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Abstract

The activation, hydrogenation, and covalent coupling of polycyclic aromatic hydrocarbons (PAHs) are processes
of great importance in fields like chemistry, energy, biology, or health, among others. So far, they are based on
the use of catalysts which drive and increase the efficiency of the thermally- or light-induced reaction. Here, we
report on the catalyst-free covalent coupling of non-functionalized PAHs adsorbed on a relatively inert surface in
presence of atomic hydrogen. The underlying mechanism has been characterized by high-resolution scanning
tunnelling microscopy and rationalized by density functional theory calculations. It is based on the formation of
intermediate radical-like species upon hydrogen-induced molecular super-hydrogenation which favors the
covalent binding of PAHs in a thermally-activated process resulting in large coupled molecular nanostructures.
The mechanism proposed in this work opens a door toward the direct formation of covalent, PAH-based,

bottom-up synthetized nano-architectures on technologically relevant inert surfaces.

Keywords: super-hydrogenation, polycyclic aromatic hydrocarbons, covalent coupling, atomic hydrogen, on-

surface chemistry.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) —organic compounds constituted by carbon aromatic rings and
hydrogen— are ubiquitous in society.' They are routinely used in a wide variety of scientific and technological
fields such as fundamental chemistry, drugs production, or chemical and petrochemical industry, among many

others. The simplest PAH, benzene, is one of the main precursors for the chemical industry, with a world
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production in the range of tens of million tons per year.” PAHs are commonly found in air and soil as a
consequence of natural processes and human activity, where they constitute an important health risk.> However,
their presence is not limited to Earth. PAHs of different sizes have been detected in the outer space,*’ where
their formation mechanisms are still under intense debate.®” Interestingly, interstellar PAHs have been invoked
as crucial precursor both in the exogenous origin of life, through dehydrogenation and coupling processes,® and
as one of the key players in the formation of interstellar hydrogen via super-hydrogenated intermediate

species.””!?

Most of the above mentioned scientific or technological processes require of a common intermediate step in
which PAHs are to be activated. However, despite being of unarguable importance,'' the atomistic mechanisms
of PAH super-hydrogenation (addition of an extra hydrogen atom to the PAH) and activation are still poorly
understood. It is known that PAH activation reactions through dehydrogenation are unlikely processes which
require overcoming an activation energy barrier given by the strength of the C-H bond, typically in the range of
3.5—4.5 eV." Such energy barriers prevent the easy dehydrogenation of PAHs at room temperature (RT) even
for reactions with an advantageous energy balance (exothermic). To overcome this issue, it is a common practice

to include a catalyst."

One of the strategies followed to activate otherwise stable PAHs is the formation of arenium ion intermediates in
electrophilic aromatic substitution reactions by the attachment of an extra proton or functional group to one of
the peripheral C atoms of the PAH.'* This addition induces a local sp* to sp’ transition which breaks the
aromaticity of the molecule, delocalizing positive charge in the m system and making the molecule more reactive.

Here, we shall argue that the addition of atomic hydrogen plays a similar role in our molecules.

The recent advent of On-surface Synthesis, the use of well-controlled ultra-high vacuum (UHV) environments
and well-defined single-crystalline metallic surfaces, and the application of Surface Science techniques to the
characterization of chemical reactions has afforded a deeper comprehension of the reaction mechanisms
operating at the molecular level."” Furthermore, it has allowed the emergence of new covalent coupling reactions
yielding unprecedented low-dimensional nanostructures, otherwise unattainable via traditional solution-based

chemistry.'®"? Dehydrogenation and cyclo-dehydrogenation are among the pioneering and more extensively

20,21 22-24

used on-surface reactions. They have been applied to the fabrication of 0D fullerenes, nanodomes, nano-

25-29

graphene, and nanostructured molecules;*® 1D graphene nanoribbons;’' or even 2D networks and full

32,33

graphene, to only name some of them. However, this rapidly increasing field suffers from a limited number

of substrates where the reaction may occur and, often, the interaction of the reaction product with the underlying



metal substrate significantly modifies its properties, which preclude their further use.

Herein, we have made use of the unique access to atomic-scale information provided by On-surface Synthesis to
characterize and exploit an unprecedented mechanism for the covalent coupling of PAHs directly on relatively
inert surfaces. This is a three-steps process. Firstly, surface deposited PAHs are activated by super-
hydrogenation upon exposure to atomic hydrogen. Secondly, two super-hydrogenated PAHs diffuse and collide
at radical-like carbon positions (next neighbors to the super-hydrogenated site), leading to the formation of new
intermolecular covalent C-C bonds; and third, they release the extra H in the form of two hydrogen molecules
(see Figure 1b for a schematic view of the whole process). The relevance of this work is two-fold: (1) It aims at
unveiling the atomistic mechanisms for super-hydrogenation and covalent coupling of PAHs on surfaces, and (2)
it makes use of these ideas to achieve organic nanostructures by intermolecular covalent coupling of PAHs. Our
method paves the way toward the activation and further covalent coupling of aromatic organic molecules on
substrates characterized by a low reactivity, thus increasing their potential technological interest.

c, C
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Figure 1.- a) Schematic representation of the pentacene (left) and perylene (right) molecules used in these experiments and
the notation for peripheral C atoms. b) Schematic representation of the proposed three-step reaction mechanism resulting in
the formation of covalent molecular nanostructures and the release of molecular hydrogen. It consists on the super-

hydrogenation of the PAH and the subsequent interaction of two activated PAHs to form a covalent dimer.

Results and Discussion

To show the viability of our process, we have chosen as model systems two prototypical PAHs —pentacene and
perylene— and a commonly used metallic substrate in On-surface Synthesis —Au(111). Such a choice is
rationalized by the weak molecule-surface interaction, which allows intact adsorption at RT and molecular
desorption in the temperature range between 375 — 525 K, as we shall see below. For the sake of clarity, we

present a detailed analysis for the pentacene case, while further corroboration of our results with perylene and
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naphthalene are given in the Supplementary Information.

Figure 2a shows an STM image of the Au(111) surface after deposition of 1 ML of pentacene molecules at RT.
The pentacene molecules self-assemble into well-ordered islands, as previously reported.”* Post-annealing this
system at 525 K under UHV conditions induces the molecular desorption of the vast majority of molecules
(Figure 2b), in good agreement with reported thermal programmed desorption (TPD) experiments.* Importantly,
upon annealing, pentacene molecules do not undergo any coupling reaction; only some monomers remain on the
surface, mainly located at the elbows of the herringbone reconstruction.® At this point, it should be noted that
the inverted appearance of the reconstruction pattern in STM images in Figure 2b is characteristic of tip-induced

motion of isolated molecules along the FCC regions of the herringbone reconstruction.”’

This scenario changes completely when the annealing of the pentacene layer is carried out in the presence of
atomic hydrogen (Figure 2d). A significant increase in the amount of pentacene molecules remaining on the
Au(111) surface is observed, in marked contrast to the cases without hydrogen or with molecular hydrogen
(Figures 2b and 2c, respectively). Importantly, the number of molecules remaining on the surface —and thus the
reaction yield— depends on the amount of atomic hydrogen supplied to the system, suggesting that under such
experimental conditions the extent of available H is the rate limiting factor (Figure 2e). A close-up view to the
so-formed, homogeneously distributed molecular nanostructures reveals that they are composed of pentacene
molecules arranged into dendritic covalently bonded structures (Figure 3). This assignment is supported by
different experimental evidences. Firstly, the observed nanostructures remain intact after a 15 nm displacement
and a 90° rotation induced by atomic manipulation with the STM tip (red circle in Figure S1). Secondly, these
nanostructures exhibit a rather homogeneous appearance, in good agreement with superimposed (properly

scaled) molecular models (Figure 3).
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Figure 2.- Evolution of 1 ML pentacene on Au(111) with surface temperature and hydrogen partial pressure. a) STM image
of the as-deposited molecular layer. Individual elongated features correspond to pentacene molecules which self-assemble
into two domains following the herringbone reconstruction. STM parameters: 30 nm x 30 nm, [ =20 pA, V=-14V, 77 K.
b) STM image of the pentacene layer after annealing at 525 K in UHV. Most molecules have desorbed from the Au surface.
STM parameters: 100 nm x 100 nm, I =20 pA, V=-1.5V, 77 K. ¢) STM image of the pentacene layer after annealing at 525
K in H, atmosphere (P(H,)=1.5 10~ mbar at the exit of the cracker capillary, H, cracker OFF). Again, most molecules have
desorbed from the Au surface. STM parameters: 100 nm x 100 nm, I =20 pA, V =-1.5 V. d) STM image of the pentacene
layer after annealing at 525 K in the presence of atomic hydrogen (P(H)=1.5 10~ mbar at the exit of the cracker capillary)
and post-annealing at 575 K without further H supply. Pentacene-derived nanostructures appear on the surface as a
consequence of intermolecular covalent coupling. STM parameters: 100 nm x 100 nm, [ =20 pA, V=-1.5 V. e) Graph
showing the evolution of the surface coverage of pentacene-derived nanostructures with the estimated hydrogen partial
pressure at the exit of the cracker capillary (cracker-sample separation ~ 10 cm). The blue line corresponds to a power-law fit
to the experimental data (exponent=0.697). The value found at 0 partial pressure is due to reactions taking place at the elbows

of the herringbone reconstruction. Error bars were estimated from the counting of not well-defined structures.

Figures 3a-f show a set of high-resolution STM images of some of the most characteristic and interesting
molecular entities formed: L-shaped dimers (blue arrows), boomerang-shaped dimers (pink arrows), tetramers,

and two rectangular structures (green and red arrows). The L-shaped dimer is proposed to be the result of the



covalent coupling of two pentacene molecules at C; positions (Figure 1a). Given the flexibility of the single C-C
bond formed between the two pentacene molecules, the intermolecular angle can adopt different values
depending on the surrounding structures and the registry with the surface. As an example, the L-shaped dimer in
Figure 3a presents an angle of ~90° while the one in panel c is ~120°. In both cases, a good agreement between
experimental STM image and the schematic scaled model is obtained (Figures 3b and 3d). On the other hand,
the boomerang—shaped dimer may derive from the covalent coupling at C; and C, positions (Figures 3d and 3f).
In this case, the angle between molecular axes is ~150°. The tetramer is compatible with the covalent coupling of
an L-shaped and boomerang-shaped dimers as shown in Figure 3b. Finally, we have the rectangular structures
which are probably the most interesting ones (Figures 3e and 3f). They are assigned to nano-graphene patches
formed upon in-registry side-by-side intermolecular coalescence of two (red arrow) or three (green arrows)
pentacene molecules (see Figure S4 for further details on their formation mechanism). Given their 0D character
and their atomic structural precision, these nano-graphenes are expected to present intriguing electronic and
magnetic properties such as giant edge state splitting localized at the zigzag edges.*® Interestingly, the yield of

nano-graphene formation is quite high, resulting in about 1 nano-graphene per 60 nm”.

There are, of course, other examples for the on-surface synthesis of atomically precise nano-graphenes, such as
e.g. the surface-assisted intramolecular cyclo-dehydrogenation of PAHs on metallic surfaces.” ** Additionally,
the lateral coalescence of graphene-based nanostructures has also been reported, but it usually requires
temperatures in excess of 650 K.**** However, to the best of our knowledge, the structures reported here are the
first examples of atomically precise nano-graphenes realized via on-surface coalescence of unsubstituted PAHs
on rather inert substrates such as Au(111). Furthermore, our hydrogen-assisted strategy decreases the

intermolecular coupling temperature by at least 125 K; that is, a 20 % with respect to other available protocols.



Figure 3.- STM images and schematic models for different pentacene- and perylene-derived nanostructures formed upon

annealing in the presence of atomic hydrogen. a,b) L-shaped pentacene dimer (blue arrow) and pentacene tetramer formed
upon C-C covalent coupling at C; (former), and C; and C, (latter) positions. STM parameters: 5.0 nm x 5.0 nm, [ =30 pA, V
=-1.5V, 77 K. ¢,d) L- and boomerang-shaped (blue and pink arrows, respectively) pentacene dimers formed after activation
of C,-C, and C,-C, positions, respectively. STM parameters: 5.0 nm x 5.0 nm, I =20 pA, V=-1.5V, 77 K. e,f) Boomerang-
shaped pentacene dimer (pink arrow) and rectangular patches (red and green arrows), the latter appearing upon in-registry
lateral coalescence of two and three pentacene molecules, respectively. STM parameters: 5.0 nm x 5.0 nm, [ =20 pA, V =-
1.5V, 77 K. g,h) Perylene monomer (left) and dimers. The left dimer (white arrow) corresponds to the head-to-head covalent
coupling of C’; carbon atoms while the right dimer (yellow arrow) is associated to the lateral fusion of two perylene

molecules involving positions C’; and C’;. STM parameters: 6.0 nm x 7.8 nm, [ =20 pA, V=-1.2V,5K.

It is worthy to note that the methodology here presented can also be satisfactorily applied to the fabrication of
pentacene-based nanostructures at even lower sample temperatures. Figures S2a,b show a set of STM images
acquired upon annealing a pentacene/Au(111) sample at 425 K in the presence of atomic hydrogen. Despite the
substantial decrease in sample temperature during the process, we can observe the formation of dendritic
pentacene-derived nanostructures, as highlighted by blue arrows. This annealing temperature is around the
desorption temperature of pentacene on Au(111) as mentioned above, and therefore there are still unreacted
molecules diffusing on the surface, evidenced by the horizontal spikes in the STM images. In order to discern the
real coverage of reacted molecules and to improve the quality of the images we desorbed unreacted pentacene,
annealing at 525 K without further supply of atomic H. Figures S2c,d present the STM images obtained after
such an annealing, where the formation of nanostructures similar to those presented in Figure 3 are observed,

although with an obvious descent in the total amount of reacted molecules, which is approximately reduced by
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50 %. This result further corroborates the existence of a rather low activation barrier which we propose to be

associated to the essential super-hydrogenation step.

To check the versatility of this process, we have carried out experiments using perylene on Au(111). Perylene
has been chosen because it combines armchair- and zigzag-edge topologies in similar proportion (Figure 1a). It
has been suggested that zigzag edges in graphene-based nanostructures are more reactive than armchair ones due
to the presence of electronic states close to the Fermi level.*' This could induce selectivity in the H-mediated
dehydrogenation of the molecule. We show in Figures 3g and S3 that our mechanism is also valid for perylene
and leads to the formation of higher order molecules as a result of the H-induced intermolecular covalent
coupling. Figure 3g shows an STM image of some interesting and characteristic nanostructures, namely a
monomer and two dimers made of perylene units. High-resolution imaging of the monomer allows unambiguous
determination of the molecular orientation; the two maxima at the edges corresponding to the zigzag edge. Thus,
we can univocally assign the two dimers to an edge-to-edge fusion of two monomers, i.e., the formation of nano-
graphenes; the one in the centre (white arrow) resulting from coalescence along the zigzag edge, while the one
on the right (yellow arrow) coming along the armchair edge. This latter case is especially interesting as it implies

1. but

the formation of an octagonal and two square rings, similar to the structures reported by M. Liu ef a
without any need for molecular functionalization. Our results indicate that the process does no present selectivity

towards any of the edges, indicating that the reactivity of the edge is not directly involved in the coupling

mechanism.

As already introduced, the idea behind this work is to exploit the enhanced reactivity of activated intermediates
to facilitate the formation of new covalent C-C bonds between PAHs. In our case, radical-like intermediate
species are created by the super-hydrogenation of the PAHs upon exposure to atomic hydrogen on a surface. In
order to corroborate our hypothesis and experimental observations, we have performed extensive Density
Functional Theory (DFT) calculations to determine the energy barriers and enthalpies involved in the process.
Attending to the proposed model and the experimental findings herein presented, we expect the following
elements in the mechanism: (1) the reaction requires the presence of super-hydrogenated species created by
exposure to atomic hydrogen; (2) it needs a surface to confine the species involved in the reaction -PAHs and
atomic H— increasing the encounter probability in comparison to the gas phase, which explains why such a
dehydrogenation process has not been observed in the gas phase;’ and (3) it is expected to be thermally activated.
Our calculations focus on the pentacene/Au(111) system, although we have also computed the most relevant
steps for the naphthalene/Au(111) and perylene/Au(111) systems, which revealed no important differences (see

Supplementary Information).



Following the experimental protocol, first a H atom approaches a pentacene molecule physisorbed on the Au
surface (top left panel in Figure 4). When the H atom is close enough, two main possibilities arise: (1) it interacts
with one of the pentacene peripheral H atoms, cleaves the C-H bond, and forms an H, molecule and a carbon
radical, either in a Eley-Rideal or in a Langmuir-Hinshelwood mechanism;* or (2) it interacts with one of the C
atoms and forms a chemical bond, super-hydrogenating the molecule and inducing a local sp*-sp” transition
(Figure 4, bottom left panel). The computed energy barriers for the different peripheral C atoms in cases (1) and
(2) are in the range of 0.64-0.74 eV and 0.24-0.26 eV, respectively, the lower values corresponding to position
C, (see Fig. 1a). This site-dependence energy barrier is in good agreement with the well-known higher reactivity
of acenes at their more aromatic central rings.* Processes (1) and (2) compete, but molecular super-
hydrogenation will prevail given the lower energy barrier, thus favoring the formation of the super-hydrogenated
species, a key intermediate step prior to PAH intermolecular covalent coupling, as confirmed by control

experiments (see Supplementary Information).

At this point, it is worthy to mention that molecular super-hydrogenation has to compete with the opposite
process: the H-assisted cleavage of one of the C-H bonds of the super-hydrogenated molecular carbon atom,
returning the molecule to its canonical form, e.g., C;oH s + H = Cy,H;4 + H,. Such a process has a computed
energy barrier in the range between 0.6 and 0.9 eV (see Figure S5), depending on the different C positions, and a
net enthalpy gain in the range from 1.5 to 1.7 eV (exothermic). The efficiency of this process increases with the
temperature, and is highly probable in the temperature range used in the experiments. However, its influence in
the reaction mechanism will be limited as the experiments take place under a continuous flux of atomic H which

will continuously replace the cleaved H.

Once the pentacene molecule is super-hydrogenated, i.e. in its radical-like state (bottom left panel in Figure 4), it
shows an enhanced reactivity at contiguous C-H sites due to the local breaking of n-aromaticity. Consequently,
two super-hydrogenated pentacene molecules find favorable to align (Figure 4, bottom middle panel) and join at
their radical-like sites next to the super hydrogenated ones (Figure 4, top right panel), forming a new covalent C-
C bond across the two molecules and the resulting super-hydrogenated pentacene dimer (Figure 4, bottom right
panel).

Finally, in a last step, the dimer will desuper-hydrogenate —lose the extra H atoms— to return to its canonical
form. This can occur assisted by an incoming H atom from the vacuum or the surface, in a pathway already
sketched above. It should be noted that, as we are dealing with a large PAH, we may have different energetic

scenarios depending on the super-hydrogenation site. For the sake of clarity, the energy curve in Figure 4 shows



the energy landscape for the most favorable situation in which pentacene molecules are super-hydrogenated at C,
positions and couple at C, positions, i.e. CZ —from now on we will name it as C;, where x and y are the coupling
and super-hydrogenation positions, respectively. In this case, the computed energy barrier for the C-C bond
formation is 0.81 eV, a value that can be reasonably well overcome within the experimental conditions used in
this work. Furthermore, the overall process is thermodynamically favored (exothermic), with an overall energy
gain of 3.38 eV. Table S1 in Supporting Information shows the computed energy barriers and enthalpy gains for
other favorable positions for pentacene and naphthalene. The small energy barrier differences among the super-
hydrogenation and reaction sites for the inequivalent C atoms explain the lack of selectivity in the shape of the
final nanostructures experimentally observed. Interestingly, the L type and boomerang-shaped dimers are the
most frequently found and those with lower barriers and higher energy gains. Other a priori plausible situations
not included in the table have been neglected as we deem them more unlikely attending to steric repulsion
arguments. For example, C§ — C$, C3 — C3, or C3 — C} can be excluded as hydrogen atoms in the edge of the
molecule will repel each other, thus decreasing the efficiency of the process at central molecular positions. This
effect has been observed for other acenes activated at central positions where no intermolecular covalent C-C
bonds can be obtained and organometallic complexes, which present longer bonding distances, are achieved.*
However, as shown in Figure 3e, it is possible to find nano-graphenes. We attribute their synthesis to a “zipping”
process in which two or more pentacene molecules consecutively covalently bind from an initial C-C bond at C,
positions (see Supplementary Information for further details on the “zipping” mechanism, Figure S4). Formation
of other type of C-C bonds, as fused rings (five-membered ring for L-structures), although cannot be discarded,

are unlike due to the molecular rigidity and that the process shall involve multiple super-hydrogenated sites.
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AE.g (AH) = 0.81 (1.54) eV

Reaction pathway

Figure 4.- Dimer formation involving CZ positions via H-induced super-hydrogenation and intermolecular covalent C-C
bond formation on Au(111) from CI-NEB calculations. Top and bottom: schematic representation of the most important
steps involved in the reaction pathway. Yellow, dark grey, and white atoms correspond to Au, C, and H, respectively. Red
dashed-line boxes superimposed in top views represent the simulation cells used in the calculations. Red circles highlight the
C atoms where the super-hydrogenation takes place. Middle: energy diagram associated to the lowest barrier reaction

pathway. Shading colors refer to the different steps of the reaction.

Although the mechanism here presented lacks, a priori, of selectivity, the comprehension of the atomistic
mechanism and the appearance of highly reactive positions may lead to selectivity via the synthesis of tailored
molecular precursors or by the introduction of heteroatoms at specific sites that may present a high affinity

towards super-hydrogenation.*®

Conclusions

Summarizing, we report on an atomistic mechanism leading to the activation and subsequent covalent coupling

of organic molecules into higher order molecular nanostructures on surfaces. It is based on the adsorption of at
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least an extra H atom at one of the molecular peripheral C atoms (super-hydrogenation), thus inducing a local
sp>—like configuration that locally breaks aromaticity, enhancing reactivity. Then, a new covalent C-C bond and
two H, molecules are formed upon collision of two super-hydrogenated molecules at contiguous radical-like
sites. The so-formed species continue aggregating, yielding characteristic dendritic nanostructures. Within the
variety of so-formed nanostructures, a non-negligible amount of structurally well-defined nano-graphene is

obtained upon side-by-side coalescence of two or more activated pentacene or perylene molecules.

Projecting these ideas, one could speculate how the proposed mechanism might be responsible for the formation
of large aromatic species in circumstellar environments on the surface of dust grains that acts as a template rather
than a catalyst.® Additionally, it opens a door to a new way of inducing dehydrogenation and covalent coupling
of organic molecules on relatively inert surfaces, otherwise unattainable due to molecular desorption prior to
reaction. Moreover, we speculate that a correct choice of the molecular precursors may enhance selectivity and
make this strategy valuable for the non-Ullmann coupling of atomically controlled nanostructures, and with no
undesired secondary products. We envision that, given the templating and hosting role of the surface, the
proposed mechanism is quite general and could be reasonably applied to a wide range of PAHs adsorbed on
diverse surfaces. Furthermore, we have found no arguments against the mechanism being extensible to more

technologically-relevant substrates such as semiconductors or insulators.

Methods

Experiments have been carried out in a UHV chamber with a base pressure of 1.0 10™° mbar, equipped with an
LT-STM (Scienta Omicron) and a thermal gas cracker (MGC Series, Mantis Deposition). Au(111) single crystal
substrates (Surface Preparation Laboratory, Netherlands) were cleaned using the standard protocol based on
repeated cycles of sputtering (Ar' ions, 1.0 kV) and annealing (~750 K) until judged clean by STM. Pentacene
(Sigma Aldrich, 99+%) and perylene (Acros Organics, 98%) molecules were sublimed from a Kentax three-fold
evaporator (Kentax GmbH) at a rate of ~1 Amin™ (sublimation temperatures of 460 K and 400 K, respectively).
Prior to deposition, they were thoroughly outgassed for several hours at temperatures 20 K lower than those used
for deposition. STM images were acquired in the constant current mode. For the sample preparation, the
following procedure was used: a full molecular monolayer was deposited on the clean Au(111) surface held at
RT. Then the sample was faced toward the H, cracker and exposed to a flux of atomic H while ramping the
sample temperature from RT to 525K in 10 minutes, and then kept at 525K for another 20 minutes. After that,

the annealing was stopped and the sample was allowed to cool down to RT while keeping the atomic H flux
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during the first 5 minutes. The partial pressure of H, in the chamber during H exposure was 5.0 107 mbar unless
otherwise stated, and the working power of the hydrogen cracker was 40 W. Using these parameters, we estimate
a cracking efficiency of around 40-50% and a pressure in the capillary around 4 orders of magnitude higher than
that in the chamber. All temperatures were measured with an infrared pyrometer (Optris) using an emissivity of

e=0.1.

Atomic mechanisms for our experiments are based on ab-initio Density Functional Theory.?” Both extended*
and localised® models have been used, the former mainly appropriate for periodic systems like the gold surface,
the latter primarily adapted to small clusters of atoms like molecules. Comparison of values calculated with such
different basis for similar models, whenever it has been possible, yields confidence on the generality and
consistency of our results. Total internal electronic energies for self-consistent states of stationary configurations
(both local minima and kinetic barriers) have been computed. Different convergence thresholds and parameters

controlling the accuracy of the calculations are given in the supplementary information.
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