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Chemistry and temperature-assisted dehydrogenation
of CgoHzo molecules on TiO5(110) surfacest

Carlos Sanchez-Sanchez,®® José Ignacio Martinez,? Valeria Lanzilotto,*
Giulio Biddau,*f Berta Gomez-Lor,” Rubén Pérez,*® Luca Floreano,*
Maria Francisca Lopez® and José Angel Martin-Gago™*a"

The thermal induced on-surface chemistry of large polycyclic aromatic hydrocarbons (PAHs) deposited on
dielectric substrates is very rich and complex. We evidence temperature-assisted (cyclo)dehydrogenation
reactions for CgoHzg molecules and the subsequent bottom-up formation of assembled nanostructures,
such as nanodomes, on the TiO,(110) surface. To this aim we have deposited, under ultra-high vacuum,
a submonolayer coverage of CgoHszg and studied, by a combination of experimental techniques (STM,
XPS and NEXAFS) and theoretical methods, the different chemical on-surface interaction stages induced
by the increasing temperature. We show that room temperature adsorbed molecules exhibit a weak
interaction and freely diffuse on the surface, as previously reported for other aromatics. Nevertheless, a
slight annealing induces a transition from this (meta)stable configuration into chemisorbed molecules.
This adsorbate-surface interaction deforms the CgoHso molecular structure and quenches surface
diffusion. Higher annealing temperatures lead to partial dehydrogenation, in which the molecule
loses some of the hydrogen atoms and LUMO levels spread in the gap inducing a net total energy gain.
Further annealing, up to around 750 K, leads to complete dehydrogenation. At these temperatures
the fully dehydrogenated molecules link between them in a bottom-up coupling, forming nanodomes
or fullerene-like monodisperse species readily on the dielectric surface. This work opens the door to the
use of on-surface chemistry to generate new bottom-up tailored structures directly on high-K dielectric
surfaces.

precursors, or even low-dimensional polyimide networks cova-
lently interlinked from its constituent molecular building

In recent years, several works have pointed out the possibility of
fabricating new molecular nano-architectures, as well as two-
dimensional networks, out of basic molecular precursors on
metal surfaces throughout a surface-assisted (cyclo)dehydroge-
nation (SACDH) process." SACDH has been successfully
employed to synthesize new aza-fullerenes,> molecular

domes,* and nanographenes,>® from planar aromatic
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blocks.” However, the strong interaction of these molecular
assemblies with commonly employed metallic surfaces (such as
Pt, Ru, Pd, ... single-crystals) heavily modifies their properties
because of rehybridization. For this reason, single-crystal
metallic surfaces, although greatly valuable from a fundamental
point of view, do not present technological interest. Thus, one
pending issue for technological applications of bottom-up
assembling routes in future molecular electronics is the ability
to decouple electronically the molecular nano-architectures
from their supports. The same goal also applies to the search for
new materials for potential photovoltaic applications. In this
direction, one of the most straightforward methods could be the
use of high-K dielectric materials as substrates due to their
inertness, which, from a reactivity point of view, would enor-
mously facilitate this goal.?

Unlike single-crystal metallic surfaces, where most on-
surface chemistry reactions have been performed, metal oxide
surfaces have been less investigated by surface science tech-
niques due to the difficulties in obtaining long-range perfectly
ordered surfaces and the chemical complexity intrinsic to the
material. Amongst all metal oxides, the rutile TiO,(110) face has
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been considered as a model surface, exhibiting an intricate
network of point-defects (O vacancies, Ti*® states, OH adsor-
bates, ...) and a rough topography. Thus, the electronic prop-
erties and the chemistry of the surface are history and
morphology-dependent.” Moreover, TiO, is a common catalytic
support, and its combination with metallic clusters leads to
technologically relevant catalysts.® Aside from well-known
catalytic metals like platinum, gold nanoparticles supported on
TiO, have recently been revealed as highly efficient catalysts for
the synthesis of aromatic compounds.’™' However, the
intrinsic catalytic activity of TiO, towards molecular decompo-
sition cannot be overlooked.”** It is well-known that the
reduced rutile TiO,(110)-(1x1) surface includes surface-defects
in the form of oxygen vacancies (0"*°). The formation of these
vacancies leaves behind an excess of charge that partially
populates the band-gap Ti-3d states, originating defective Ti*?
atoms.” This charge plays a crucial role in the catalytic prop-
erties of TiO, favoring dehydrogenation of small organic
molecules like H,O (see, for instance, ref. 12 and references
therein).

In this contribution, we present new, clear evidence of the
catalytic properties of slightly-reduced rutile TiO, towards on-
surface (cyclo)dehydrogenation of large polycyclic aromatic
hydrocarbons (PAHs). The adsorbed aromatics can be used as
building blocks for the fabrication of larger nanostructures,
such as fullerene-like nanodomes, by means of a temperature
SACDH reaction. This work represents a further step in the
search for valuable bottom-up strategies leading to the forma-
tion of new structures on more “practical” surfaces than
conventional metallic single-crystals. The combination of
temperature assisted on-surface chemistry with the outstanding
technological capabilities of organics on TiO, makes this topic
very promising in the search for new organic nanostructures
that are suitable for improved photovoltaic cells, electronic
components or the chemical industry.

Some PAHs have been recently deposited on TiO, surfaces,
and room temperature (RT) diffusion seems to be the general
rule, however, there is no information on thermally promoted
chemical reactions of the as-deposited material.>'*** To this
goal, we have used CgoHjzo molecules as the PAH.>® CgoHjzo
presents a helicoidally shaped structure, whose in-vacuum
optimized structure has been described in full detail else-
where." It has been previously reported that upon dehydroge-
nation on metal surfaces this molecule spontaneously folds into
a fullerene by means of a combination of intramolecular (cyclo)
dehydrogenation and dehydrogenation reactions.>?

Experimental and theoretical section

Experiments have been carried out in an ultra-high vacuum
chamber (UHV) with a base pressure of 1.5 x 10~ '° mbar. A
rutile TiO,(110) single-crystal has been prepared by consec-
utive sputtering and annealing (1000-1100 K) cycles under
UHV conditions until a sharp LEED pattern was obtained.
The cleanliness of the sample has been checked by Auger
Electron Spectroscopy (AES) and STM. CeoH3z, molecules were
synthesized following the methodology described in ref. 17
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and they were evaporated in UHV using a homemade Ta
crucible with a K-thermocouple spot-welded to the Ta enve-
lope. The evaporation temperature was 650 K and the rate
around 0.1 ML min~".

For the STM images, a commercial RT STM in the constant-
current mode (CCT mode) was used. Images were processed
with WSxM software.”® NEXAFS and XPS experiments were
carried out in the ALOISA beamline at the ELETTRA Synchro-
tron (Trieste, Italy). NEXAFS spectra were calibrated to the gas
phase absorption spectrum of C1s in the CO molecule.” XPS
spectra were fitted using Voigt functions, and the binding
energy (BE) was calibrated using the defects peak.>

For ab-initio atomistic and molecular dynamics simulations
of the different adsorbate/TiO,(110) configurations analyzed in
this study, Density Functional Theory (DFT) was used effectively
combining the localized-basis-set and plane-wave schemes as
implemented in the FIREBALL* and PWSCF* simulation
packages, respectively (see ESIT). A perturbative van der Waals
(vdW) correction was used to check the reliability of the phys-
isorbed configuration.”* Additionally, in our STM approach,
tunnelling currents for the STM images were calculated using a
Keldysh-Green function formalism, together with the first-
principles tight-binding Hamiltonian obtained from the local-
orbital DFT-FIREBALL method (a fully detailed explanation of
the methodology and structural modelling can be found in the
ESIT)'21,23,24

Results and discussion

We have deposited C4oH3z, molecules onto a clean TiO,(110)-
(1x1) surface at RT. Fig. 1(a) shows a typical STM image for
approximately 0.7 ML of CgHjo grown on the TiO,(110)
surface. Notwithstanding this significant coverage, also wit-
nessed by a strong attenuation of the LEED pattern, we are not
able to image molecules covering the surface in this amount.
We just find some individual molecules located mainly at the
step edges, since they act as nucleation sites and a few mole-
cules fixed on terraces, probably because of their interaction
with point defects of the surface. These molecules are visual-
ized as bright triangles in good agreement with their known
triangular shape when deposited on metal surfaces.>*'® This
shape suggests a flat, or almost flat, adsorption on the surface,
which is validated by the theoretical calculations (see below).
Additionally, we also observe the presence of many streaks
aligned along the fast-scanning direction associated with
adsorbates diffusing on the surface. This is a common
behavior when organics are deposited on the TiO,(110)-(1x1)
surface at room temperature.®'*>*

The few CgoHjzo molecules imaged at RT on the surface
exhibit a lateral size of approximately 18 A. This value is slightly
lower than the one observed when these molecules are depos-
ited on Pt(111) (of approximately 22 A).> Their apparent height
is in the range of 1.7-2.5 A depending on the bias voltage. This
value is significantly higher than the 1.4 A reported in ref. 2 for
the case of Pt(111). These differences have a two-fold origin.
First, a structural effect, as the interaction between CgoH3, and
TiO, is weaker than in the case of Pt, locating the molecule at a
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Fig. 1 Temperature induced transition from weakly bound to chemisorbed
molecules. (@) STM image of the TiO5(110)-(1x 1) surface after evaporation of
approximately 0.7 ML of CgoHs3p at RT. We observe some molecules fixed at the
step edges (encircled features) and a fuzzy background, indicating molecular
diffusion. Size: (500 A x 500 A), / = 0.07 nA, V = 1.8 V. (b) STM image after
annealing (a) at around 375 K. We can see a clear increase of the “visible”
material. Molecules are randomly fixed on the surface as a consequence of a
change from physisorption to chemisorption. Size: (400 A x 330 ,&), /=020nA,V
= 1.6 V. Inset: high-resolution STM image of a CgoH3o molecule where atomic
resolution on the substrate is clearly visible. (40 A x 40 ,&), /=0.13nA V=13V
(c) Ball-and-stick model of the most commonly found adsorption orientations of
the molecules with respect to the surface, as derived from STM images. In all
images, the [001] surface direction is indicated by arrows.

higher distance from the surface. Secondly, we have an elec-
tronic effect, as the molecular orbitals are decoupled from the
surface and protrude out of it. Our results point towards a weak
molecule-surface interaction with molecules in a kind of
physisorbed situation, which is predicted by the theoretical
calculations as a weakly bounded (meta)stable on-surface state,
highly resembling the C¢oH3, gas-phase structure (see Fig. 2(A)).

A completely different scenario is observed when the sample
temperature is raised above 375 K. At this temperature, mole-
cules are fixed on the surface, as evidenced by STM. Fig. 1(b)
shows an STM image with the same molecular coverage, 0.7 ML,
after annealing at 375 K the layer deposited at RT. Randomly
fixed triangular features, which can be assigned to molecules,
are observed. A temperature-induced molecular transformation
from weakly-interacting (physisorbed) species to chemisorbed
molecules has taken place. The upper inset of Fig. 1(b) shows a
high-resolution STM image represented with a false-color scale
to increase the contrast. It clearly shows the bright surface rows
associated with five-fold Ti (Ti*") surface atoms.? In this image
intramolecular resolution (molecular orbitals) has been
attained. Examining several STM images, where atomic reso-
lution is achieved on the substrate, two main adsorption
geometries can be singled out. These are tentatively depicted in
the Fig. 1(c). On the left we present the model of the preferential
molecular orientation where one of the vertices of the molecule
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Fig. 2 Theoretical prediction of the physisorbed-like and chemisorbed CgoH30/
TiO»(110) adsorption states. Pictorial representation of the potential energy (in
eV) versus the molecule/surface average distance (in A) for the physisorbed and
chemisorbed adsorption states at temperatures of 270 and 375 K, respectively.
Zero energy has been taken to be the energy corresponding to the situation with
an infinite adsorbate/substrate perpendicular distance. Top- and side- ball-and-
stick views of the resulting optimized configurations are shown for the phys-
isorbed and chemisorbed interaction stages. The transition energy barrier has
been determined by evaluating the difference between the experimental acti-
vation temperatures for both physisorbed-like (A) and chemisorbed (B)
configurations.

is pointing along the [001] surface direction and sitting on top
of the in-plane Ti*' rows. In this model, the other two molecular
vertices would fall above the bridging oxygen (O") rows. On the
right, we present the model for the less common case where
the molecule is oriented with one of its vertices pointing along
the [1-10] surface direction. In this case, the molecular side
parallel to the [001] direction is sitting on top of the O rows as
well as the opposite vertex. In the first case (left panel of
Fig. 1(c)) we might hypothesize that the molecule tries to
maximize the number of benzene rings centered on Ti*f atoms,
in analogy with the case of PAHs on metal surfaces.'®” On the
opposite configuration (bottom-right panel of Fig. 1), we
suggest a maximization of the number of O atoms interacting
with the benzene rings.

In order to shed some light into the previously mentioned
ideas, we have performed accurate DFT-based calculations
effectively combining the fast and efficient localized-basis-set
FIREBALL code - for molecular dynamics and geometrical
optimization calculations - and the accurate plane-wave PWSCF
package - for evaluating total energies - (see full details in ESIf).
To obtain the CgoHj3, adsorption energies of both models in
Fig. 1(c) we have evaluated DFT total energy differences between
the whole system, and the substrate and adsorbate subsystems,
with the one sketched in the bottom-left panel resulting as more
stable than that shown in the bottom-right panel by around
0.4 eV per molecule. On the other hand, for the initial phys-
isorbed-like state, detected at room temperature, DFT calcula-
tions predict an adsorption energy of 1.79 eV per molecule (see
Fig. 2(A)), with the CgHjo located at an average adsorption
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distance of around 2.88 A (from the lowest peripheral atoms of
the molecule to the topmost TiO, oxygen rows) above the
TiO,(110) surface, showing a structure closely resembling that
corresponding to its gas-phase (see inset in Fig. 2(A)). The hel-
icity of the CqoHj3, can be quantified by evaluating the dihedral
angle between the central aromatic ring with respect to the
three characteristic wings of the molecule, resulting in a value
of around y = 40 =+ 2° for all of them. This value is very close to
that corresponding to the CgoHj, free-molecule structure,®
giving a clear idea about the weak interaction between the
adsorbate and the substrate in this physisorbed state. Addi-
tionally, in order to improve the DFT structural and energy
description of this (meta)stable adsorption configuration, we
have carried out some single-point tests (given the huge size of
the systems) for this configuration (and several others obtained
by rigidly moving the molecule along the perpendicular-to-
surface direction) by including a van der Waals (vdW) correction
in a perturbative framework (implemented in PWSCF; see ESIT).
The results of these additional checks reveal that the vdw
contribution to the interaction is almost negligible and yields
an adsorption distance and energy very similar to that obtained
by conventional DFT. Thus, even though the interaction
between the CgoH3o and the TiO,(110) surface is weak enough to
lead to diffusion, there is a small chemical interaction linking
the molecule at a relatively short adsorption distance - for a
(meta)stable state — of 2.88 A.

For the chemisorbed state, found after slight annealing up to
T = 375K, DFT calculations predict an adsorption energy of 3.64
eV per molecule (see Fig. 2(B)), with the CqoHj, located at a
shorter average adsorption distance than in the physisorbed
state of around 2.44 A from the TiO,(110) surface. For this
chemisorbed configuration, the resulting optimized structure is
almost flat, just showing a slight geometrical deviation from
perfect planarity due to the morphological adaptation to the
topmost O rows of the substrate, and the helicity of the
molecule, characteristic of the physisorbed state, disappears
(see inset in Fig. 2(B)). This structural rearrangement reflects a
noticeably stronger interaction in the chemisorbed regime,
which can be quantified in a net adsorption energy gain of 1.85
eV per molecule with respect to the physisorbed state. As in the
previous case, both models with different on-surface azimuthal
orientations proposed in Fig. 1(c) have been DFT-computed for
the chemisorbed state. Once again, the model proposed in the
left panel yields a higher stability than the one at the right by
about 0.8 eV per molecule. This observation nicely agrees with
the experimental evidence of a larger abundance for the mole-
cules displaying one vertex pointing along the [001] direction.

On the other hand, given the huge size of the adsorbate/
substrate system under study, the calculation of the transition
state between the physisorbed and chemisorbed configurations,
as well as the simulation of the thermo-kinetic energy barrier,
turn into an unfeasible task. Nevertheless, the energy barrier
between both configurations can be approximately quantified
by estimating the difference of temperatures at which both
physi- and chemisorbed conditions are experimentally observed
(270 and 375 K, respectively) and considering a transition
probability at RT close to zero. This yields an approximate value
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slightly smaller than 0.1 eV for the energy barrier of the tran-
sition state (see Fig. 2).

Upon annealing the surface up to 750 K, the appearance of
the chemisorbed molecules undergoes a strong change as seen
in the STM image of Fig. 3(a). Most of the triangular-shaped
CeoH3p precursors become rounded and their apparent height
increases (see typical structure in Fig. 3(b) and corresponding
height-profile at the right side). At a first glance all the features
present a similar size, and one could think that the molecules
have been transformed into fullerenes, as reported for metal
surfaces.” However, a detailed inspection of the structures
shows that this is not the case. It has been shown that Cgq
fullerenes studied under same conditions present approxi-
mately a width of about 10 A and an apparent height of 7 A.* A
statistical analysis of the recorded images (see ESIT) shows that
the most commonly observed structures are monodisperse,
about 26 + 1.0A wide and with heights ranging from 2.8 to 7 A.
The fact that the width of these newly formed nanostructures is
much larger and the height smaller than the reported values for
Ceo molecules suggests that they have merged together into
assembled molecular entities. This result evidences that at this
temperature the molecule has not enough energy for a full bond
rearrangement, which would lead to the formation of gra-
phene,* and, therefore, some of the pentagonal bonds are
preserved inside the features. The presence of pentagons within
the molecular structure is responsible for the observed curva-
ture of the nano-structures shown in Fig. 3(a) and (b), and
schematically represented in Fig. 3(c). The unique way to obtain
monodisperse features larger than the precursor size, like those
observed in the STM images, by annealing is to follow a two-step
process. Firstly, they should be partially (cyclo)dehydrogenated
in their internal structure to form the inner bonds, and,
secondly, they should be dehydrogenated at some of the
peripheral carbon atoms, to allow the coupling between mole-
cules into higher order fullerene-like nanodomes by on-surface
addition, as evidenced in other systems.**"*® Fig. 3(b) shows a
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Fig.3 (a) STM image of CgoH3p precursors on the TiO, surface after annealing
at 750 K. (300 A x 300 A) /= 0.11 nA, V= 1.9 V. (b) 3D representation showing
a detail of one molecular nanodome. (40 A x 40 A) /=013nA, V=19V.A
height-profile of the dome is shown on the right. (c) Ball-and-stick schematic
representation of the SACDH process operating during the molecular
transformation.
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detail of one of the newly formed structures. Although the
quality of the image might seem low due to the height of
the nanostructures, atomic resolution on the Ti rows of the
surface is obtained. As we can appreciate, the Figure presents
clearly the characteristic round shape of the domes where only
the peripheral atoms interact with the surface, while the central
ones are decoupled and, consequently, topographically sepa-
rated from it. Nevertheless, it is possible to find some features
whose dimensions are compatible with Cg, molecules formed
upon complete dehydrogenation of the CgoHjo, PAH. It is
important to remark that these large molecular domes are not
observed when Cg, molecules are deposited and thermally
treated on the surface. This is due to the fact that in the
fullerene cage there are no H atoms, which could lead to free C
bonds prone to react with those of neighboring molecules. Cgo
molecules desorb from the surface after being heated at 600 K
before any possible decomposition takes place, since the
molecule-surface interaction is weak.®

In order to confirm the dehydrogenation scenario suggested
by STM, we have performed spectroscopic measurements.
Fig. 4(a) shows two NEXAFS spectra taken at s-polarization (i.e.
with the electric field in the surface plane) before and after
annealing at 750 K, i.e., for deposited molecules and after dome
formation. Two clear features can be observed, one in each
spectrum. Peak A, in spectrum at 110 K, located at approxi-
mately 288.1 eV, is associated with the o* state of the C-H
bonds.?**! Thus, this peak indicates the existence of C-H bonds
in the surface plane and, therefore, the presence of H atoms in
the molecule. However, this peak vanishes (for all polarizations)
after annealing the system at 750 K, indicating that the mole-
cule is dehydrogenated at this temperature. After the annealing,
a new feature in the spectrum at 750 K appears at approximately
290.5 eV (labeled as B). This new feature is associated with
the w* C-O resonance on formate-like species.*” Thus, it can be
assigned to the occurrence of C-O species formed on the
surface as a consequence of the interaction of dehydrogenated
molecular C atoms with O atoms from the surface, probably O
atoms. The observation of this feature in s-polarization is
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Fig. 4 Spectroscopic evidences of dehydrogenation upon annealing of the
nanodomes (a) NEXAFS spectra of about 0.5 ML of CgoH3o molecules deposited
on TiO,(110) recorded at s-polarization for two different temperatures, 110 K and
750 K. (b) XPS C1s photoemission core level spectra of the molecules at 175 K
(physisorption state) and 750 K (complete transformation).
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consistent with the out-of-plane curvature associated with the
rim atoms of the nanodome. We have also performed XPS
measurements of the C1s emission (Fig. 4(b)) for the molecules
as deposited and after the dome formation. At 175 K, we can
appreciate the extra core-level components associated with the
different chemical environments of the C atoms (up to five
different components can be distinguished), while only two
remain after annealing at 750 K. These latest two components
are associated with C-C bonds and C-O species, thus indicating
the complete dehydrogenation of the molecule and the inter-
action of the peripheral C atoms with the O atoms at the surface
at 750 K. We also observe a small energy shift of the high
temperature C1s spectrum with respect to the one recorded at
low temperature. Taking as a reference the value for the phys-
isorbed molecule (which curiously appears at the same binding
energy of that reported for a weakly interacting Ce, overlayer®)
the C1s core level from the domes appears shifted 0.2 eV
towards lower binding energies, which could be interpreted as a
small charge transfer from the substrate to the molecule
induced by the chemical interaction between the molecule and
surface. Thus, the newly synthesized dome structures behave as
weak electron acceptors.

These data suggest that the dehydrogenation process goes
through several partial steps. The C-H bonds present different
energies at different molecular sites (see ESIT) and therefore it
shall be cleaved at different temperatures. The first partial
dehydrogenation step can be associated with the annealing at
about 375 K, ie., in the regime where the molecules become
chemisorbed (Fig. 1(b)). Once the molecules are stabilized on
the surface, two types of molecules are observed with the STM.
Some of them show a dependence of their morphological
appearance on the tunneling bias while others do not change.
Fig. 5(A) shows a sequence of consecutive STM images taken
under the same experimental conditions, varying the tunneling
bias in a large range (negative sample biases are unstable as
described in ref. 8 and 9). There is a range of biases where the
molecule disappears from the image (see the encircled mole-
cules in Fig. 5(A)). This means that we are tunneling through its
energy gap into the empty states of the sample with a very low
density of states. Since this process is completely reversible, and
the Ti rows appear unaltered through the molecule, we can
disregard any molecule-tip interaction effect. The tunneling
bias-dependence observed for most of the C¢oH3z, molecules in
the chemisorbed state, does not affect all of them. An example is
shown in Fig. 5(B), where the molecule is unaltered after
changing the bias in the same range as in the previous case.
Taking into account that this different behavior is observed for
molecules recorded in the same experimental session, we can
disregard any preparation or tip effect. Thus, we can assign this
difference to a local change of the molecular density of states
driven either by a different degree of interaction with the
surface or by structural modifications of the molecule. As we
will see from our calculations this change of the bonding state is
consistent with a partial dehydrogenation of some of the wing-
most external hydrogen atoms, which can be catalyzed by the
excess of charge coming on scene from the 0" existing at the
surface.”
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Fig. 5 Dependence of the molecular shape imaged with STM with the bias
voltage. (A) Most of the imaged CgoHszo molecules after annealing at 375 K
disappear for low tunnelling biases. (80 Ax80A),I=0.15nA.The tunnelling bias
is indicated in each image. (B) The set of STM images of another molecule where
no variation with the bias is observed. (50 A x 50 A), / = 0.15 nA. Tunnelling
voltages are indicated in each image.

In order to understand the mechanism underlying such a
surprising molecular evanescence, as well as to monitor the
evolution of the electronic properties across the dehydrogena-
tion process, we have designed a theoretical protocol by carrying
out accurate DFT-based electronic structure and theoretical
STM calculations (see details in ESIT). For this purpose, and
based on the most preferential orientation on the CgoHso/
TiO,(110) chemisorbed configuration introduced above, we
have performed full structural optimizations on the double
dehydrogenated CgoH,s/TiO,(110) and the first stage of the fully
dehydrogenated Cg/TiO,(110) (from now on we will denote the
fully dehydrogenated CeoHj3o molecule as Ceo, tO distinguish it
from the Cg, fullerene). The geometries obtained from these
processes are shown in the topmost row of Fig. 6. As we can
appreciate, the double dehydrogenation of the CsoH3z molecule
(by removing two hydrogen atoms from a wing-edge of the
molecule) produces a tendency of this wing to bond to a Ti atom
of the surface, with a total energy net gain of 0.6 eV per molecule
(an energy balance between the double dehydrogenation and
adsorption). This effect is mostly local due to the dangling
bonds appearing at the C atoms of the wing-edge after removing
the two H atoms.

The left panel of Fig. 6 shows the calculated density of states
profiles (projected on both the oxide surface and the molecule)
for the optimized CooHz0/CeoHas/Ceo ON TiO,(110) systems. In
order to substantially improve the theoretical electronic
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characterization of the different configurations, we have used
an effective “scissor operator” to align effectively the molecular
and substrate energy levels according to the experimental
spectroscopic data (see ESIt for more details). The result of this
alignment locates the theoretical Fermi level obtained from the
calculations at the experimental Ti" level (edge at 0.5 eV below
the TiO, conduction band), and the highest occupied molecular
orbital (HOMO) of the adsorbates at around 1.2 eV below this
Ti"® level. Once the energy levels of both adsorbate and
substrate have been properly aligned and located with respect to
the Ti** oxide level according to the experimental data (see
ESIY), the chemisorbed CgoH30/TiO,(110) configuration (left-top
panel) reveals a band gap of about 2.3 eV, where the LUMO level
is located as a broad state at around 1.3-2.2 eV above the Fermi
energy. The left-middle panel of Fig. 6 shows the density of
states profiles for the optimized double-dehydrogenated
CeoHys/TiO,(110) system. In this case, the broad LUMO state
further spreads out by splitting into three distinct states due to
the symmetry rupture. This effect favors an increase of the
density of molecular states inside the gap region together with
an increase of the substrate states due to the stronger interac-
tion. The left-bottom panel of Fig. 6 shows the density of states
for the first-stage of the fully dehydrogenated Cg,/TiO,(110)
system. Here we observe a significant narrowing of the gap with
respect to the previous cases, with a wider LUMO level practi-
cally starting from the Fermi energy. Thus, the dehydrogenation
process fills up the empty gap region for the CqoH,/TiO,(110)
system and for full dehydrogenation, the Cgo/TiO,(110) case, a
non-null density of states emerges at the Fermi energy. Note
that the HOMO peak has not changed greatly for the
dehydrogenation.

The depicted density of states, or more specifically the energy
distribution of the LUMO, helps us to understand the different
behavior exhibited by the molecules with the STM bias voltage.
To this aim, we have calculated theoretical STM images (see
ESIT) in the constant-current regime of I = 0.2 nA (in order to
mimic the experimental conditions) for the edging cases of the
chemisorbed CgoH30/Ti0,(110) and the first stage of the CgoHyg/
TiO,(110). Right panel of Fig. 6 shows the STM images obtained
for a tunnel bias of 1.0, 1.2 and 1.5 V for CgoH3/Ti0,(110), and
of 0.8, 1.2 and 1.4 V for Cgy H,5/Ti0,(110) systems. Regarding
the images we can observe a diffuse and small spot for 1.0 V
located at the center of the molecule, whilst the LUMO level
becomes visible for voltages from 1.2 V. This reproduces the
experimental behavior shown in Fig. 5(A), and can be directly
related to the low density of states observed up to 1.2-1.3 eV,
just when the LUMO appears in the STM images. On the
contrary, the LUMO remains visible whatever the positive
applied tunnel bias for the CgoH,g/TiO,(110) case. This again
agrees well with the experimental images shown in Fig. 5(B),
and suggests that the molecules disappearing with the bias
voltage are intact in the chemisorbed phase and those that are
visible over the whole voltage range correspond to those that
have also experienced the first step of dehydrogenation. In this
case, the gap region is filled due to the narrowing of the mole-
cule band gap, the spreading out of the LUMO level, and the
induced states from the surface.
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Fig.6 Electronic and STM simulated images of CgoH39 molecules with different degree of dehydrogenation. The topmost panel shows side ball-and-stick views of the
resulting optimized configurations. (Left panel) Calculated density of states profiles (projected on both adsorbate and substrate) for the optimized CgoH30/TiO5(110),
CeoHas/TiO5 (110) and first stage model of the fully-dehydrogenated Cgo/TiO5(110). (Right panel) Theoretical STM images for the optimized CgoH30/TiO2(110) and
CeoH25/TiO5(110) configurations in the constant-current regime of / = 0.2 nA (in order to mimic the experimental scanning conditions) for same tunnel bias voltages of

Fig. 5 (indicated on each STM image).

Our calculations also explain why the fully dehydrogenated
molecule (Cgo) cannot be converted into a fullerene (Cqo) after
all the hydrogen atoms are removed from the molecule. The
relaxation process can provide a useful estimation of the first
intermediate stage of the system in its fully-dehydrogenated
form, just before interlinking between other dehydrogenated
molecules to form the domes. In this case, after geometrical
optimization, no preferential covalent bonding to the TiO,
surface is observed, unlike the CgyH,g configuration. The
internal charge rearrangement after a full dehydrogenation
seems to be homogeneous all over the Ceo molecule, with no
dangling bonds available to covalently bond to other C or to the
surface, and keeping the molecule flat. Theory predicts the Ceol
TiO,(110) configuration to be about 0.9 eV per molecule ener-
getically less stable than the CgH,g case, which would permit
the diffusion of the molecule on the surface. This finding agrees
with the experimental information of absence of unimolecular
folding into fullerenes upon dehydrogenation, and it evidences
the experimentally detected thermally promoted link reaction
between fully dehydrogenated molecules.®

Therefore, summarizing, with these experimental and theo-
retical results we can depict the following scenario. First of all,
when CgoH3, molecules are deposited on TiO,(110) at RT, they
diffuse freely on the surface as all their bonds are saturated
(they are not dehydrogenated molecules) and the molecule is
adsorbed in a kind of weakly bound state. When the system is
annealed above 375 K, C¢oHzo, molecules chemisorb on the
surface (see Fig. 1) and some of them start to undergo a partial
dehydrogenation driven by the Ti*" states, which anchor the
molecules to the surface. Once the molecules are stabilized, we
can distinguish two types of molecules according to their
behavior with the tunneling bias. On the one hand, we have
molecules vanishing for voltages below 1.2 V (see Fig. 5(A)).
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Theoretical calculations suggest that these molecules remain
fully hydrogenated. These molecules present a weak interaction
with the OP". On the other hand, those whose STM appearance
does not significantly vary with the tunneling bias (Fig. 5(B))
have suffered at least a double dehydrogenation with H atoms
located at unrelated positions in the center or wings of the
molecule. When this happens, the densities of state spread out
into the gap region. Further annealing of the system at 750 K
leads to an important molecular transformation. Individual
triangular precursors convert into round fullerene-like nano-
domes as a consequence of a complete cyclodehydrogenation
mediated by TiO,, as proved by NEXAFS. These nanodomes are
not unimolecular, but rather formed by coalescence of different
molecules linked by an addition reaction. Two or three of them
usually merge to form monodisperse nanodomes, which are
anchored to the O atoms. Furthermore, full dehydrogenation
is associated with the chemical synthesis of new carbon allo-
tropes, since the new C-C bonds are established between
neighboring molecules to form more complex structures like
fullerenes and fullerene-like nanodomes.

Conclusions

In summary, we have deeply discussed the dehydrogenation of
PAHs on TiO,(110) upon thermal annealing. We have shown
that a defective clean rutile TiO,(110)-(1x1) surface presents
catalytic activity capable of cyclodehydrogenating CgsoHsz, when
annealed at about 750 K. These activated PAHs can be used as
building-blocks for the fabrication of larger nanostructures like
fullerene-like nanodomes, which present different electronic
properties and are decoupled from the substrate. Using TiO,, a
high-K dielectric, to induce surface chemical reactions of large
organic molecules on a surface opens a new bottom-up

This journal is © The Royal Society of Chemistry 2013



procedure for assembling new and valuable organic structures
directly on a surface.
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