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THEORETICAL METHODOLOGY 

 

Computational Details 

 For the ab-initio atomistic and molecular dynamics simulations of the different 

adsorbate/TiO2(110) configurations analysed in this study, Density Functional Theory 

(DFT) was used effectively combining the localized-basis-set and plane-wave schemes 

as implemented in the FIREBALLS1 and PWSCFS2 simulation packages, respectively. A 

perturbative van der Waals (vdW) correction was used to check the reliability of the 

physisorbed configuration.S2 The exchange-correlation (XC) effects have been 

accounted by using the local density PW91 parametrizationS3 and norm-conserving 

scalar-relativistic pseudopotentialsS4 have been considered to model the ion-electron 

interaction. For the localized-basis-set code FIREBALL, a sp3d5d*5 basis set of single 

and double numerical atomic orbitals (one s, three p, and a double set of five d orbitals) 

was employed for Ti, a double numerical sp3s*p*3 basis set for O, an extended sp3d5 

basis set for C. and an optimized single s basis set for H – successfully validated in 
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previous calculations of PAHs.S5 For the plane-wave code PWSCF, a plane-wave basis 

set with kinetic energy cutoff as high as 30 Ry was used. In all the calculations the 

Brillouin zones (BZ) were sampled by means of a [2×2×1] Monkhorst-Pack grid,S6 

guaranteeing a full convergence in energy and electronic density. The TiO2(110) surface 

was modelled in a repeated slab geometry: i) a slab of four physical TiO2(110) layers 

with a distance ~ 25 Å of vacuum between neighbouring cells along the axis 

perpendicular to the surface; as well as ii) full periodic boundary conditions 

representing an infinite TiO2(110) surface. Each substrate physical layer contained 96 

atoms with perfectly balanced stoichiometry in order to avoid polarization effects, and 

the size of the unit cell in the direction parallel to the surface was 24.1 x 26.6 Å2, large 

enough to minimize any possible inter-molecular interaction between neighbouring 

cells. To define the equilibrium properties of the different structural configurations 

involved along the (cyclo)dehydrogenation process we carried out full geometry 

optimizations, and only the two bottom TiO2 physical layers were kept fixed. Two 

additional oxide layers were accounted for the calculations of the energetics, density of 

states profiles, and theoretical STM imaging. 

  

Electronic Structure and Energy Level Alignment 

For the calculation of the electronic properties of the system, as well as the 

theoretical STM images, once the optimized structures of the different configurations 

were fully established by the molecular dynamics calculations, the electronic levels of 

the adsorbates were properly aligned with respect the levels of the TiO2 substrate by 

using an efficient scissor operator – implemented in the FIREBALL code – according to 

the experimental evidence.  

The computational details underlying this technique have been deeply explained 

elsewhere (see Refs. S7-S9 and references therein). This approach has been successfully 

employed previously for improving the electronic structure description in organic / 

(metal/oxide) systems given by conventional DFT calculations, which, sometimes, fails 

at providing important physical magnitudes such as charge transfer rates, density of 

states, and theoretical STM images – among others – mainly due to an incorrect 

alignment between the energy levels of the adsorbate and the subtrate. S7-S9 This 

formalism dramatically improves the description of quantities of paramount importance 

in this study, which are the density of states, and the STM images. In this particular 

case, accounting the existing experimental electronic spectroscopy information, the 
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Fermi energy obtained from the conventional calculation has been properly aligned with 

the Ti+3 level of the TiO2, around 0.5 eV below the TiO2 conduction band. On the other 

hand, experiments identify the HOMO level of the molecule to be located at around 1.2 

eV below the Ti+3 level. Thus, previous considerations permit to fully establish a 

suitable starting point for the electronic structure calculations. Nevertheless, it is 

important to address that the starting point for the electronic structure calculations is 

self-consistent adjusted when the electronic charge convergence is solved through the 

implementation of the DFT equations. This approach, particularly important for large-

scale atomic systems (which is the case), shall allow us to obtain a realistic density of 

states profiles, and STM-scan at practically the same voltages than in the experimental 

realization.S7-S9   

       

Theoretical STM Imaging 

In our STM approach, tunnelling currents for the STM images have been 

calculated using a Keldysh–Green function formalism, together with the first-principles 

tight-binding Hamiltonian obtained from the local-orbital DFT-FIREBALL method (as 

explained in detail elsewhereS1,S10,S11). Some examples of the application of this 

approach can be found in references S7-S9; in particular, reference S7 is a good 

example of how the accurate theoretical simulation of STM images, and its comparison 

with high-quality experimental STM images, can guide us towards the correct atomic 

structure of an organic molecule on a metal substrate. Within this formalism, the tip – a 

standard pyramidal clean W-tip in our case – and the sample – adsorbate/TiO2(110) – 

are calculated independently providing independent subsystem Hamiltonians. Thus, the 

overlapping Hamiltonian is obtained by using a dimer approximation: a dimer formed 

by one W atom (corresponding to the tip) and another one (H, C, O or Ti coming from 

the sample) is calculated for different atom–atom distances and for all the non-zero 

interactions, using the Keldish-Green formalism to propagate the tunnel current between 

both subsystems. The details are widely explained by Blanco et al. in Refs. S10,S11 

(and references therein). The theoretical STM images have been obtained at constant-

current scanning conditions, moving the W-tip perpendicularly to the sample in each 

scanning stage to search a pre-selected fix value of the tunnel current. The theoretical 

scanning parameters used here were Itunnel = 0.2 nA, with Vsubstrate varying up to +2 V 

above the Fermi energy, in order to mimic the experimental procedure.  
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EXPERIMENTAL STATISTICAL ANALYSIS 

 

Upon annealing at 750K, a dramatic change in the molecular morphology is observed 

(see Fig. 3). As explained in the main text, a transition from flat triangular to round 

features takes place. The obtained features present an increase of the width together 

with a decrease of the apparent height, as it can be observed in the statistical analysis 

presented in Fig. S1. This modification of the molecular structures is rationalized as 

being the consequence of dehydrogenation plus on-surface addition processes. 

Dehydrogenated molecules can diffuse and form new C-C bonds with neighboring 

molecules giving rise to macromolecules with some curvature induced by the presence 

of pentagons in the precursors. This so-formed structures can be considered nanodomes. 

 
Figure S1.- Statistical analysis of the molecular features formed upon annealing at 750K. Left panel: 

bargraph for the molecular heights. Right panel: bargraph for molecular diameter. 
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