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In the 90’s a theoretical study proposed the idea that the existence of surface localized
photoelectrons can be relevant for on-surface photochemistry of diatomic molecules. In this work
we show that the same idea is extensible to long chain molecules where the affinity levels of the
molecules are more delocalized. We focus our study on long-chain acenes due to their interesting
electronic properties. These molecules have been proposed for carbon-based spintronics or
electronic applications for their semiconductor properties. In general, they are difficult to synthesize
due to their low solubility and high reactivity. We have deposited a-bisdiketone precursors on
graphene grown epitaxially on Ru(0001). The interaction between graphene and Ru(0001) creates a
surface resonance that coincides in energy with the n-mt * transition of the diketone group. The
photoelectrons produced on the Ru(0001) substrate exposing to visible light populate the surface
state and are easily transferred by inelastic scattering to the affinity levels of the precursors. The
conversion yield is much higher than in other substrates that do not present an unoccupied surface
state. These results allow the design of surfaces to improve the efficiency in photochemistry
processes opening the door to the efficient synthesis of complex molecules on surfaces.
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Abstract

The on-surface photogeneration of nonacene from a-bisdiketone precursors
deposited on nanostructured epitaxial graphene grown on Ru(0001) has been
studied by means of low temperature scanning tunneling microscopy and
spectroscopy. The presence of an unoccupied surface state, spatially localized
in the regions where the precursors are adsorbed, and energetically accessible
in the region of the electromagnetic spectrum where n-1" transitions take place,
allows for a 100% conversion of the precursors into nonacenes. With the help of
state-of-the-art theoretical calculations, we show that such a high yield is due to
the effective population of the surface state by the incoming light and the ensuing
electron transfer to the unoccupied states of the precursors through an inelastic
scattering mechanism. Our findings are the experimental confirmation that
surface states can play a prominent role in the surface photochemistry of complex
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molecular systems, in accordance with early theoretical predictions made on
small molecules.
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INTRODUCTION

Surface photochemistry is a very active field of research due to its great potential
in photocatalysis. It also has an intrinsic scientific interest, since it addresses
fundamental aspects of the mechanism of energy transfer from the incident light
to the molecules deposited on a substrate. In general, photochemical reactions
are initiated by the absorption of photons, which is followed by different relaxation
mechanisms that lead to the different products [1,2]. In surface photochemistry,
the light can be directly absorbed by the adsorbate (“direct” mechanism) or the
substrate (“indirect” or “substrate mediated” mechanism). For visible light, both
processes imply electronic excitations of, respectively, the adsorbate or the
substrate.

In the indirect mechanism, the photoelectrons carry the absorbed energy through
the substrate and induce chemical reactions at the surface after localization on
the adsorbate or the adsorbate-substrate complex. It is generally accepted that
only those photoelectrons with energies that are resonant with adsorbate states
(electron affinity levels) or adsorbate-substrate bonds can induce
photochemistry. This condition is easily met for most metallic substrates, as the
photoelectron energy distribution between the Fermi and the vacuum levels is
usually broad and rather smooth, so there are always electrons with the
appropriate energy to resonantly interact with the adsorbate. However, electron
transfer from the surface to the adsorbate could be much more efficient when the
photoelectron energy distribution builds up at the specific energies at which the
adsorbate can host additional electrons [3,4].

The idea that surface localized photoelectrons can couple with molecular
electronic states of the adsorbate first appeared in a theoretical study by Rous
[5]. This work showed that the presence of substrate image states with an energy
coincident with that of the N, affinity levels increases the yield of the
photochemical process by an order of magnitude. A similar enhancement of
photochemical reactivity by surface states has been reported for other diatomic
and triatomic molecules [6,7], but there is no evidence that this should also be
the case for large molecular systems, as those used, e.g., in organic synthesis at
surfaces, due to the more delocalized nature of the molecule’s affinity levels.

In this respect, a particularly interesting area of research is the synthesis of large
acenes on surfaces. Acenes, a family of polycyclic aromatic hydrocarbons
consisting of linearly fused benzene rings, exhibit intriguing optical and electronic
properties associated with their 1m-bond topology. One of the most appealing
aspects in this regard is their extraordinarily narrow HOMO-LUMO gap, which
makes them promising candidates as novel semiconducting materials [8-11].
Acenes can also be viewed as the narrowest members in the family of zig-zag
graphene nanoribbons, which are predicted to host spin-polarized edge states
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[12,13] and are postulated to be an important component in carbon-based
spintronic devices. There is, however, a serious drawback to this ideal scenario:
acenes longer than pentacene have low solubility and are highly reactive, which
has prevented their synthesis and characterization in solution, with dimerization
and photooxidation by molecular oxygen as typical degradation pathways [14-
16]. Several strategies have been designed to overcome these problems, most
of them relying on the insertion of the longer acenes in matrices of different
materials that support and isolate them from the environment [17-19] or the
functionalization with protecting groups [20-22]. But the main problem of these
approaches is that they can modify the properties of the acenes and make their
practical application difficult.

Very recently, several strategies for the on-surface generation of large acenes
have been introduced [23-29]. Of particular interest is the visible-light induced
photodecarbonylation of a-bisdiketone precursors on Au(111) in Ultra-High
Vacuum (UHV) [30]. In that work, 80% of the precursors were converted into
nonacenes and heptacenes after 3 hours irradiation by 470 nm light with a photon
flux at the sample of 2.5x10'8 cm2 s-'. Now, Au(111) does not have surface states
that actively participate in the acene formation, so the question that immediately
arises is, would it be possible to reach even higher light-conversion yields for
long-acene formation if substrates containing resonant surface states were used
instead?

In this work, we have investigated the visible-light induced photodecarbonylation
of a-bisdiketone precursors on graphene epitaxially grown on Ru(0001)
(hereafter called for short gr/Ru). The chosen substrate has unique electronic
properties that makes it ideal to answer the posed question, since gr/Ru has an
unoccupied electronic state at +2.85 eV above the Fermi level, which originates
from the mixture of a Ru(0001) surface resonance and a graphene image state
[31,32] and coincides in energy with the n-1r" transition of the diketone group [30].
We have found that when the original a-bisdiketone precursors are deposited on
gr/Ru and exposed to the same flux of visible light with the same wavelength of
470 nm for only 90 minutes a 100% yield is obtained, i.e. no precursors are
observed on the surface. This represents a gain in light-conversion yield of more
than a factor of two with respect to the Au(111) substrate, thus showing that the
presence of resonant surface states is indeed a desirable feature to facilitate
photochemical reactions of large organic molecules on solid substrates. The
combination of low-temperature scanning tunneling microscopy (LT-STM) and
spectroscopy (LT-STS) measurements and state-of-the-art density functional
theory (DFT) calculations allows us to conclude that the higher yield observed for
gr/Ru is due to (i) an efficient substrate light-adsorption due to the “d” bands of
Ru, and (ii) an enhancement of the indirect mechanism by which photoelectrons
mainly populate previously empty surface states in the low areas of the gr/Ru
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moiré before they move over the unoccupied states of the precursors located
there via an inelastic scattering process.

RESULTS AND DISCUSSION

The difference in lattice parameter between graphene and Ru(0001) leads to a
highly corrugated moiré pattern with a (12x12) surface periodicity [33,34].
Consequently, the graphene carbon atoms are electronically inequivalent, which
manifests in the X-ray C 1s photoelectron spectrum as two distinct C peaks [35].
Figure 1a shows an STM image with atomic resolution of the surface of a gr/Ru
sample. The image shows two periodicities: the shortest one corresponds to the
graphene atomic lattice, while the largest one, with a period of almost 3 nm,
corresponds to the moiré unit cell (12x12) (white rhombus). The bright
protrusions in the image correspond to the areas where all carbon atoms are
located above threefold hollow sites of the Ru surface. These are called Atop
areas and are characterized by a weak van der Waals interaction between
graphene and the substrate. Conversely, in the low areas (darker regions in Fig.
1) three C atoms are placed on top of the Ru surface atoms providing a strong
covalent interaction with the substrate, whereas the remaining three C atoms are
placed above threefold hollow sites. Within the low areas of the moiré pattern it
is possible to distinguish two different zones according to the stacking of the
carbon atoms located in threefold hollow sites with respect to the second Ru
layer, denoted accordingly FCC-Top (blue circle) and HCP-Top (green circle).
The presence of the moiré pattern locally modifies the electronic structure of the
graphene overlayer [34,36].
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Figure 1: (a) Topographic STM image (13 nm x 8 nm), V, = -5mV, I, = 100pA) of
gr/Ru(0001) surface containing several moiré unit cells (white rhombus). The green and
blue circles indicate the so-called FCC-Top and HCP-Top areas of the moiré unit cell,
respectively. The names indicate the registry with the ruthenium second layer of the three
carbon atoms located at threefold hollow sites on the low areas of the moiré [34]. (b) Top
and perspective views of the structure of the a-bisdiketone nonacene precursors. Carbon
and hydrogen atoms are represented in grey and blue, respectively, while the oxygens
of each ketone group are represented in red.

A submonolayer coverage of a-bisdiketone nonacene precursors, Figure 1b, was
sublimated under dark conditions on a gr/Ru substrate held at room temperature.
The inset in Figure 2a shows a constant-current STM image of an isolated
precursor, exhibiting a rod-like appearance with two bright protrusions of similar
apparent height, which we assign to the bridged a-diketone groups pointing
upwards. At higher coverages, the intact a-bisdiketone nonacene precursors
cover preferentially the low areas of the moiré pattern before populating the upper
parts, as shown in Figure 2a. After deposition of the nonacene precursors, the
sample was kept at room temperature and exposed to visible light (A = 470 nm,
Qphoton = 2.5 x 10" cm™ s7') for 90 minutes. Upon irradiation, the
photodecarbonylation of a-bisdiketone nonacene precursors is achieved which
gives rise to the formation of nonacenes. After light exposure the surface is
covered with rod-like structures that are randomly distributed over the low areas
of the moiré pattern of gr/Ru(0001) and are isolated from each other. Figure 2b
shows an STM image of one of these rod-like structures that is uniform in
apparent height. Our DFT calculations (see Materials and Methods) confirm that
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nonacenes are physisorbed on the low areas of the gr/Ru(0001) moiré pattern
(see Figure 2c). The DFT simulated STM image (right panel in Figure 2b)
reproduces the intramolecular resolution in the experimental STM image (left
panel in Figure 2b) and resembles the expected intramolecular resolution of the
Lowest Unoccupied Molecular Orbital (LUMO) for a gas phase nonacene (see
the Sl). This indicates that the molecule is electronically decoupled from the
substrate.
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Figure 2: (a) STM topography (V, = 1.5V, |, = 50 pA) image of a-bisdiketone nonacene
precursors on gr/Ru(0001) after room temperature deposition, recorded at 4.6K. The a-
bisdiketone nonacene precursors self-assemble by avoiding the ripples of the moiré
pattern. Inset shows a topographic image of a single a-bisdiketone nonacene precursor.
The two bright protrusions are assigned to the a-diketone groups pointing upwards [30].
(b) Left panel: STM image (V, = 1.7 V, It =100 pA) of a nonacene molecule adsorbed on
the gr/Ru(0001) surface after being exposed to visible light (A = 470 nm) for 90 minutes.
The right panel shows the simulated STM image. (c) DFT calculated geometry showing
the most stable physisorbed configuration of a nonacene molecule on gr/Ru(0001). The
left panel shows the lateral view and the right panel the top view. Color coding as
indicated in the figure legend.

In order to determine the yield of the photogeneration process, we acquired STM
images from different areas of the sample after exposure to light. In all the
measured images, only nonacenes and no intact precursors were found (see
section Il in the Sl for more details). From these data, we can conclude that a
100% conversion yield was achieved after 90 minutes of exposure to 470 nm light
In Table 1, we compare our results with those previously reported on Au(111)
[30]. As can be seen, the on-surface photogeneration of nonacenes is
significantly more efficient on gr/Ru(0001) despite the fact that photon fluence
and wavelength are the same as in reference [30], and the latter was carefully
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chosen to match the n-1r* transition of the diketone group and the first optical
interband transition of gold [37] in order to promote Au(111) electrons into
unoccupied orbitals of the precursors via inelastic scattering processes [38, 39].

Au(111) Gr/Ru(0001)
Light wavelength 470 nm 470 nm
[llumination time 3 hours 1.5 hours
Conversion yield 80% 100%

Table 1: Conversion yields for the photogeneration of nonacenes on Au(111) [30] and
gr/Ru(0001) (this work). In both cases the conversion yield was obtained by evaluating
STM images after light exposition on different locations of the sample.

The crucial factor for the high yield in the conversion is the presence of
unoccupied surface states at the gr/Ru(0001) surface, which can host the hot
electrons generated by the light adsorption process and facilitate their coupling
with the molecular states. The presence of the graphene overlayer induces new
states in the projected band gaps of Ru(0001), the so-called image states [40,41].
In free-standing graphene, due to the bidimensional nature of the material, image
states appear on both sides of the graphene plane [42]. When the graphene layer
approaches the Ru(0001) surface, the symmetry is broken thus leading to the
disappearance of one set of image states. The energy position and the properties
of the remaining states depend strongly on the distance between the graphene
layer and the ruthenium surface [31]. According to state-of-the-art DFT
calculations, this distance varies periodically along the moiré pattern, from around
3.4 A on the ripples (Atop areas in Figure 1) to 2.2 A on the lower areas of the
moiré (HCP-Top and FCC-Top areas in Figure 1a) [41].

(=3
~—

dZ/dV [Arb Units]

2 3 4
Sample Voltage [V]

Figure 3: (a) STM topographic image (9 x 9 nm?, V, =-0,5V, I, = 100 pA) measured at
4.6 K. (b) dZ/dV curves measured on the moiré superstructure reflecting the energy
position of the corresponding field emission resonances. The blue curve was acquired
on the ripples of the moiré (blue dot in panel a). The red curve was acquired on the low
areas of the moiré (red dot in panel a). (¢) dZ/dV map measured simultaneously with the
image shown in panel a, showing the spatial distribution of the spectral feature appearing
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in the red spectrum at +2.85 V in the low areas of the moiré. The coloured dots mark the
same positions as in panel (a).

Figure 3a shows an STM image recorded on the gr/Ru sample; for the selected
bias voltage, the ripples of the moiré superstructure appear as an ordered
triangular array of protrusions. Figure 3b shows the dZ/dV curves measured on
the ripples (blue curve) and the lower areas (red curve) of the moiré. In the curves
measured on the ripples, where the distance between graphene and the metallic
substrate is large, the first field emission resonance appears around +4.4 eV,
close to the average work function measured on this surface [31]. The curves
measured on the lower areas of the moiré, where the distance between graphene
and ruthenium is small, exhibit two peaks in the energy range explored. The peak
at + 2.85 eV is particularly interesting, because it is due to a surface localized
one-electron state: it results from the interaction between the Ru(0001) surface
resonance and the lowest image state of graphene [31,44,45]. In Figure 3c we
show a dI/dV map measured at +2.85V, demonstrating that this surface state is
uniformly distributed in the low areas of the moiré. Hence, the wave function of
this surface state is localized precisely in the region where the nonacene
precursors adsorb upon deposition at room temperature. This is a key factor for
the on-surface photogeneration of nonacenes on gr/Ru(0001). The energy of this
unoccupied surface state matches the energy of the n-1r"transition of the diketone
group of the a-bisdiketone nonacene precursor, and both the a-bisdiketone
nonacene precursors and the surface image state are spatially localized in the
low areas of the moiré pattern (see Figure 2a and Figure 3c). Our results are thus
the experimental realization of the scenario theoretically described by Rous [5],
I.e. a system where the molecular resonance coincides in energy and space with
an image state of the substrate.

470 nm | Im(e)/V
T T T T — Ru(0001) slab 15L
— Graphenex10
 plasmon Au(111) slab 15L

W 19] LR R

(arb. units)

In plane (x,y)
polarization

000 . . T Lo B s
0 1 2 3 4 5

Energy (eV)
Figure 4: Imaginary part of the dielectric function, €;(w) = Im[e(w)], per unit volume,
representing the optical properties of the three analyzed materials, as obtained in a
Linear Response TD-DFT calculation. The graphene results are multiplied by 10 to
visualize them on the same scale as those of Au and Ru. The vertical blue gridline marks
the energy position of the light used in the experiments.

Finally, the high conversion efficiency observed in the experiment requires that
the gr/Ru(0001) can efficiently absorb photons, thus ensuring the population of
the surface states with hot electrons. In order to verify this, we performed Linear
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Response TD-DFT calculations to retrieve the absorption properties of different
materials and surfaces. In Figure 4 we present the imaginary part of the dielectric
function per unit volume of a Ru(0001) surface, freestanding graphene and a
Au(111) surface. The low-energy ends of the three spectra are dominated by the
so-called Drude peak, which appears due to the conducting nature of the
materials. The graphene spectrum, whose intensity is roughly one order of
magnitude lower than those of the two metals, is also characterized by a peak at
4 eV, which is the (q—0) one-body counterpart of the so called 1-plasmon (see
S| for more details), which is typical of graphene and graphitic materials [46-48].
The Au(111) spectrum presents a plateau starting at 2 eV, which corresponds to
the onset of inter-band transitions from the d bands; we notice that the 470 nm
wavelength falls within this plateau. Finally, the Ru(0001) absorption spectrum
presents a high absolute value for the 470 nm wavelength and more features
than Au(111) due to the presence of empty d bands just above the Fermi level
(see also Sl). The above analysis thus shows that the observed high
photogeneration yield on gr/Ru(0001) results from the combination of (i) the high
photon absorption on Ru(0001) and (ii) the appearance of a spatially localized
surface state at the right energy due to the presence of the graphene adlayer.

In summary, we have shown that nonacene formation on gr/Ru(0001) can reach
a 100% vyield by exposing the corresponding a-bisdiketone precursors to visible
light of 470 nm. This represents a gain in light-conversion yield of more than a
factor of two with respect to a Au(111) substrate under the same experimental
conditions. This higher yield is the consequence of the efficient photon absorption
by the ruthenium substrate, the appearance of an unoccupied surface state
resonantly coupled to the r* affinity levels of the precursors adsorbed on the low
areas of the gr/Ru moiré pattern, and the spatial localization of this surface state
in the same moiré regions. These results suggest that surface states can play a
prominent role in the surface photochemistry of complex molecular systems by
an appropriate selection of a substrate that fulfills the above criteria.
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MATERIALS AND METHODS
Sample preparation

The Ru(0001) crystal was Ar* sputtered, heated in oxygen and flash annealed in
vacuum until a (1x1) LEED pattern and no traces of contaminants were observed.
The graphene samples on Ruthenium were prepared keeping the Ru crystal at
1150 K in UHV and exposed to ethylene at pressures of 2x10~7 mbar for 3 min
(48 L, 1L=1.33x10"% mbar s). The temperature was held at 1150K for a further
2 min after removing the C,H, gas from the chamber. The synthesis of the
molecular precursors is described in reference [30]. Molecular precursors were
thermally deposited onto a clean gr/Ru(0001) surface held at room temperature.
The deposition rate was 0.4 A min~" for a sublimation temperature of 610 K. After
precursor deposition, the sample was exposed to visible light (Blue (470 nm)
LUXEON Rebel LED, mounted on a 40 mm round base with seven LEDs, 490 Im
@ 700 mA). During the exposure to light, the sample was kept at room
temperature. Subsequently, the sample was introduced in the STM and cooled
down to 4.8 K or 1.2 K for inspection. The light source was located outside the
STM chamber at approximately 20 cm from the sample and in front of the surface.
The estimated photon flux at the sample is 2.5x10'8 cm2 s,

STM experiments

All experiments were performed in a UHV chamber with a base pressure of 5 x
10~ mbar equipped with an LT-STM and facilities for tip and sample preparation.
The clean W tips were prepared by Ar* sputtering (2.5 keV) in UHV for 45 min
and then heated up by resistive heating. All the STM/STS data were measured
with both tip and sample at 4.8 Kor 1.2 K.

DFT and TD-DFT calculations

DFT based calculations have been carried out using the PAW method [47] (400
eV PW cut-off), as implemented in the VASP package [49-52], using the PBE [53]
exchange-correlation functional plus the Tkatchenko-Sheffler [54] correction, to
take into account weak dispersion forces. The graphene ruthenium surface was
modelled by a three-layer thick Ru slab oriented in the (0001) direction with a
graphene layer adsorbed on one side. To simulate the adsorption of nonacene,
we adopted a (22x11)Graphene/(20x10)Ru supercell to minimize the molecule-
molecule interactions in the periodic replicas using at least a 20 A vacuum region
in the out of plane direction; notice that the (11x11)Graphene/(10x10)Ru
supercell, is capable of reproducing all the physical properties of the graphene
ruthenium moiré [43]. A full relaxation of the nonacene atoms and of the graphene
atoms was carried out until the residual forces on the active atoms were less than

Page 12 of 16



Page 13 of 16

Nanoscale Horizons

0.01 eV/ A, limiting the Brillouin Zone integration to the I point. The simulated
STM images were calculated by the Tersoff Hamann method [55]. The images
are obtained calculating the isosurfaces of the electron density integrated in the
energy window going from the Fermi level to the bias energy, E, = eV, where V,,
is the bias voltage and e = 1.6x10-'° C is the elementary charge. The isovalue
(Isov) in A3 is obtained by the equation ls,, = 2x10-4Vl; in which the tunnelling
current (I;) value is expressed in nA.

The Linear Response TD-DFT calculations were carried out using the PAW
based implementation available within the VASP package [56]. The ruthenium
and gold surfaces were modeled by 15 layer thick slabs (30 A vacuum region)
oriented in the (0001) and (111) directions, respectively, relaxing the coordinates
of the outermost layers. The light absorption is calculated as the imaginary part
of the dielectric function, €,(q, w), normalized to the total volume, in the long
wavelength limit (g — 0), and neglecting local field effects. The TD-DFT runs
were carried out using unshifted 36 x 36 x 1 k-point mesh (60 x 60 x 1for
graphene). We enforced a very strict 108 eV energy tolerance, to ensure precise
convergence of the Kohn Sham wave functions, including in the calculation a total
of 256, 180, and 60 bands, for the Ru(0001), Au(111), and graphene,
respectively, sampling the energy region up to 20 eV above the Fermi level.
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