,
while dense aperiodic tilings based on pentagonal sym-
metry are possible and have been intensively stud-
ied,’® any “amorphous” 2D assembly formed by mutu-
ally attractive pentagons could easily achieve a higher
local density than observed here. Inside the 1D struc-
tures themselves, moreover, it is interesting to note that
72° "kinked” sections occur much less frequently than
“straighter” 144° sequences (cf. Figure 2a), and that non-
regular closed decamers are never observed; although

(@)

simple configurational statistics would predict these to
be overwhelmingly more likely than regular deca-
gons.'

Further available experimental results reveal even
more puzzling incongruities. STS spectra recorded for
different adsorbed molecules (i.e., for molecules be-
longing to different supramolecular structures) can be
remarkably different in terms of both gap and position
of the HOMO level.’”? The HOMO level can shift by as
much as ~1 eV, while the STS gap of molecules inside
rubrene pentagons, in particular, appears to be as large
as 5.1 eV, that is 0.6 eV wider than the 4.5 eV gas-
phase gap, in striking contrast with the well-established
picture of gap narrowing due to image-charge ef-
fects.”® When the experiment is repeated on a similar
noble metal surface, Ag(111), neither the open struc-
tures nor the gap variation are observed, suggesting
that the substrate plays an important role in control-
ling both the electronic properties of the adsorbates
and the dynamics of their self-assembly.’

In this work, we use electronic structure and molec-
ular dynamics (MD) simulations to rationalize the ob-
served 1D rubrene assembly. By analyzing the impact
of surface screening response on the molecular elec-
tronic levels, we find that the renormalized rubrene
HOMO level can rise above the Au(111) Fermi level, on-
setting a charge-transfer (hole formation) mechanism,
which transforms rubrene pentagons into positive su-
pramolecular ions. We use this charge-transfer model to
explain the apparent HOMO—LUMO gap variations
measured by STS. Hole formation is instead not pre-
dicted on Ag(111) because of its lower electron affin-
ity, explaining why no STS gap variation is ever ob-
served on this otherwise similar substrate. The
proposed model implies the presence of electrostatic
repulsion between charged rubrene pentagons on
Au(111), which we classify as “long-range”, since it will
prevail over “short-range” van der Waals attraction at
distances exceeding the nearest neighbor linkage
length. The interplay of such long-range repulsion and
standard short-range attraction produces a tendency to

Figure 2. (a) Experimental image with 1D meandering sequences of rubrene pentagons, formed by five individual rubrene
molecules, each imaged as a three-lobed unit (inset: the regular decagon of pentagons); (b,c) snapshots from the MD simu-
lations of the self-assembly of rubrene pentagons at 0.14 molecules/nm? coverage: (b) assembly simulated with repulsive
long-range term; (c) dense amorphous assembly obtained without repulsive electrostatic interaction (insets: dense tiling
model by Diirer and “Aa” tiling by Kepler'' with 144 and 72° pentagon sequences).
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across the vacuum layer (~10 A
thick) by introducing a compen-
sating dipole.' Before performing
calculations on the interacting sys-
tem, we tested our models of the
Au(111) surface and the rubrene
molecule separately by comput-
ing their electronic properties. The
calculated work function of
Au(111) is Wa, = 5.3 eV, and the
calculated (by means of the ASCF
method)'® gas-phase ionization
potential of rubrene is [{°%) = 6.35
eV, both in excellent agreement
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with the experimental values, re-
spectively, of 5.3'7 and 6.4 eV.'®

In Figure 3, we show our re-
sults for the relaxed geometry
and the local density of states of
an isolated rubrene molecule ad-
sorbed on the Au(111) surface.
Two features are immediately ap-
0 5  parent. First, both the local density
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T T of states and the equilibrium
structure of the adsorbed mol-
ecule are remarkably similar to
those of the gas-phase molecule,
which indicates that there is no
chemical interaction (covalent
bonding) taking place between ru-
brene and Au(111)."° Such a weak-
bonding picture is in good agree-
ment with the experimental
observation of a high surface mo-

Figure 3. (a) Adsorption equilibrium structure as obtained from DFT-based calcula-  bility.”° Second, the Fermi level is
tions using the GGA for the exchange-correlation term. (b) Comparison between pinned by the HOMO level of the

the LDOS of rubrene upon adsorption (in red, top) and the DOS of rubrene in the
gas phase (in blue, bottom) aligned in order to match the HOMO—LUMO levels of

molecule, which is only partially

the adsorbed one (a Gaussian broadening of 0.005 au, i.e., ~0.136 eV, was applied). ~ filled (there is a net transfer of 0.45

No appreciable hybridization or broadening of the molecular levels is observed.

maximize second neighbor distances within linked
structures made of pentagonal units, leading to 1D as-
sembly. We show this by a series of MD simulations
where the inclusion of repulsive interactions between
assembly units is found both necessary and sufficient to
produce stable 1D supramolecular structures remark-
ably similar to those observed in the STM images (Fig-
ure 2).

RESULTS AND DISCUSSION

To understand the mechanism of adsorption of ru-
brene on Au(111), we first performed a set of first-
principles density functional theory (DFT) GGA™ calcu-
lations on the system. The Au(111) surface was
represented by a periodically repeated three-layer slab
with 36 atoms per layer (108 atoms in total). We depos-
ited the rubrene molecule on one side of the slab only
and corrected for the unphysical macroscopic field
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electrons from the molecule to
the surface).?’ This is an important
result, as it indicates a clear tendency of rubrene to ac-
cept holes when adsorbed on Au(111). However, at first
sight, this charging effect appears inconsistent with
our calculations of the non-interacting objects: the ini-
tial situation is a Au work function of 5.3 eV and a ru-
brene ionization potential of 6.35 eV, which raises a
question of what might be at the origin of an extra driv-
ing force in excess of 1.05 eV capable of causing elec-
tron transfer from rubrene upon molecular adsorption
onto the surface.

To answer this question, it is instructive to have a
closer look at the electronic structure of the gas-phase
molecule. In our GGA calculation, the HOMO level of the
gas-phase rubrene lies at eyowo = 4.41 eV below
vacuum. This differs considerably with the ASCF value
of the ionization potential, /{7 = 6.35 eV. This discrep-
ancy is a well-known failure of approximate DFT func-
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tionals such as LDA or GGA (in exact DFT, the two val-
ues should be identical)?> and can be traced back to the
self-interaction error (SIE)?>~2° that affects the strongly
localized 2p orbitals of C. Since epomo lies above the
Fermi level of Au, when the molecule and the surface
are equilibrated to the same electron chemical poten-
tial, some charge will be transferred from the molecu-
lar orbital, even if the “physical” ionization potential IP
lies much lower in energy. As a consequence of the SIE,
depletion of the localized HOMO orbital induces, in
turn, a downward shift of the corresponding
Kohn—Sham eigenvalue that tends to move epomo be-
low the Fermi level. At equilibrium, eyomo Will therefore
almost exactly pin the Fermi level and will be associated
with a fractional occupation number, which is exactly
what we get from our Au/rubrene calculation.

While the above considerations show that our GGA
results are mutually consistent, they also bring up some
concerns about the reliability of the physical picture
that emerges. In particular, the question arises whether
the tendency to transfer charge is a robust conclusion,
or whether it might be an artifact of the self-interaction
error—indeed, within a SIE-free (exact) theory, we
would have for gas-phase rubrene eyomo = —IP ~ —6.4
eV, which is, again, well below the work function of
Au. In other words, is there any physical mechanism
that might induce an upward shift of the “exact” HOMO
level, and possibly bring it above (or in close vicinity
of) the Fermi level upon physisorption? As seen above,
the tendency of rubrene to form holes on Au is a poten-
tially valuable indication of GGA, suggesting a positive
answer to this question. Some further analysis shows
that such a mechanism does indeed exist and is the dy-
namical screening of the molecular levels due to the
image-charge effect.

Within many-body perturbation theory (MBPT), the
energetics of charge-transfer processes (in particular,
electron removal and addition) can be directly related
to the spectrum of the quasiparticle energies (this is un-
like Kohn—Sham DFT, where the eigenvalue spectrum
is essentially a mathematical construction). A crucial in-
gredient of MBPT is the relaxation of the many-electron
system upon electron removal or addition; we shall re-
fer to this relaxation process as “screening” henceforth.
Screening, which depends on the polarizability of the
local environment where the perturbation is created,
will inevitably lower the energy cost of, for example,
creating a hole. As the quasiparticle energy exactly cor-
responds to the removal energy, this means that bet-
ter screening will tend to shift the occupied levels up-
ward. On the basis of this reasoning, it is natural to
expect that the energy spectrum of a rubrene mol-
ecule approaching a highly polarizable metallic surface
will be renormalized with respect to its gas-phase val-
ues by a quantity related to the distance d from the sur-
face itself. This was indeed demonstrated recently by
means of large-scale GW calculations.'
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Figure 4. Simplified energy level diagram for the adsorption
of rubrene on a metal substrate. The HOMO level of the mol-
ecule is predicted to rise while approaching the substrate
due to the image-charge effect, which contributes with an
energy term E;,, = e%/4d (d is the distance between the mo-
lecular centroid and the image plane of the surface).

The leading correction term is given by the image-
charge energy that binds a point-like hole to the under-
lying metal substrate and can thus be expressed in the
form E,, = €*/4d (see Figure 4). In our case, d is the dis-
tance between the Au(111) image plane (located at z,
= 1.1—1.2 A above the first surface layer®®) and the mo-
lecular centroid, which can be directly extracted from
our DFT calculations. With the value dgga = 4.85 A that
we extracted from the relaxed GGA geometry, we ob-
tain an estimate of ESSA = 0.75 eV.?” We also computed
a more accurate estimate of £, by using the charge
density distribution of the HOMO orbital, as suggested
by Neaton et al.,'* obtaining a very similar HOMO level
upshift, EHOMO = 0.85 eV (note that this is a conservative
estimate—in a hypothetical full GW calculation further
raising of the HOMO level on the order of 0.1—0.2 eV?®
is expected to occur because of the internal screening
response of the molecule to surface polarization). On
top of the distance-related image-charge effects, a non-
negligible further HOMO level upshift is expected to oc-
cur in molecules within pentagonal units, due to the po-
larization of the surrounding molecules which
contribute to stabilizing the hole.?° This means that
not only the distance from the surface but also the lo-
cal environment, in terms of proximity to other polariz-
able adsorbates, can affect the relative stability of the
neutral and charged states. In conclusion, even in a very
conservative estimation, adsorption-related effects are
very likely to lift the HOMO level above the Au(111) sub-
strate Fermi energy, supporting the GGA indication of
molecular charging upon adsorption. This makes ru-
brene, an exceptionally good hole conductor in its solid
phase,® behave as a hole acceptor when adsorbed on
Au(111). Conversely, our arguments practically rule out

www.acsnano.org



any charging when rubrene is adsorbed on a substrate
like Ag(111) because of the 0.8 eV lower work func-
tion.°

Remarkably, our charge-transfer model predicts a
crossover, as a function of distance and/or nearest
neighbor environment, from a neutral to a charged
state. The molecule might charge up directly upon ad-
sorption or might first physisorb in a neutral state at a
certain distance d higher than the crossover one. Then,
an external perturbation (e.g., a thermal fluctuation or
the electric field of the STM tip) brings it closer to the
surface, and the image-charge effect triggers charge
transfer, fully stabilizing the charge-adsorbate system.
Furthermore, from the above arguments, it is natural to
expect that the integer charge transfer (ICT)*" might
be a self-limiting mechanism. When an increasing num-
ber of adsorbates carrying a net standing dipole is cre-
ated, the energy cost of further dipole formation would
in fact increase, up to preventing any further charge
transfer in densely populated areas. These predictions
are in excellent agreement with the available STS data
and UPS spectra, as we shall discuss in the following.

As mentioned before, STS measurements reveal a
puzzling variety of spectra for different adsorbates,
with ~1 eV lowered STS HOMO level peaks for mol-
ecules in open structures. It has been proposed'? that
these level shifts could be due to conformational ef-
fects. Our DFT gas-phase calculations, anyway, show
that conformational changes in the neutral molecule
yield negligible HOMO level variations of at most ~0.1
eV and cannot therefore be considered responsible for
these much larger variations. If we assume that the ru-
brene pentagons are positively charged, instead, low-
lying HOMO level peaks in the spectra become quite
reasonable. The presence of a hole on the adsorbate im-
plies indeed significant electrostatic lowering of all oc-
cupied levels, and the electron tunneling in negative
bias conditions must proceed from levels lying lower
than the predicted neutral molecule HOMO position.
Furthermore, it has been experimentally proved that lo-
cal changes in the spectra can be indeed induced by
the STM tip,'? as speculated above.

Spectra acquired on dense phases also confirm the
picture of a charge-transfer dependence on the local
environment. While molecules in open structures are al-
ways characterized by low-lying HOMO levels, at in-
creasing coverage, a spread of HOMO level positions is
observed (consistent with the picture of different de-
grees of hole localization). In dense rubrene islands,
low-lying HOMO levels are measured only for few,
sparse adsorbates, while the STS spectra obtained for
the vast majority of molecules are identical to those ac-
quired on a Ag(111) substrate (where no charge trans-
fer is expected to take place), rigidly shifted with respect
to the Fermi level by the 0.8 eV work function differ-
ence between Au(111) and Ag(111).1232
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The picture of a charge-transfer process at the inter-
face is also fully consistent with our room temperature
UPS measurements. In the 0.1 to 0.3 ML coverage range,
we observe a work function decrease of 0.1 eV,'? in
agreement with the 0.2 eV value measured in ref 33.
At higher coverage of about 1 ML, our UPS measure-
ments show a further work function reduction of 0.6 eV,
again consistent with the reported values.?® These work
function changes indicate the formation of an inter-
face dipole that can be related with the presence of
charged adsorbates.

We conclude that the simple vacuum-level align-
ment model assumed in ref 12, where the molecular
levels of the adsorbed molecule would remain unper-
turbed upon adsorption, represents a drastic oversim-
plification for this system. Here, STS variations derive
rather from nontrivial charge-transfer processes in-
duced by correlation and screening, further modulated
by the presence of the interface dipole. Consistent with
these arguments, such variations are completely ab-
sent on the Ag(111) substrate, where charging is not
expected.

We show in the following that these molecular
charging effects are directly responsible for the ob-
served 1D assembly behavior. We use a simple force
field to model the interaction of rubrene pentagons, in-
cluding a Lennard-Jones term yielding the edge shar-
ing linkage, and a (standing) dipole—dipole repulsive
term between charged pentagons:

2

o =" - 4]+ 2
where r' =r — req + o with (in au, throughout) p =
e(z — zy) = 18.0 and roq = 60.47 from the STM images.
The values of £ = 0.0022 and o = 20.0 were tuned so
as to ensure that the short-range attractive term pre-
vails over the repulsion at the experimental bonding
distance. To incorporate the five-fold symmetry in the
model, we further introduce a standard three-body Us,
term3* with minima at 144 and 72°. Starting from ran-
dom initial positions, we performed several simulated
annealing runs in the experimental 0.1—0.18 mol-
ecules/nm? coverage range to determine the general
features of stable supramolecular assemblies. Our re-
sults are illustrated in Figure 2, where the rubrene pen-
tagons are represented by circles moving on a periodi-
cally repeated square cell. Direct comparison reveals a
close resemblance between a typical STM image and
the typical structure produced by our simulations (Fig-
ure 2b), sharing the same general pattern of approxi-
mately equidistant meandering chain segments of vari-
able length, which only rarely split into two branches.
This means that the presence of an electrostatic repul-
sive force between the interacting units is at least suffi-
cient to obtain the observed self-assembly behavior. To
prove that it is furthermore a necessary condition, we re-
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peated the simulations after setting p = 0. The calcula-
tion produces very dissimilar patterns (Figure 2c) with
rubrene pentagons clustering into relatively dense do-
mains, as should be expected in the presence of purely
attractive interactions. Keeping p = 0 to exclude repul-
sive forces and allowing the 144° binding angle only in
the three-body term yields very similar results, with for-
mation of dense disordered 2D domains. This suggests
that the 1D patterns observed in the experiments are
not due to a steric hindrance of the 72° angle in the
edge-sharing linkage of neutral rubrene pentagon se-
quences. We thus conclude that the coexistence of
long-range repulsion with short-range attraction is a
key property of the interaction in this system.

CONCLUSIONS

As shown in this work, the existence of long-range
repulsive interactions among molecular adsorbates
can play a fundamental role in controlling the self-
assembly patterns and achieve even unusually regular
structures. For instance, the observed selective assem-
bly of rubrene into perfectly regular decagons (Figure
2a) is easily rationalized in terms of their relative stabil-
ity once electrostatic repulsion is accounted for, as the
regular decagon shape maximizes the relative distance
between non-neighboring pentagons. Indeed, just in-
cluding the effect of repulsion in the simple force model
described above singles out the regular decagon as
the lowest energy decamer structure (0.02 eV lower
than the next most stable one). This provides one of
the very first examples of how controlling the electronic

METHODS

First-principles density functional theory (DFT) calculations
were performed within both the generalized-gradient approxi-
mation (GGA) and the local density approximation (LDA) using
the projector-augmented wave method®® as implemented in the
“in-house” code Lautrec.®
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