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upramolecular self-assembly of organic
molecules on surfaces plays an impor-
tantrole in nanofabrication. It can control
formation and properties of nanostructures,
leading to a wide range of applications in
photovoltaics, (opto)electronics, gas sen-
sing, (photo)catalysis, and in medicine.'””
Among many types of substrates used for
surface-supported supramolecular assem-
bly, metal oxides appear very attractive
due to their tunable electronic structure
and versatile chemical properties. TiO,, the
most frequently studied material among
transition metal oxides, plays a dominant
role in model studies and practical applica-
tions, especially in conjunction with organic
dye sensitization for photovoltaic devices® "'
One of the key challenges for molecular
nanofabrication is an effective control of
the intermolecular interactions and the
binding between the deposited species
and the substrate surface. In our work, we
have chosen PTCDA molecules,’~'® which
are extensively studied prototypes of large
m-conjugated molecules and are widely
used in optoelectronic and photovoltaic
devices, to demonstrate the central role of
collective intermolecular dispersion forces
in controlling the supramolecular ordering
of admolecules on the TiO, surface.
Although the density functional theory
(DFT) methods have been widely used in
analysis of surface-supported molecular sys-
tems,?® 28 still little is known about the nature
of the binding of large aromatic planar mol-
ecules on metal oxide surfaces. Most studies,
so far, have been based on standard DFT
calculations,”~3" without an explicit account
for sizable van der Waals interactions that
can actually play a significant role due to the

GODLEWSKI ET AL.

ABSTRACT

physisorption chemisorption DOs

Adsorption and self-assembly of large sz-conjugated 3,4,9,10-perylene tetracarboxylic dianhy-
dride (PTCDA) molecules on rutile Ti0,(110) surface have been investigated using a combination
of high-resolution scanning tunneling microscopy (STM), low-energy electron diffraction, and
density functional theory calculations with inclusion of Grimme treatment of the dispersion
forces (DFT-D). Evolution of the STM images as a function of PTCDA coverage is caused by
transition of the adsorption mode from physisorbed single adspecies and meandering stripes into
spontaneously ordered chemisorbed molecular assemblies. This change in the adsorption fashion
is accompanied by significant bending of the intrinsically flat, yet elastic, PTCDA molecule, which
allows for strong electronic coupling of the dye adspecies with the Ti0, substrate. Extensive
DFT-D modeling has revealed that adsorption is controlled by interfacial and intermolecular
dispersion forces playing a dominant role in the adsorption of single PTCDA species, their self-
organization into the meandering stripes, and at the monolayer coverage acting collectively to
surmount the chemisorption energy barrier associated with the molecule bending. Analysis of the
resulting density of states has revealed that alignment of the energy levels and strong electronic
coupling at the PTCDA/TIO, interface are beneficial for dye sensitization purposes.

KEYWORDS: supramolecular ordering - titanium dioxide - TiO, - PTCDA - dye
sensitization - photovoltaics - STM - DFT-D - van der Waals - semi-empirical
dispersion - adsorption - DOS - surface functionalization
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Figure 1. (a) Empty state STM images of meandering mo-
lecular stripes together with an isolated molecule (inset).
(b) Magnification of the left image reveals the characteristic
two-lobe appearance and the orientation of PTCDA with the
longer axis parallel to the [001] direction (blue ellipse
indicates a single molecule). Both STM images were
acquired with the bias voltage of +2.0 V and the tunneling
current of 2 pA.

geometries and better description of the molecule—
metal substrate binding.3****3 Until now, in the case of
metal oxide substrates, the DFT-D methods have been
used for modeling small inorganic systems**** and
alkyl chains only.* In particular, almost no attempt has
been made yet to analyze adsorption of large aromatic
systems.

In the present work, we examined the role of the
interfacial and intermolecular dispersion forces in na-
nofabrication of large ;r-conjugated systems on metal
oxide surfaces by thorough experimental and theore-
tical investigations of PTCDA molecules deposited on
the TiO,(110) surface. The PTCDA/TiO, system was
characterized by high-resolution low-temperature
scanning tunneling microscopy (STM) and low-en-
ergy electron diffraction (LEED), complemented by
DFT-D modeling, including the Tersoff—Hamann*’
and more advanced Bardeen*® simulations of the
STM images.

RESULTS AND DISCUSSION

Low Coverage Limit: Physisorbed PTCDA Molecules. PTCDA
molecules were thermally deposited on the TiO,(110)
substrate at room temperature under ultrahigh va-
cuum conditions. At low coverage, the molecules
adsorb flat as single entities with their longer molecular
axis oriented along the [001] direction of the titania
substrate, that is, along the surface bridging oxygen
rows. The characteristic two-lobe appearance in the
STM images (two dominant lobes of the LUMO orbital
spread parallel to the longer molecular axis; see inset in
Figure 1a) was rationalized through the DFT-D calcula-
tions as a physisorption state that essentially only
slightly deforms the intrinsically flat geometry of
PTCDA. By increasing the coverage to a submonolayer
range, the enhanced intermolecular interactions led to
formation of meandering molecular stripes running
essentially across surface oxygen rows, as shown by
STM images in Figure 1 (both panels). The detailed
analysis of the STM image (recorded with larger scale in
Figure 1b) revealed that the characteristic two-lobe
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Figure 2. Different views of the most stable adsorption
geometry of an isolated PTCDA molecule on the TiO,-
(110) surface. Stable adsorption geometry (a), depen-
dence of the adsorption energy (with respect to the
most stable geometry) on the lateral displacement along
(b) and across (c) the reconstruction rows. Dependence of
the interaction energy on the rotation of the molecule
around the axis normal to the surface (d), and deforma-
tion of the adsorbed molecule in the most stable geo-
metry (e,f).

appearance of the PTCDA molecules persists, indicat-
ing that in this state the admolecules are still bound to
the surface by a similar mechanism as in the case of the
isolated molecules.

Preliminary GGA-DFT calculations for the flat-lying
PTCDA molecule on the TiO,(110) surface revealed the
presence of weak (about 0.15 eV per molecule) attrac-
tive molecule—substrate interactions only, which do
not favor any specific orientation of the molecules, in
apparent contradiction to the STM observations. Thus,
to correctly describe the adsorption, we used the DFT-
D scheme to investigate the potential energy surface
(PES) of the PTCDA/TIO, system in more detail. The
starting point was the fully optimized PTCDA molecule
located directly above the protruding oxygen rows, as
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shown in Figure 2a. The TiO, surface was then scanned
by dragging the PTCDA molecule along the [001]
(Figure 2b) and [1—10] (Figure 2¢) directions and by
rotating it around the [110] axis (Figure 2d). As pre-
sented in the corresponding energetic profiles, the
movement along the [001] direction was accompanied
by a periodic variation of the potential energy with the
amplitude of 0.15 eV (Figure 2b). The movement across
the protruding oxygen rows exhibited two energetic
minima: a shallow one of 0.1 eV and a deeper one of 0.6
eV (Figure 2c), whereas the rotation around the [110]
axis was accompanied by the highest energetic barrier
of 1.2 eV (Figure 2d). Thus in the DFT-D scheme, the
most stable position of the PTCDA molecule corre-
sponds to the orientation with its main axis parallel to
the [001] direction, in a perfect agreement with the
STM experiments (see Figure 1). Inspection of Figure 2
reveals that the surface—molecule interactions give
rise to only a slight deformation of the polyaromatic
backbone with the terminal oxygen atoms (Oy) of the
anhydride groups (placed 3.68 A above the reference
plane defined by the surface trigonal oxygen ions)
pointing toward the titanium atoms, and the middle
part of the carbon ring displaced away from this plane
by 4.02 A. Analysis of the geometry of the anhydride
groups indicated that attraction of the O; atoms
toward the surface titanium ions is balanced by repul-
sion between the middle Oy atoms and bridging
oxygens of the TiO, substrate (Figure 2f). The eluci-
dated structure of the PTCDA species exhibited the
binding energy of 1.76 eV with a dominant contribu-
tion of the interfacial dispersion interactions (1.45 eV),
which is tantamount with a virtually van der Waals
character of the PTCDA—TIO, interactions. The appre-
ciable distortion of the inherently planar PTCDA mole-
cule upon adsorption, revealed for the first time on
oxide surfaces, is analogous to the morphologies that
previously have been observed for PTCDA on the
metallic Ag(111) substrate.*

The obtained results indicate an excellent agree-
ment between the calculated and experimentally ob-
served geometries of the PTCDA/TiO,(110) system,
confirming the adequacy of the applied DFT-D scheme.
Thorough analysis of the results (see Supporting In-
formation Table S1) showed that screening effects are
negligible, revealing a dominant role of the dispersion
interactions in the adsorption of large polyaromatic
molecules on titanium dioxide.

The corresponding Tersoff—Hamann simulations
performed for the adsorbed PTCDA in the most stable
position (Figure 2a) remain in good agreement with
the above conclusions. The simulated image appears
as a two-lobe feature characteristic of an essentially
intact molecule in the physisorbed state (Figure 3b,c,
simulated with different values of Gaussian blurring to
include tip broadening effects), which is very similar to
that observed in the experimental images recorded for
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Figure 3. Adsorption of PTCDA molecules on TiO, at sub-
monolayer coverage. (a) Schematic model of meandering
molecular lines. (b,c) Tersoff -Hamann simulated STM
images with varied Gaussian blurring to include tip broad-
ening of the images. (d,e) Empty state STM images of
meandering molecular stripes. (f) Overall potential (undulated
orange line) produced by interaction potential between two
PTCDA molecules while passing by each other (thick black
line), superimposed on the PTCDA-surface interaction po-
tential; yellow/violet contour visualizes the negative/posi-
tive electrostatic potential isosurfaces. All STM images
were acquired with the bias voltage of +2.0 V and the
tunneling current of 2 pA.

the submonolayer coverages (Figure 3d,e). As a result,
it shows that the PTCDA admolecules in both the
isolated and the submonolayer case are essentially
physisorbed on the TiO, surface. Thus, formation of
the meandering molecular stripes can be attributed to
the collective action of the intermolecular dispersive
forces, which are further enhanced by mutual interac-
tions between the sizable permanent quadrupole mo-
ments of the adjacent PTCDA molecules. The develop-
ment of the stripes was rationalized by a series of
DFT-D calculations for a fixed PTCDA molecule being
passed (without geometry relaxation) by another one
at the distance equal to that observed on the TiO,
surface in STM scans (the neighboring molecules are
located on every second protruding oxygen row, i.e.,
13.01 A apart). Although such a simplified approach
does not include the substrate explicitly, it allows for a
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quick and rough estimation of the intermolecular interac-
tion potential at low computational costs. The results
are shown in Figure 3f, where the solid black line
indicates the estimated intermolecular potential that
is superimposed on the periodic interaction potential
between the PTCDA molecule and the TiO, surface
(Figure 3f; as a benchmark, the average thermal en-
ergy, kT, at 77 Kis also indicated). The resultant overall
potential (marked with the orange line in Figure 3f)
exhibits a regular pattern of the preferred energetic
positions of the PTCDA molecules relative to the
adjacent one. Consequently, alignment of neighboring
admolecules along specific directions, such as [2—20],
[2—241], and [2—2+£2], is preferred. This model based
on intermolecular dispersion forces rationalizes the
self-assembly of the meandering PTCDA stripes on
the TiO, surface at medium submonolayer coverages
(Figures 1 and 3) in a straightforward way. It is worth
noting that exclusion of the dispersion forces (apart
from the seizing interfacial stabilization) smears out the
intermolecular interaction potential by reducing it
from 0.11 to 0.01 eV, which would substantially attenu-
ate the driving force of self-organization into the
observed pattern.

Since the interactions between the adjacent PTCDA
molecules are rather weak, the meandering stripes are
metastable and, upon thermal annealing, can readily
be transformed into more robust supramolecular
assemblies.

Development of Monolayer Coverage: Chemisorption Forced
by Dispersion Interactions. The impact of the dispersion
forces was even more pronounced once a full PTCDA
monolayer was deposited. Indeed, upon increasing the
number of the neighboring molecules, an entirely new
ordered PTCDA phase was formed. The LEED measure-
ments (see Supporting Information, Figure S1) showed
that the new molecular layer exhibits a six-fold com-
mensurability along the protruding oxygen rows ([001]
direction), and a two-fold periodicity across the rows
([1—10] direction). Close examination by low-tempera-
ture STM indicated that the PTCDA molecules form the
structure of a brick-wall-like appearance with a c(6 x 2)
symmetry in the STM images (Figure 4, both panels).
On the basis of those observations, we can deduce
that this new structure is so densely packed that the
accommodation of the flat-lying molecules as nearest
neighbors is no longer possible, taking into account
sole geometrical constraints of the flat intact molecule
only. Noting the large size of the PTCDA molecule and
its possible deformation upon adsorption, we have
analyzed its flexibility along vertical (long), horizontal
(short), and diagonal axes (see Supporting Information,
Figure S7). Calculations revealed that the most likely
direction of the PTCDA deformation is along the
diagonal axis with the elastic modulus of 3.1 eV/A%
Deformations along the vertical and horizontal axes
are substantially smaller due to considerably higher
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Figure 4. STM image of a densely packed molecular struc-
ture (approximately 1 ML). (a) Closed layer (blue circle
indicates a single molecule adsorbed on top of the first
monolayer). (b) Magnification of the monolayer structure
(red ellipse indicates a single molecule). The STM image was
acquired with the bias voltage of +2.0 V and the tunneling
current of 2 pA.

rigidity of the molecule in these directions (5.4 and
21.7 eV/A? respectively). Such diagonal deformation
might rationalize the observed enhanced packing
and is beneficial for formation of the strong bonds
with the surface that will be discussed in the following
paragraph.

Furthermore, there is a striking difference between
the typical two-lobe STM contrast of the physisorbed
PTCDA molecules observed at the submonolayer cov-
erage and the PTCDA appearance within the dense
monolayer, where each molecule was recorded as a
single-lobe feature only (a red ellipse in Figure 4b
indicates a PTCDA molecule discriminated in the
monolayer). It is worth noting that in the same picture
there are some individual molecules adsorbed on top
of the first monolayer, and they consequently exhibit
the two-lobe appearance typical for the physisorbed
state (see blue circle in Figure 4a). These observations
indicate clearly that there is a significant difference in
the electronic structure of the PTCDA molecules ad-
sorbed within the first monolayer, which are recorded
as the single-lobe features, and the physisorbed PTCDA
molecules (single molecules, meandering stripes, and
single molecules adsorbed on top of the first layer)
exhibiting the two-lobe STM appearance. To elucidate
the structure of the PTCDA molecules in the first
monolayer in more detail, a corroborative DFT-D mod-
eling was next performed.

Figure 5a,b shows the most stable monolayer mod-
el that adequately reproduces both the surface pack-
ing density and the symmetry of the molecular species
deduced from the LEED and STM measurements (for
analysis of other examined models, see Supporting
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Figure 5. Optimized geometry of the (6 x 2) closed monolayer. Molecules are bent due to dispersion interactions resulting in
a quasi-herringbone structure: (a) top view, (b) perspective view, (c—e) single molecule position extracted from the

monolayer.

Information, Figure S2 and Table S2). In the optimized
geometry exhibiting symmetry compatible with the one
observed experimentally, the PTCDA molecules are
arched over the protruding surface oxygen rows, with
one of their diagonals located on top of the oxygen row
(Figure 5¢). As a result, two strong covalent bonds
between the terminal (Oy) oxygen atoms of PTCDA and
the surface titanium atoms can be formed, giving rise to
robust coupling between PTCDA and TiO, moieties that
is beneficial for efficient photosensitization. The two
oxygen atoms involved in the bonds creation come
from two opposite anhydride terminal groups and are
located along one of the molecule diagonals
(Figure 5c). In this geometry, the twisting angle be-
tween the anhydride groups is 44° and the O;—Tisyf
distance is equal to 2.16 A. The average distance
between the middle aromatic ring of the PTCDA
molecule and the surface Os. atoms is 3.88 A
(Figure 5d). The characteristic feature of this config-
uration is that diagonal hydrogen atoms point toward
the surface, in contrast to another slightly less stable
configuration (by 0.11 eV) with hydrogen atoms point-
ing outward from the surface. However, such small
difference in geometry has dramatic consequences on
the appearance of the STM images (see below).

The described geometrical parameters show dra-
matic deformation of the PTCDA molecules upon
adsorption. Reaching this conformation requires either
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tight packing leading to increased intermolecular dis-
persive interactions (approximately 2.22 eV per
molecule) or thermal annealing of the meandering
stripes to 100 °C. Both of these factors assist in the
formation of quite strong chemical bonds (1.08 eV)
between the arched PTCDA molecules and the TiO,
surface. Although the deformation of the intrinsically
flat PTCDA molecule implies an energy rise of 0.52
eV, the overall adsorption energy of 2.79 eV per
molecule is still sizable. As a result, the enhanced
dispersion interactions developed within the dense
monolayer are crucial for bending of the PTCDA
admolecules and make the chemisorption state ac-
cessible by removing the corresponding energy
barrier.

Tersoff~Hamann STM image simulations per-
formed for the optimized densely packed structure
revealed a significantly different appearance of the
chemisorbed PTCDA molecules in comparison to the
physisorbed species. Thus, the observed dramatic
contrast change can be assigned to the large distortion
of the PTCDA molecule backbone giving rise to break-
ing of the two-fold symmetry of the chemisorbed state
STM contrast. Consequently, instead of the two-lobe
feature, which is typical for the physisorbed PTCDA
molecules (Figure 6a,b), a uniform single-lobe appear-
ance was recorded for the molecules tightly packed
within the monolayer (Figure 6c-e).
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Figure 6. Comparison of the STM contrasts for the physisorbed and chemisorbed PTCDA molecules. Experimental
(a) and calculated Tersoff—Hamann (b) images of the physisorbed meandering molecular stripes (yellow ellipses
indicate single molecules). Experimental (c) and calculated Tersoff -Hamann (d) and Bardeen (e) images of the
chemisorbed (6 x 2) superstructure (red ellipses indicate single molecules). Images (a—d) were simulated with the
bias voltage of +2.0 V and the tunneling current of 2 pA; image (e) was simulated in the constant height mode at bias

voltage of +2.0 V.

The supramolecular structure obtained at the mono-
layer coverage can be described as a well-known
PTCDA herringbone phase,' which is additionally
distorted due to significant non-uniform rotation of
the molecules and unidirectional arching of all mol-
ecules over the surface oxygen rows, leading to the
(6 x 2) symmetry of the superstructure unit cell.
Despite the two distinct orientations of the mol-
ecules within the monolayer of the herringbone
structure, such collective bulging of the central part
of each molecule leads to an unexpected almost
brick-wall c(6 x 2) appearance in the STM images
seen in Figure 6¢c-e.

The herringbone structure is typically formed by
PTCDA molecules deposited on well-defined sub-
strates with a “flat” surface—molecule interaction po-
tential that is significantly weaker than the intermole-
cular ordering forces and therefore does not provide
any specific adsorption sites. On such substrates, the
supramolecular structures can be ordered readily by
intermolecular forces, as for example, on the Au(111)
surface.”® In the present study on the PTCDA/TiO,(110)
system, the supramolecular ordering is strongly af-
fected by the pronounced anisotropy of the surface
structure with the crucial role played by the pro-
truding oxygen rows. The latter create a ripple-like
surface potential that in conjunction with the inter-
molecular dispersion forces have a significant effect
on the ordering and configuration of the PTCDA
molecules. Consequently, the structure of the full
monolayer is very similar to the herringbone pattern,
comprising considerably distorted PTCDA molecules
that adopt their own geometry to the (110) surface
landscape by arching over the terminal oxygen rows.
Such configuration with hydrogen atoms directed
toward the surface is stabilized by collective action
of intermolecular dispersion forces and establish-
ment of chemical bonds with surface titanium
atoms. Interestingly, for the alternative configura-
tion with the hydrogen atoms directed out of the
surface a Tersoff~Hamann based simulation gives
rise to significantly different STM pattern (see Figure S6
in Supporting Information) with molecule images
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rotated with respect to the direction pointed by sub-
strate surface oxygen rows. Noting a rather crude
approximation of the Tersoff—~Hamann approach,
we supplemented the simulations for the most
stable configuration by the much more advanced
Bardeen approach in order to minimize the uncer-
tainties associated with STM image simulations. In-
deed, this more accurate method gives rise to even
better agreement with the experimental pictures
(Figure 6e).

In order to factorize the stabilization energy (2.79 eV)
of a PTCDA admolecule within the monolayer into
the admolecule-surface and the intermolecular con-
tributions, we performed calculations for the isolated
PTCDA admolecule in a frozen geometry adopted from
the monolayer coverage. The calculated PTCDA—sur-
face interaction energy was equal to 1.75 eV, allowing
for extraction of the intermolecular stabilization
energy for the molecule within the densely packed
layer, which reaches 1.04 eV. Hence, overcoming
the energetic barrier (0.52 eV) of the pronounced
distortion of the chemisorbed PTCDA species can
be explained by the enhancement of the intermo-
lecular dispersion forces caused by an increased
number of the adjacent molecules once the dense
monolayer is being formed. It is thus clear that the
intermolecular contribution plays a key role in the
bending of the molecule backbone and the forma-
tion of chemical bonds, which due to steric con-
straints imposed by the protruding oxygen rows
cannot be achieved for a single PTCDA molecule.
Yet, the structural relaxation of the single PTCDA
molecule with the bent geometry taken from the
monolayer structure is only moderate and, acciden-
tally, its total binding energy (E,4s = 1.80 eV) is very
similar to that obtained for the physisorbed PTCDA
(1.76 eV). However, the lack of the chemisorbed
states in STM images at the low coverage limit can
be clarified not only by the already discussed bend-
ing energy barrier but also by unfavorable adsorp-
tion thermodynamics. Indeed, the free enthalpy of
the adsorption, AG,q4s, showed that at the tempera-
ture above 50 K only the physisorbed state of the
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Figure 7. Density of states (DOS) diagrams for the PTCDA
monolayer on rutile (110) surface (a) and an isolated physi-
sorbed PTCDA molecule (b).

PTCDA admolecules is clearly preferred once the
entropic term is taken into account (see Supporting
Information Figure S3).

To illustrate the importance of dispersion forces
in monolayer self-assembly, we repeated modeling
within the pure DFT method without inclusion of the
dispersion interactions. The results showed that
PTCDA molecules remain essentially flat upon ad-
sorption and their stacking due to the space lim-
itation gives rise to a roof-tiles structure (see Sup-
porting Information, Figure S5) in which the protrud-
ing admolecules are not evenly distributed on the
surface. This result clearly contradicts the STM
and LEED experiments. In such a geometry, PTCDA
stabilization energy falls to mere 0.24 eV in dra-
matic contrast to PTCDA stabilization of 2.79 eV
in a monolayer with dispersion interactions incor-
porated.

Influence of the Adsorption Mode on the Electronic Structure
of the PTCDA/Ti0, Assembly. The observed transformation
from the flat physisorbed into the bent chemi-
sorbed state can be used to control the electronic
and optoelectronic properties of the organic dye
sensitizers, which strongly depend on the molecu-
lar structure of the adspecies. It also demonstrates
feasibility of controlled structural transitions in the
supramolecular surface assemblies and the resul-
tant alteration in the functional behavior of the
oxide photonic devices with variation of the surface
coverage.

To study the influence of the PTCDA adsorption
mode on photosensitization properties of the PTCDA/
TiO, system, we discussed the energy level alignment
at the PTCDA/TiO,(110) interface by calculating den-
sity of states (DOS) diagrams. In Figure 7, the DOS
for the PTCDA/TiO,(110) monolayer (left panel) and
single physisorbed PTCDA molecule (right panel) are
shown. The pattern for the single molecule consists
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of narrow bands, which originate from strongly loca-
lized electrons on the s and p orbitals of the carbon
(mainly in the sp? hybridization) and oxygen PTCDA
atoms. The highest occupied states (originating from
HOMO) lie 1.5 eV below the lowest unoccupied states
(originating from LUMO). The overall DOS structure is
very close to that of a molecule in the gas phase,
indicating only weak electronic coupling between
rutile and PTCDA, which is unfavorable for photonic
applications.

The left panel in Figure 7 shows the DOS of the
PTCDA monolayer chemisorbed on the (110) rutile
surface. Due to the bending of PTCDA molecules, the
DOS bands are clearly broadened. Furthermore, when
compared to the DOS of the physisorbed molecule,
the HOMO band remains practically unshifted while
the LUMO band is lowered by 0.02 eV. The C(s,p) states
emerge above the top of the valence band, indicating
the electronic promotion of TiO,. The bottom of the
conduction band of TiO, remains almost intact,
whereas the LUMO band is located directly above
the bottom of the conduction band in accordance
with recent experimental studies.>® Such relative
energy alignment and strong electronic coupling
between the chemisorbed PTCDA adspecies and the
TiO, substrate due to covalent C—O—Ti bonds are
favorable for electron injection from the photoexcited
PTCDA dye into the sensitized titanium oxide and
for interfacial charge delocalization as discussed by
Cao et al>®

CONCLUSIONS

We have demonstrated experimentally and rationa-
lized by modeling the ability of large, planar organic
molecules, exemplified by PTCDA, to arch over the
protruding oxygen rows on the TiO,(110) surface by
collective action of the intermolecular dispersive
forces, which allows for strong electronic coupling
between the dye adspecies and the TiO, substrate.
This effect is of particular importance on highly aniso-
tropic surfaces, where the dispersive forces can dom-
inate the intrinsically complex molecule—substrate
interaction landscape. High-resolution STM and LEED
results complemented by DFT-D calculations have
demonstrated remarkable transition in the mode of
PTCDA adsorption as a function of coverage, which is
directly controlled by the strength of the interfacial and
the intermolecular dispersion interactions. At submo-
nolayer coverage, the interfacial dispersion forces play
a dominant role in the adsorption of single flat-lying
PTCDA molecules in a nearly intact state, whereas
the intermolecular dispersion interactions are deci-
sive in the self-organization of PTCDA at higher
submonolayer coverages into meandering molecu-
lar stripes. When a monolayer is formed, molecule—
substrate and intermolecular dispersion forces
lead collectively to the formation of a commensurate
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dense structure, built of bent chemisorbed species.
The resultant alignment of the energy levels
and strong electronic coupling at the PTCDA/TIO,

METHODS

Experimental Details. The experiments were carried out in an
ultrahigh vacuum (UHV) system containing preparation, surface
analysis, and radial distribution chambers. The STM measure-
ments were performed with an Omicron variable-temperature
scanning probe microscope (VT STM/AFM). The base pressure
was in the low 107 '° mbar range. The preparation chamber was
supplied with a noble gas ion gun, effusion cells, an infrared
pyrometer, and a quartz microbalance thickness monitor. The
surface quality was monitored with a low-energy electron
diffraction (LEED) setup. The TiO,(110) wafers (MaTecK GmbH)
were mounted on sample holders with a silicon wafer under-
neath acting as a resistive heater. The samples were first
annealed for 6 h at 800 K, and subsequently, the cycles of 1
keV Ar" sputtering for 15 min and annealing at 960 K for 15 min
were repeated until a clean, well-defined surface was obtained,
as checked by LEED and STM measurements. The annealing
temperature was controlled by the infrared pyrometer. The
experimental procedure was adjusted to keep the sample as
clean as possible, as the contamination could affect seriously
the growth of molecular structures on metal oxides. The PTCDA
molecules were evaporated at about 580 K from a Knudsen cell
on the TiO,(110) surface kept at room or elevated temperature.
For molecule deposition, the sample was heated by a resistive
heater and the temperature was monitored by type K thermo-
couple. Prior to the evaporation procedure, PTCDA powder
(Fluka) was outgassed for several hours in vacuum at the
temperature slightly below the sublimation point. The STM
imaging was carried out at reduced temperature of around 90
K (flow cryostat, liquid nitrogen) in a constant current mode at
positive bias voltages (empty state imaging) with etched tung-
sten tips used as probes. For image processing and STM data
analysis, WSxM software®' was used.

Calculation Scheme. For all calculations, we chose the first
principles DFT theory implemented in the Vienna Ab initio
Simulations Package (VASP)*? based on Mermin's finite tem-
perature DFT.>® We employed the projector augmented plane
wave (PAW) method®*** for describing electron—ion interac-
tions together with PW91 GGA exchange-correlation functional
as parametrized by Perdew et al. based on the fact that the GGA
functionals can produce reliable results in describing electronic
structure of oxide systems like titania.*®~>®

Presented results were obtained for the standard Monkhorst-
Pack grid® (3 x 3 x 2 sampling mesh for bulk calculations and 2 x
2 x 1 for slab calculations) with the cutoff energy of 380 eV and the
Methfessel—Paxton smearing® with o parameter set to 0.1 eV. For
solving the Kohn—Sham equations, the self-consistent field (SCF)
convergence criterion was set to be an energy change not larger
than 107> eV between two successive iterations.

Surface geometries were constructed by cleaving the crystal
along the (110) plane. The supercell models with stoichiometry
of Ti;,0144 Were built to describe both adsorption of an isolated
PTCDA molecule and monolayer structure (for periodic model
details, see Figure S4 and Tables S3 and S4 in the Supporting
Information). The size of the surface model was adequate to
accommodate two PTCDA molecules in the supercell. Geometry
optimization was performed until the changes in the forces
acting on the ions were smaller than 0.001 eV/A per atom. The
molecular dynamics (MD) calculations of monolayer were car-
ried with the following settings: Nose-Hoover chain (2) thermo-
stat, time step 10fs, and the Nose coupling parameter of 2.0. The
integration was performed for the total of 1000 steps.

With the optimized geometries of the PTCDA molecules, the
resultant STM image simulations were performed as topo-
graphs of constant local density of states within the Ter-
soff—Hamann theory.*” The images were simulated in the
constant current (I = 2 pA) mode applied in the STM
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interface, due to formation of covalent C—O—Ti bonds,
are advantageous for potential dye sensitization
applications.

experiments and the local density of states as constructed from
electronic states in an energy window between 0 and 2 eV
above the Fermi level (i.e., empty states). Taking into account
the complexity of the monolayer, we have verified the
Tersoff—~Hamann simulations with much more advanced
Bardeen approach*® as implemented in the bSKAN code.®'%2
The tunneling current was evaluated in a constant height
mode as a convolution of the substrate and tip densities of states.
In the simulations, bias voltage (from 0.75 to 2.0 V), tip—surface
distance (from 1 to 3 A), and the tip geometries (square pyramid,
square pyramid with single W atom, and square pyramid termi-
nated with 2 x 2 ensemble of W atoms) were tested.

In the computation procedure, the dispersion semi-empirical
terms parametrized by Grimme and applied successfully for model-
ing interactions between hydrocarbons and metal oxides®*** were
added to the quantum-mechanical energies and gradients
(DFT-D method).
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