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We provide experimental and theoretical understanding on fundamental processes taking place at room
temperature when a fluorinated fullerene dopant gets close to a metal surface. By employing scanning
tunneling microscopy and photoelectron spectroscopies, we demonstrate that the on-surface integrity
of CgoF4g depends on the interaction with the particular metal it approaches. Whereas on Au(111) the
molecule preserves its chemical structure, on more reactive surfaces such as Cu(11l) and Ni(111),
molecules interacting with the bare metal surface lose the halogen atoms and transform to Cgo. Though
fluorine—metal bonding can be detected depending on the molecular surface density, no ordered
fluorine structures are observed. We show the implications of the metal-dependent de-fluorination in
the electronic structure of the molecules and the energy alignment at the molecule—metal interface.
Molecular dynamics simulations with ReaxFF reactive force field corroborate the experimental facts and
provide a detailed mechanistic picture of the surface-induced de-fluorination, which involves the
rotation of the molecule on the surface. Outstandingly, a thermodynamic analysis indicates that the
effect of the metal surface is lowering and diminishing the energy barrier for C—F cleave, demonstrating
the catalytic role of the surface. The present study contributes to in-depth knowledge of the
mechanisms that affect the degree of stability of chemical species on surfaces, which is essential to
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Introduction

Understanding the mechanistic aspects of fundamental
processes that take place between organic molecules and metal
surfaces is a challenging topic with important implications in
many interdisciplinary fields of nanoscience. Examples include
on-surface synthesis’™ (which allows one to obtain novel
nanostructures difficult to obtain by solution chemistry
methods), supramolecular organization and self-assembly® (as
a key bottom-up fabrication method with the lowest energy
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T Electronic supplementary information (ESI) available: Technical details of the
molecular dynamics methodology; analysis for estimation of fluorine content
on each metal surface for diverse coverages, including original C 1s and F 1s
XPS data and fits; additional constant current STM and frequency shift images;
full set of secondary electron cutoff (SECO) and valence band spectra for diverse
coverages on Au(111), Cu(111) and Ni(111), accompanied by the corresponding
energy levels diagram. Two movies showing reactive MD simulations for
molecular de-fluorination plus adsorption (Movie 1) and excited rotation of
a molecule on the surface (Movie 2) both in the case of Ni(111) surface. See
DOI: 10.1039/d0na00513d

This journal is © The Royal Society of Chemistry 2020

consumption) and charge transfer between molecules and
metals”® (essential for charge injection/extraction in organic
electronic devices, such as organic solar cells or field effect
transistors). These processes depend on a delicate balance
between inter and intramolecular interactions and molecule-
surface interactions which are highly system-dependent. For
example, density functional theory (DFT) calculations show that
Cgo makes covalent bonds with Pt(111) and the metal is able to
dissociate the molecule whereas the interaction with Cu(111),
Ag(111) and Au(111) is ionic and these metals are unable to
induce Cg, dissociation.’ The reasons cannot be traced back to
the substrate electronic structure but to thermally activated
local surface reconstructions.

Tackling the problem from a theoretical perspective presents
significant challenges. In principle, an accurate description of
the involved interactions (intermolecular, intramolecular and
molecule-surface) at the desired temperatures is possible using
first-principles molecular dynamics simulations'® in which the
motion of the atoms is computed using the interactions
between atoms described by quantum mechanical (QM)
methods. This technique has been employed to study the
mechanisms of synthesis of Cg, in gas phase' and its decom-
position over a Cu(111) surface'? at different temperatures from
first principles electronic structure theory. However, the high
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computational costs associated to QM limit their use to simu-
lations with a relatively small number of atoms and very short
times (~100 atoms and ~1 ps in ref. 12). A useful alternative is
to consider MD simulations based on a reactive force field for
the calculation of atomic interactions.' In a reactive force field,
the interactions between atoms are described including a bond-
order formalism, trained from QM calculations, which is able to
model bond formation and breaking during chemical reactions.
Reactive force-fields (ReaxFF)* is probably the most popular
reactive force field, and it has been successfully employed to
simulate on-surface reactions'* including transition metal
catalyzed reactions of formation of carbon and fluorinated
compounds and their thermal and mechanical properties.">™*”

The interest in understanding processes between organic
molecules and metal surfaces for technological applications is
evident, since development of all types of organic electronic
devices involves molecular species in contact with metallic
electrodes and any possible metal-mediated chemical modifi-
cation of the molecules would be detrimental. In particular,
among the different strategies to improve device performances,
the use of high electron affinity molecules facilitates a decrease
in the injection barrier at the interface between the organic film
and the electrodes, resulting as well in a contact resistance
lowering. Within this scenario, fluorinated fullerenes (CeoFy)
are of particular interest as electron acceptor materials due to
their large electron affinity and good chemical and thermal
stability.**' The increase in fluorine content being accompa-
nied by a rise in the depletion of the m/m* states and in the
HOMO-LUMO gap.”* Thus, we select for our study the fluo-
rofullerene with maximum number of fluorine, CgoF4g, 2 prom-
ising electron acceptor in organic devices****** with high
thermal stability (up to 350 °C).*' Despite their practical
importance, only few works exist on the adsorption of fluori-
nated fullerenes on metals. Among them, for the present study
it is worth noting the supramolecular order reported for
unperturbed CgoF3¢ on Au(111)* or the gradual and long lasting
loss of halogen atoms taking place for CgoF;s, a tortoise-shaped
molecule with far fewer fluorine atoms than the allotrope
studied here, on Cu(100).2¢2®

In this work, different C4F,5 coverages are deposited onto
diverse transition metal surfaces to unveil the role that the
organic-metal interactions have on the chemical stability of this
molecule at room temperature (RT) and give insight into the
pathway of surface-induced de-fluorination of the molecules. By
combining scanning tunneling microscopy (STM), frequency
modulation atomic force microscopy (FM-AFM) X-ray photo-
electron spectroscopy (XPS) and ultra-violet photoelectron
spectroscopy (UPS), we demonstrate that whereas on Au(111)
the molecule preserves its chemical structure, the C-F bonds of
CeoF4s are cleaved when approaching more reactive surfaces
such as Cu(111) or Ni(111) transforming into Cg, at room
temperature. By molecular dynamics (MD) with ReaxFF we
examine the full dynamic evolution of the molecules on the
surface, on timescales beyond what is accessible with quantum
level calculations, and provide a realistic description of the
catalytic role played by the metal surface. The joint
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experimental and theoretical information leads to a detailed
mechanistic picture of the process.

Methods

Experimental details

Fluorinated fullerene CgoF,;s molecules were synthesized as
described in ref. 29 at the Josef Stefan Institute (Slovenia). The
product was characterized by chemical analysis, electron-
ionization mass spectrometry and infrared spectroscopy. The
purity was estimated to be 95%. The experiments were carried
out in two separate (AFM/STM and XPS/UPS) ultrahigh vacuum
(UHV) systems with a base pressure of 1 x 10~ '° mbar. The
molecules were deposited in both cases employing the same
Knudsen cell (180 °C) onto in situ cleaned substrates kept at RT.
The Au(111), Cu(111) and Ni(111) single crystals were cleaned by
repeated cycles of Ar* sputtering (0.8-1.0 keV) plus annealing (at
550 °C, 650 °C and 750 °C, respectively) in a preparation
chamber equipped with Low Energy Electron Diffraction (LEED)
optics and diverse evaporators connected to the STM charac-
terization chamber. After this procedure, the observation by
STM of large terraces separated by monoatomic steps and the
sharpness of the LEED pattern confirmed a well-ordered clean
surface. The azimuth orientation determined from LEED and
the herringbone (HB) reconstruction in the case of Au(111) were
employed throughout the present work as crystallographic
references. The CgoF,5 molecules were in situ deposited from the
vapour phase at deposition rates of about 2-3 A min~* using
a Knudsen cell. The different molecular coverages () at the
surface have been estimated either from topographic STM
images or from the relative intensity of element specific core
level peaks as measured by XPS (see Fig. S4 in the ESIT). The
shift of the XPS peaks was calculated from peak position ob-
tained from the fits with a Pseudo Voigt function (Shirley type
background subtracted).

The STM measurements were performed at RT using
a commercial Aarhus SPM 150 with KolibriSensor™ probes (f,
~ 1 MHz, Q ~ 25 000) and a Nanonis Control System (SPECS
Surface Nano Analysis GmbH). The sharp metallic tip was
cleaned in situ via Ar' sputtering and, during STM measure-
ments, was maintained oscillating at a constant amplitude (A =
200 pm) so that the tip-sample interaction was reflected in
a frequency shift (Af) from f;,.** Topographic STM was con-
ducted in the constant current mode and the simultaneous Af
was recorded. Typical tunnelling parameters were: sample bias
voltages of 1-2 V and currents of 100-200 pA. The in-plane
lattice constant, in high resolution images, and step heights,
in large-scale images of in situ cleaned Au(111) and Cu(111)
single crystals were employed for calibration of the STM piezo
scanner. All STM images were analysed by using the WSxM
freeware.** For XPS/UPS experiments, a system equipped with
a SPECS Phoibos 150 hemispherical energy analyzer was used
with Al-Ka (hv = 1486.6 eV) for XPS, and a ultra-violet source
with monochromator selecting He I (21.2 eV) for UPS. UPS
spectra were taken with the sample biased at —10 V to have
access to the work function of the sample from secondary
electrons cutoff (SECO). The electron binding energy is

This journal is © The Royal Society of Chemistry 2020
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referenced to the Fermi level of the sample, in contact with the
spectrometer and previously calibrated using a Au(111) refer-
ence sample.

Methodology for molecular dynamics simulations

We have performed all-atomic molecular dynamics (MD) simula-
tions of the deposition of CgoF4g onto a selected surface among
those used in our experiments, namely Ni(111). We have also per-
formed free energy calculations of the thermodynamic stability of
C-F bonds in CeoF g in the absence or presence of a Ni(111) surface
employing the Adaptive Biasing Force (ABF) method coupled to MD
simulations.® We model all atomic interactions using the ReaxFF
force field. ReaxFF is a semi-empirical bond-order reactive force
field parameterized from DFT calculations that allow to simulate
chemical reactions in MD." The set of ReaxFF force field parame-
ters was chosen from previous works on fluorinated carbon
compounds'® and reactions onto transition metals surfaces.”® We
have verified that ReaxFF gives an adsorption energy for F onto
Ni(111) in perfect agreement with previous DFT calculations.® All
the simulations were performed employing the LAMMPS simula-
tion engine for MD simulations* which has an implementation of
ReaxFF and other reactive force fields.*® The simulated MD trajec-
tory was processed combining the Visual Molecular Dynamics
(VMD) software for the snapshot analysis and movies and custom
scripts for data analysis.*® Our choice of simulation time step and
thermostat was taken from a previous systematic study of the effect
of time step and thermostat in ReaxFF MD simulations with carbon
compounds.” We employed a simulation time step of 0.5 fs and
a Langevin thermostat with a time constant of 10 fs. The thermo-
stat at 300 K was coupled to the Ni atoms during all the simulation.

The MD simulations were performed initially placing
a CgoF,5 molecule at a distance of ~6 A from a Ni(111) surface
(measured as the distance between the nearest C and Ni atoms).
The employed Ni(111) structure was made by 840 atoms
arranged in 5 atomic layers with an area of 9.6 nm?. Periodic
boundary conditions were employed in all directions, with
a large simulation box of size 31.08 x 30.89 x 180.0 A%, The
detailed protocol for the generation of the initial coordinates in
our MD simulations is given in the ESIL.f The simulation was
performed during 3300 ps, which allowed us to follow in detail
the adsorption process. Additionally, in order to be able to
observe the relatively slow process of molecule rotation and
diffusion we have performed further non-equilibrium MD
simulations in the following way. Starting from the final
configuration obtained in the MD simulations of adsorption of
CeoFas onto a Ni(111) surface, we thermally excite the adsorbed
molecule maintaining it with a thermostat at 1000 K while the
surface and F atoms are maintained always at 300 K. In this way,
we stimulate a faster motion for the adsorbed molecule. This
nonequilibrium simulation run was performed for 10 ns until
substantial rotation was observed.

For the thermodynamic study of the stability of the C-F
bonds near a surface we have employed the Adaptive Bias Force
(MD-ABF) method as included in the “colvars” module of the
LAMMPS package.*” In these simulations, all atoms are ther-
malized at 300 K and they move as in an unbiased ordinary MD

This journal is © The Royal Society of Chemistry 2020
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simulation except for a selected F atom, which is forced to
change slowly its separation from its bonded C atom. During
this process, the (reversible) work done as a function of the C-F
separation (reaction coordinate) is evaluated and the free
energy profile of the C-F bond is obtained. We performed the
simulations for three different cases involving one CgoF,g
molecule at 300 K: (a) in absence of any surface, (b) at a distance
of 7.0 A from Ni(111) and (c) at 5.45 A from Ni(111) (distances
measured between the nearest C and Ni surface atoms). In (b
and c) the selected F atom was the one closest to the surface.

The exploration of the reaction coordinate was made using
very small bins of 0.01 A width and a force constant of 4 x
10° keal mol~* A~ for (a and b) (which was necessary in order to
study covalent bond breaking) and 4 x 10* kcal mol~* A2 for
the case (c). In cases (b and c), all other F atoms were also frozen
at their positions at the molecule to avoid processes which will
make difficult to compare with the results in (a), such as the
molecule adsorbing to the surface or de-fluorination of other C
atoms of the molecule. The simulations were performed until
smooth free energy profiles were obtained, requiring ~10° to
10’ time steps for each case.

Results and discussion
Experimental results

At room temperature on Au(111), the CgoF4g molecule (Fig. 1a)
initially nucleates at the step edges and pinched elbows of the
herringbone (HB) reconstruction, followed by the formation of

290 288 286 284
BE (eV)

690 688 686 684
BE (eV)

Fig. 1 (a) CgoF4g molecule (b) STM topographic image and (c) simul-
taneously acquired frequency shift (Af) channel for =0.45 ML of
CeoF4g on Au(11l) at RT; / = 200 pA, V = +1.8 V. The high-resolution Af
image shows the hexagonal closed packing of the molecules. (d and e)
XPS spectra (single scans) for C 1s and F 1s core levels, respectively,
deposited at RT on (a and b) Cu(111) and (d and e) Ni(111). Thin solid
lines are the data fits, indicating the ascription of each component.

Nanoscale Adv., 2020, 2, 4529-4538 | 4531
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Fig.2 (a) STM topographic image of =0.4 ML of CggF4g on Cu (111) at
RT; I = 190 pA, bias = +1.0 V. (b) Magnified image; | = 190 pA, V =
+1.8 V. (c and d) Profiles along the segments of respective color in (a
and b). The crystallographic directions were determined from LEED
(see Experimental details). The molecular hexagonal lattice is aligned
with respect to the main crystallographic directions of the Cu(111)
surface forming a (4 x 4)R0° superstructure.

two-dimensional (2D) islands that grow in size with increasing
coverage (Fig. S1 and S2 in the ESIt). As seen in Fig. 1b for § =
0.45 ML, the molecular islands exhibit an extremely wrinkled
topographic appearance which contrasts to the highly ordered
HB reconstruction of the surrounding Au(111) terraces. Despite
the inhomogeneous contrast in the topographic image, the
striking resolution of frequency shift (Af) on the island top
(Fig. 1c) reveals an almost perfect buckyballs packing. The
nearest neighbor (NN) distance of ~1.19 & 0.05 nm measured
for the hexagonal packing in the high resolution Af image of
Fig. 1c is compatible with the structure determined by X-ray
diffraction for CeoF4s powder samples®**® and close to the re-
ported distance between adjacent CeoF36 (With lower F content)
deposited at RT on the HB reconstructed Au(111).? The relative
orientation of the molecular lattice respect to the substrate is
not unique but varies among different islands (Fig. S2c and d in
ESIt). The height of the islands appears modulated by a quite
large corrugation of up to =0.2 nm that causes the blurred
aspect of the STM topography. This variation may be a conse-
quence of the interaction between neighboring CgoF,s leading
to assorted orientations, with phenyl rings from one molecule
interacting with fluorine atoms from the other.

To confirm the chemical composition of the 2D islands
formed on the gold surface, XPS measurements were performed
immediately after deposition of the molecules at RT. As re-
ported for powder samples, the C 1s core-level spectrum
(Fig. 1d) of the deposited CqF,s exhibits two peaks at well
distinct binding energy (BE) differing in ~2 eV (ref. 22 and 29)
as corresponds to the two chemical environments of carbon
atoms within the fluorinated molecules that constitute their
chemical signature.
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The peak at BE = 288.1 eV is attributed to fluorinated sp®
carbons (C-F) and the one at BE = 285.8 eV to C atoms bound
only to other C atoms (C-CF). The F 1s core level spectra (Fig. 1e)
shows a single peak centered at 686.7 eV originated from F
atoms bound to C (F-C)* with none indication of fluorine-
metal bonding, which would otherwise lead to a signal at lower
BE (684 eV).

For a similar coverage (§ = 0.4 ML), deposition of C¢F4g On
Cu(111) results as well in the formation of 2D islands. However,
from the comparison with Au(111) (Fig. 1b), significant differ-
ences stand out. On Cu(111) the islands display a remarkable
flatness and well-resolved hexagonal order in the STM topog-
raphy (Fig. 2a and b). The lattice unit cell is =0.90 £ 0.05 nm,
smaller than for Ce(F45 on Au(111) and very close to the reported
lattice parameter (1.02 nm) of the close-packed (4 x 4)R0°
structure of Cgo on Cu(111).%%

The resemblance with Cg, is evident and straightforward.
The islands consist of molecules exhibiting sub-molecular
details in the form of clover-like (three-lobed) patterns or
a smooth hemispherical shape with a distinct apparent height
(green and blue profiles in Fig. 2d), which are commonly
attributed to a different adsorption geometry of Cg, with
a hexagon (h-Cs,) or a pentagon (p-Ceo) facing up, respec-
tively.**** This observation cannot be understood in terms of
unperturbed CgoF45 molecules. Remarkably, surrounding the
highly ordered molecular islands (Fig. 2a) the copper surface
has a perceptible frizzing appearance and a roughness arising
from patches with apparent depth from 0.7 to 1.2 A (Fig. 2c)
which are indicative of mass transport and suggest a pit-etching
process. These unexpected results suggest that the interaction
between the fluorinated fullerene and the Cu(111) strongly
affect both, the chemical nature of the molecule and the flat-
ness of the copper substrate surface, at least for the first stages
of the C4oF,4g deposition. At this coverage, the C 1s core-level
spectra present a single peak (red data in Fig. 3a) at a BE =
284.2 eV, lower than those shown for CeoF,5 on gold, which is
characteristic for Cgo on Cu(111). Such low BE is typical of non-
fluorinated fullerene species adsorbed onto metallic surfaces.*

As remarkably seen, the photoelectron intensity in the F 1s
region (red data in Fig. 3b) coincides in magnitude and shape
with that of the pristine Cu(111) substrate (black data), where
only the Cu Auger tail is visible. The lack of F signal indicates
that fluorine atoms detached from the fullerene might go to the
gas phase during the approach or after a short term at the
surface. In spite of it, the interaction of fluorine with the metal
surface seems, in any case, to be responsible of the observed
surface pit-etching (Fig. 2a). These XPS data constitute an irre-
futable proof certifying that due to the interaction with the
copper surface the CgF,5 molecules de-fluorinate and adsorb as
Coeo, as also indicated by the spotlighted fingerprints typical of
Ceo seen in the STM data (Fig. 2b). These results are in contrast
with the non-reactive adsorption described above for CgoF45 On
Au(111). Interestingly, despite the similar adsorption energy for
F chemisorption on Cu(111) and Cu(100),** the fast de-
fluorination taking place on Cu(111) contrasts with the long
lasting process reported for Cu(100).>® It is likely that full de-
fluorination would imply molecular rotation (see simulations

This journal is © The Royal Society of Chemistry 2020
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Fig.3 XPS spectra (three scans integrated) of the C 1s and F 1s regions for clean substrate (black data points) and the indicated amounts of CgoF4g
(colored data points) deposited at RT on (a and b) Cu(111) and (d and e) Ni(111). Thin solid lines in (a and b) are the background and components of
the data fits. Ascription of each component is indicated. The Cu Auger tail in (b) is at =688.6 eV. Using the same color code for each CgoF4s
coverage on Cu(111) and Ni(111), the UPS spectra shown in (c and f), correspond to the same respective samples. Note in (c), the surface state of
Cu(111) around 0.4 eV and the increase of intensity above 2 eV arising from the Cu 3d band while the Ni 3d is close to the Fermi level (f).

below), therefore this difference may arise from differences in
the energy barrier for surface diffusion the molecules, lower on
(111) than on (100) surfaces.*®

In principle, only CeoF,4s interacting with uncovered copper
turns into Cgo and, therefore, as the substrate surface is being
covered the reaction would cease. This hypothesis was verified
by elemental sensitive XPS. As it can be seen in Fig. 3a, the C 1s
spectrum corresponding to =2 ML of CgF4s (pink data)
exhibits diverse peaks interpreted as follows. First, there is
a considerable increase of the C-C peak attributed to Cg, (BE =
284.5 eV) with respect to that observed for =0.4 ML (red data).
This intensity rise is expected for the ongoing de-fluorination of
CeoF4g until the copper surface becomes completely covered. As
concluded from the appearance of a F 1s peak at BE = 683.4 eV
(Fig. 3b), at this stage, some fluorine atoms at the surface lead to
the formation of metal fluoride species (F-Cu). We estimate that
~35% of the fluorine atoms detached per molecule remain on
the surface upon de-fluorination (Table 1). Secondly, the
emergence of the two other C 1s peaks, at BE = 287.9 eV and BE
=~ 285.4 eV, identified as C-F and C-CF, respectively, plus the F

Table 1 The percentage of fluorine per initial CgoFag that remains on
each surface has been estimated from the weighted intensity ratio
between the F 1s (F—-metal) and C 1s (C—C) peaks in the corresponding
XPS spectra. In order to that, the relative cross section between F 1s
and C 1s has been extracted from the /(F—C)/I(C—F) in the XPS spectra
of the unperturbed CgpF4g on Au(111). See details in the ESI

Surface Cu(111) Ni(111)

CeoF4g coOverage 0.4 ML 2 ML 0.3 ML 0.7 ML
I(F-metal)/I(C-C) — 1.76 0.50 2.17

F on surface per molecule — 35% 10% 43%

This journal is © The Royal Society of Chemistry 2020

1s peak at BE = 686.5 eV corresponding to F-C bonds, are clear
proof that above the first layer completion additional CeoF,g
retain their chemical structure (as shown in Fig. 1d and e for
gold). These conclusive data confirm that, in the absence of bare
copper, landing CeoF,3 molecules maintain their integrity.

Motivated by the results obtained for the extreme cases of
Au(111) and Cu(111), the study was extended to a third metal,
Ni(111). To achieve a maximum number of molecules under-
going the surface-induced reaction, the coverage was restricted
below the monolayer. As inferred from the unique C 1s peak at
low BE (C-C) observed in the spectrum of Fig. 3d (dark blue
data), small deposits of CgoF4g (=0.3 ML) convert to Cg, ON
nickel as on copper. A faint hump hardly distinguished around
a BE = 684-685 eV in the F 1s region (Fig. 3e), is a subtle
indication of fluorine on the surface (see MD simulations
below). Indeed, for =0.7 ML (cyan data) an increase of the C-C
peak (with no trace of C-F) and the neat development of a F-Ni
peak (=684.6 eV) support that fluorine rests at the surface after
CeoF4g de-fluorination. From the intensity ratio between F-Cu
and C-C peaks, the percentage of detached fluorine atoms
remaining on the Ni(111) surface is estimated (Table 1). It can
be observed that the amount of F per molecule that remains on
the surface depends on the coverage and is larger on Ni(111)
than on Cu(111).

The dependence of the on-surface reaction on the substrate
is also shown up by differences in the near Fermi-edge valence
band (VB) density of states (DOS) and the secondary electron
cutoff (SECO), both as measured by UPS. For simplicity, we
discuss here the VB spectra for Cu(111) and Ni(111) whereas the
results for Au(111) and all SECO data are presented in the
Fig. S3 of the ESI.{ Consistent with the deep-lying HOMO level
of CgoF45,2>*** its adsorption on Au(111) does not induce any
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extra feature close to the Fermi level with respect of that of the
clean Au(111). On the other hand, despite the strong copper d-
band emission at BE > 2 eV, already for low C4F,45 deposition on
Cu(111), two occupied molecular orbitals at =1.8 eV and =
2.2 eV (Fig. 3c), assigned to frontier orbitals of the Cq, are seen.
In the case of Ni(111), the density of states near the Fermi level
is dominated by the Ni d-band (black in Fig. 3f). The increase of
intensity at this region upon deposition is ascribed to the
highest occupied molecular orbital (HOMO) of Cg,, reported at
~2 eV on diverse substrates including Ni,* shifted to =1.7 eV
due to the Ni 3d contribution. In addition, there is a clear
observation of Cg, deeper occupied molecular orbitals (up to
HOMO-5) (light blue in Fig. 3f). As it can be seen from the
shifts in the SECO spectra of Fig. S3,f upon deposition the
surface work function is modified respect to the initial value of
the bare metallic substrates. An irrefutable interpretation of the
measured values is complicated since diverse contributions
exits depending on coverage, degree of C4zF,4g de-fluorination
and particular metal. In any case, the changes in work func-
tion indicate the formation of an interface dipole, with contri-
bution from fluorine atoms bound to the surface and charge
transfer between the metal and the acceptor molecules (see
simulations below).
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Molecular dynamics results

In order to obtain an atomistic insight on the mechanisms
underlying the on-surface de-fluorination of CeoF4s molecules
observed experimentally at RT, we have performed all atomic
reactive MD simulations. Also, we performed free energy
calculations of the stability of the C-F bond in presence and
absence of a metal surface. In the simulations, we focused on
the case of deposition of Ce(F,5 onto the Ni(111). Full technical
details are given in the Methods section and in the ESL{

We have first considered the process of deposition of
a CgoF45 molecule from the gas phase to a Ni(111) thermostated
at 300 K. The results are summarized in Fig. 4 (see also a movie
of the adsorption process in the ESIt). In order to illustrate the
changes occurring when a CgoF4g molecule approaches the Ni
surface, we show the evolution in time of the (nearest) distance
between a C atom of CgyF,5 and a Ni surface atom, the number
of formed C-Ni bonds and the number of F atoms bonded to C
atoms or adsorbed at the surface. As seen in Fig. 4a, the mole-
cule-surface separation evolves with a Brownian motion until
the molecule reaches the surface. During the approaching
process, we observe partial de-fluorination of CgoF,3 which
takes place when the center-to-center separation between the
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(a) Time evolution of the interaction between a CgoF4g molecule and a Ni(111) surface from reactive MD simulations at 300 K. Top:

evolution of the (nearest) distance between a C atom of CgoF4g and a Ni surface atom; middle: evolution of the number of bonds between C and
Ni atoms; bottom: evolution of the number of F atoms bonded to C atoms (purple) and the number of F atoms adsorbed at the surface (green). (b)
Snapshots corresponding to the four different times indicated with arrows in (a). In the snapshots, C atoms are shown as bonds and F and Ni
atoms are shown in CPK representation. Some particular atoms are highlighted as translucent spheres with their van der Waals size. Thee
snapshots correspond to the following events also indicated in (a): (i) initial configuration, (i) partial de-fluorination of CgoF 48 and adsorption of F
onto the Ni(111) surface, (iii) first molecule—surface contact by a bridge Ni atom that is displaced from the surface (atom shown in red) and (iv)
chemisorbed state with several surface Ni atoms displaced from its original position (indicated in red).
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nearest carbon atom and a surface Ni atom is ~4.6 A (which
corresponds to a gap of ~1.1 A between the CgoF,s and the
surface). F atoms reaching this separation to the surface are
seen to be released either to the surface or to the gas phase, as
illustrated in the snapshots (Fig. 4b). The strong interaction
between the nearest Ni atom and the de-fluorinated C atoms
induces a displacement of that Ni atom from the surface
towards the molecule. Subsequent chemisorption of the mole-
cule involves a slight deformation of the surface, with about 5-7
atoms being clearly displaced from the top atomic layer (anal-
ogous reconstruction of the surface upon adsorption of C¢, onto
Ni(111) has been reported).*® In that way, the carbons of the
adsorbed molecule increase as much as possible their interac-
tion with Ni atoms. As seen in the middle panel of Fig. 4a, the
chemisorption of the molecule onto the surface involves the
formation of 3.6 bonds on average between carbon atoms of the
molecule and Ni atoms of the surface. After chemisorption, we
do not observe molecular desorption during all the remaining
simulation time. As shown in the bottom panel of Fig. 4a, F
atoms are seen to adsorb and desorb continuously, as corre-
sponds to adsorption in thermodynamic equilibrium. The
average number of adsorbed F onto Ni is about 6 (~12% of F per
molecule), consistent with the experimental 10% shown in
Table 1 for very low coverage.

In the discussion of the experimental UPS data, we suggested
that the observed change in the system work function upon
molecular adsorption (Fig. S3 in the ESIT) may arise from charge
transfer between the adsorbed molecules and the metal as well
as from polarization of the adsorbed F atoms. This interpreta-
tion is supported by the simulations discussed here. As shown

Fig. 5 (a) Charge transfer in the adsorbed configuration of CggF4g ON
the Ni(111) surface at 300 K. The image shows the same snapshot as in
Fig. 4alii), colored according to the partial charge of each atom (color
scale in units of e). (b) Snapshots showing the on-surface rotation of
a thermally excited adsorbed molecule. The time elapsed between the
two snapshots is 2.3 ns. To better visualize the change in position due
to molecular rotation, the carbon atoms initially in contact with the
surface are indicated in blue and highlighted as van der Waals trans-
lucent spheres. The atoms of the surface in contact with the molecule
at each instant are highlighted as red van der Waals spheres. The rest of
the atoms are represented as in Fig. 4.

This journal is © The Royal Society of Chemistry 2020
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in Fig. 5, the chemisorption leads to charge transfer from the
nickel surface to the molecule, which in average is charged by
—1.5e.

In addition, F atoms adsorbed onto the Ni(111) surface are
polarized with a partial charge of —0.13e, whereas de-
fluorinated C atoms and C atoms in C-F bonds have nearly
zero and positive partial charges, respectively. It can also be
seen that the charge in the Ni(111) surface is distributed in
a nearly homogeneous way, with only a slightly higher partial
charge for the Ni atoms nearby each type of adsorbate.

The results shown in Fig. 4 and 5 indicate a partial de-
fluorination of CgyF,g at the time scales of some nanoseconds
analyzed in the simulations. However, as suggested above, it is
possible that mechanisms operating at longer time scales, such
as rotation of the molecule over the surface,?®?” contribute to
the complete de-fluorination of the molecule as implied by our
experimental results (Fig. 3). In order to account for the possible
rotation of the molecule over the Ni(111) surface, we have
accelerated this process by considering a nonequilibrium
simulation in which the molecule is thermally excited while the
surface is maintained at 300 K. Indeed, a random rotation of the
molecule over the surface is observed (Fig. 5b). The thermally
excited rotation proceeds by “jumps” which also involve lateral
drift of the molecule and rearrangement of surface atoms (see
a movie of this rotation process in the ESIt). The C positions
closest to the surface become replaced by others than the initial
ones in about 2 ns. During this rotation process of a thermally
excited molecule, unperturbed C-F bonds approach the surface
and further fluorine atoms are detached from the molecule. For
example, between the two snapshots shown in Fig. 5b (sepa-
rated by 2.3 ns), five F atoms were released.

In conclusion, our simulations support and are consistent
with the rotation mechanism proposed for full de-fluorination.
The findings discussed above demonstrate that the C-F bond of
the CqoF4s molecule is unstable in the presence of the Ni(111)
surface, but a detailed thermodynamic analysis of the C-F bond
in absence or presence of the surface at 300 K would help to
further understand the issue. To this end, we have performed
free energy calculations using the Adaptive Biasing Force (MD-
ABF) methodology (see Methods). This combination of ABF-MD
and the reactive ReaxFF force field has been successfully
employed in recent works to study the thermodynamics of
chemical bonds* and chemical reactions onto surfaces.' In
these MD-ABF simulations, all atoms are thermalized at 300 K
and they move as in an ordinary MD simulation except
a selected F atom, which is forced to slowly separate from its
bonded C atom. During this process, the (reversible) work done
as a function of the separation is evaluated and the free energy
profile of the C-F bond is obtained. Fig. 6a shows the results for
the CgoF4g molecule obtained both in absence of any surface
and in presence of a Ni(111) surface at two different molecule-
surface distances. In the absence of surface (black line), there is
a free energy minimum at a C-F separation of ~1.46 A corre-
sponding to the bond equilibrium distance (consistent with the
covalent radius of 0.77 A and 0.72 A of C and F, respectively, and
consistent with typical C-F bond distances in fluoroalkanes).'®
The free energy associated to the bond is ~60 kcal mol ", which
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Fig. 6 (a) Free energy profile (potential of mean force) for moving
a selected F atom away from CgoF4g as a function of the C—F sepa-
ration. In absence of any surface (black line), in the presence of
a Ni(111) surface at a ~7 A of the C atom of the closest C—F bond (blue
line) and at a distance of ~5.45 A between the C atom of the C—F bond
and the Ni(111) surface (red line). The two snapshots within the plot
illustrate the equilibrium state (black arrow) and the final state with the
F atom adsorbed at an arbitrary location of the Ni(111) surface,
respectively. (b) Snapshots before and after extraction of an F atom
from CgoF4g during the free energy calculations in (a). Note the
structural change of the molecular cage. Left: CgoF4g structure
equilibrated at 300 K, the C-F bond considered is indicated (arrow).
Right: structure equilibrated at 300 K with an F atom maintained at
a distance of 2.75 A from the nearest C atom (larger than the sum of
covalent radius but smaller than the sum of van der Waals radius).

is about half of bond energies of C-F bonds in fluoroalkanes.'®
Note also the presence of a barrier of 15 kcal mol™* at ~2.4 A
separation between C and F, which corresponds to a change in
the local geometry of the molecule as the F atom is released with
the de-fluorinated C atom moving to a more planar conforma-
tion, as illustrated from left to right of Fig. 6b.

We now consider the effect of including a Ni(111) surface in
the free energy profile. First, we consider the C¢F,3 molecule at
a distance such that the separation between the center of the
closest metal atom of the surface and the nearest C atom is ~7 A
(Fig. 6, blue line). The F atom bonded to this C atom closest to
the surface is slowly extracted from the molecule until becomes
detached and adsorbed at the surface (Fig. 4 and 5). Note that
the free energy profile (blue) is very similar to that obtained in
the absence of surface (black), with the only difference of
a small reduction in free energy of F after release due to the
adsorption to the surface (which includes also an entropy
penalty due to localization at the surface). The result is
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completely different when considering a situation in which the
CeoF4g molecule is closer to the surface. In the particular case
shown, the distance between the center of the closest metal
atom of the surface and the nearest F atom is now ~4 A (5.45 A
from the nearest C atom) and the free energy profile (Fig. 6, red
line) changes completely. The minimum of the C-F free energy
curve as well as the energy barrier disappear. The presence of
the Ni(111) surface changes the nature of the C-C bonds in the
molecule from that depicted in Fig. 5b to that shown in Fig. 5¢
and consequently the F atom is released spontaneously before
reaching contact with the surface.

The whole series of atomistic simulations using MD with
ReaxFF employed allows us to corroborate the experimental
facts reported here. We demonstrate the decisive role of the
molecule-metal interactions to provide a detailed mechanistic
picture of surface-induced physicochemical processes deter-
mining the molecule-metal interfacial structure.

Conclusions

By means of scanning tunneling microscopy plus core level and
valence band analysis, we provide experimental structural,
chemical and electronic evidence of the dramatically different
consequences that different metal substrates have on the
promoted de-fluorination of CgoFss, a powerful electron
acceptor. Conversely to a non-reactive adsorption on Au(111)
where molecules keep intact their chemical structure, the
fluorinated fullerene with maximum fluorine content trans-
forms at room temperature into Cgo on other more reactive
metals as Cu(111) and Ni(111). Interestingly though, the
amount of fluorine atoms remaining at the surface depends on
the coverage and is higher for nickel than for copper. The low
deposition rates employed permit neglecting intermolecular
interactions and point to an on-surface induced de-fluorination
of the molecules. We prove the significance of the metal-
dependent chemical transformation, from CgoFsg to Cg, in
the electronic structure of the molecules and the energy align-
ment at the molecule-metal interface. We also verify experi-
mentally that, as expected, de-fluorination ceases when
impinging molecules arrive once the metal surface has been
fully covered by a molecular monolayer.

Reactive ReaxFF molecular dynamic simulations for CeoFas
on Ni(111) demonstrate that the organic-metal interactions
play an essential role on the chemical stability of CgoF4s and
provide an atomistic picture of the surface-induced reaction at
different length scales. Outstandingly, the detailed thermody-
namic analysis shows that the effect of the metal surface is
lowering and diminishing the energy barrier for C-F cleave,
demonstrating a catalytic role of the surface. Both molecule and
surface become affected. On the one hand, the partial de-
fluorination of CgoF4g implies a slight distortion of the molec-
ular cage. On the other hand, the subsequent adsorption of the
molecule on Ni(111) involves deformation of the topmost
surface. The whole process includes charge transfer between
molecule and surface as well as between the strongly electro-
negative fluorine atoms that detached from the molecules
remain bound to the metal. The overall charge rearrangements

This journal is © The Royal Society of Chemistry 2020
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would contribute to a surface dipole as indeed manifested by
changes in the measured work function. As a plausible scenario
for the complete molecular de-halogenation observed for sub-
monolayer coverages, we propose the rotation of the highly
mobile molecules on the surface, adopting successive adsorp-
tion configurations until losing their whole fluorine content.
MD simulations, where the molecules are thermally excited to
reduce the time scale of the process, support this conjecture.
This study provides an unprecedented look at the mecha-
nistic pathway of de-fluorination of Cg¢yF4s On some coinage
metals and offers opportunities to advance our understanding
of “chemical reactivity” of a metal surface and surface reactions.
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