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ABSTRACT

In this study, the evolution of CgF;s molecules on a Cu(001) surface was studied
by means of scanning tunneling microscopy and density functional theory
calculations. The results showed that fluorinated fullerenes (tortoise-shaped
polar CgF;s) decay on Cu(001) surfaces by a step-by-step detachment of F atoms
from the Cg cage. The most favorable adsorption configuration was realized
when the F atoms of CFys pointed towards the Cu surface and six F atoms
were detached from it. The results also showed that a further decay of CgFi,
molecules strongly depended on the initial CgF;s coverage. The detached F
atoms initially formed a two-dimensional (2D) gas phase which then slowly
transformed into F-induced surface structures. The degree of contact between
the CgF12 molecules and the Cu(001) surface depended on the density of the
2D gas phase. Hence, the life-time of fluorinated fullerenes was determined by
the density of the 2D gas phase, which was affected by the formation of new
F-induced structures and the decay of CyF;, molecules.
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1 Introduction

During the past few decades, organic materials
have gained popularity as important components of
molecular nanoelectronic devices [1-5]. In particular,
the most abundant fullerenes, Cq, with their unique
cage-like structure and electron-accepting nature have
fascinated researchers. Their properties make them a
promising material for the development of electro-
active elements for photovoltaic solar batteries and
dynamic layers for thin film transistors [6, 7]. The
stable derivatives of fullerenes, namely, endohedral and
exohedral (such as fluorinated fullerenes) possess many
attractive properties suitable for diverse applications
owing to their higher electron affinity as compared to
their non-fluorinated forms [8, 9]. Fluorination is a
powerful technique to tune the electronic and optical
properties of fullerene molecules by stabilizing the
energy levels of their frontier orbitals [10, 11]. The
family of known exohedral fluorinated fullerenes
consists of tens of identified compositions of CgF,
with n = 18-48 for the most isolated derivatives [12-16]
and even up to n = 60-102 for experimentally observed
hyperfluorinated fullerenes [17, 18].

The ability of fluorinated fullerenes to effectively
attach electrons and form stable anions is the reason
for their application as molecular p-dopants for the
production of hydrogen-terminated diamonds [19-21]
and epitaxial graphene surfaces [22]. Moreover, the
charge-transfer doping of semiconductor materials
by fluorinated fullerenes has been studied to form
ultra shallow junctions on Si to suppress the short
channel effect and decrease leakage current in minia-
turized metal oxide semiconductors [23]. The high
reactivity of fluorinated fullerenes allows their use as
dopants for achieving p-type conductivity in pentacene,
which is used in the manufacture of organic light-
emitting Schottky diodes [8]. Recently, because of the
development of new organic materials compatible
with Si-based semiconductor technology, the micros-
copic studies of the physical and electronic properties
of CyF, molecules adsorbed on semiconductor surfaces
[24-27] have gained attention. In an organic field-
effect transistor, an increase in the electron affinity of
fluorinated fullerenes causes a decrease in the electron
injection barrier at the interface between the molecular

film [28] and the metal electrode [9, 29]. A successful
implementation of organometallic device architectures
requires a detailed study of their nanoscale morphology
as well as electronic properties such as the molecule-
metal band alignment and interfacial charge transfer.
Owing to its fascinating physical (high electric dipole
moment d > 9 Debye) and geometric (18 F atoms
bound to only one hemisphere of C4, cage) properties,
the tortoise-shaped polar CyFys [15, 16] is the most
attractive material among fluorinated fullerenes for
the growth of thin organic films on metal surfaces.
A detailed study of the structural and electronic
properties of thin films of fluorinated fullerenes (in
particular CeFy5) adsorbed on metal surfaces is therefore
considered to be essential for further advances in the
development of organic nanoelectronics. Nevertheless,
until now only a limited number of studies [28, 30, 31]
have been dedicated to this problem. Moreover, the
role of metal substrates in the adsorption process
of fluorinated fullerenes as well as the stability of
fluorinated fullerenes on metal surfaces is still unclear.

Here, we report the first-time observation of the
evolution and real-time decay of C¢F;s molecules on
a Cu(001) surface. The results showed that the growth
of fluorinated fullerene molecules is a multiple stage
process where the coverage extent of the molecules
plays a crucial role in the formation of ordered surface
nanostructures. Our room temperature scanning
tunneling microscopy (STM) experiments combined
with first-principles calculations revealed that when
CsoF1s was deposited on a Cu(001) surface, six F atoms
showed a tendency to detach from the adsorbed
molecules. The detached F atoms formed a 2D gas
phase on the Cu(001) surface when the initial molecular
coverage exceeded 0.5 monolayer (ML). The existence
of the 2D gas phase prevented the contact of the CyF;,
molecules with the Cu(001) surface and a further
loss of F atoms, providing a prolonged life-time of
fluorinated fullerene on the Cu(001) surface. These
results shed light on the complex surface processes
occurring during the formation of the self-assemblies
of fullerene molecules through adsorption. Hence,
these results would prove to be useful for applications
such as nanoscale-localized chemical reactions and
organometallic nanoelectronics.
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2 Methods

2.1 Experimental

All STM measurements were carried out with an
ultra-high vacuum (UHV) (with a base pressure of
about 4 x 10" mbar) STM setup (Omicron Nano-
technology) at room temperature using W tips. The
tips were cleaned in situ by repeated flashing well
above 1,800 K in order to remove the surface oxide
layer and additional contamination. The tip quality was
routinely checked by acquiring atomic-resolution
images of the Cu(001) surface (see Fig.S1 in the
Electronic Supplementary Material (ESM)). STM
topography imaging was carried out in a constant
current mode. Everywhere in the text the tunneling
bias voltage V, refers to the sample voltage. The STM
tip was virtually grounded. Image processing was
done using Nanotec WSxM [32].

A single crystal of Cu(001) (99,9999% purity) was
cleaned under a UHV condition by repeated cycles
of Ar* sputtering at 1 keV and annealing at 820 K for
2-3 h leading to the formation of wide (about 500 nm)
defect-free terraces separated by monoatomic steps
(Figs. S1(a) and S1(b) in the ESM).

CgoF1s molecules were deposited on a clean Cu(001)
surface at room temperature using a Knudsen cell.
The pressure during the deposition was 1.8 x 107
mbar. A deposition rate of 0.03 ML/min was used in
all the experiments. Here 1 ML is defined as the number
of molecules forming a close-packed monolayer of
fluorinated fullerene on the Cu(001) surface.

2.2 Computational details

The structural and electronic properties of fluorinated
fullerene molecules on the Cu(001) surface were studied
using density functional theory (DFT) functions imple-
mented in the Vienna ab initio simulation package
[33, 34]. The electron—ion interactions were represented
using the projector augmented wave pseudopotential
method [35]. The exchange and correlation energies
were calculated using the generalized gradient appro-
ximation (GGA) method [36]. A cut-off of up to 400 eV
was used for the plane wave kinetic energies to
expand the wave function and structural optimization.
A 6x6 surface supercell was constructed from a unit

cell of the (001) Cu surface. The Cu surface was
modeled with three layers to accommodate 108 Cu
atoms in the supercell. One C4F;s molecule was
deposited on the Cu(001) surface within this supercell.
The Brillouin zone of the supercell was sampled with
the I'-point for the ionic optimization. Self-consistent
field calculations were carried out until the absolute
value of force on each ion reduced to less than
10 meV/A.

3 Result and discussion

Two-dimensional (2D) islands of fullerene molecules
with ordered structure were realized as a result of the
deposition of the CgF;3 submonolayer on the Cu(001)
surface at room temperature without thermal annealing.
The intriguing aspect of this observation is the
formation of two different types of self-assembled
molecular islands depending on the extent of coverage.
The first type of molecular islands comprised of only
pure Cq molecules on the Cu(001) surface and were
obtained when the CgF;3 molecular coverage did
not exceed 0.3 ML. The islands of the second type
consisted of the fluorinated fullerene molecules and
could be achieved when the molecular coverage was
more than 0.5 ML. Indeed, Fig.1(a) shows a well-
known close-packed structure of Cg molecules with
a (10,6)x(0,4) surface unit cell. The formation of a
regular and ordered monolayer film having a striped
structure oriented along the [010] or [100] directions
with two distinct molecular configurations is attributed
to the missing row reconstruction of the underlying
Cu surface [37]. The imaging height of the observed
molecular structure was estimated from the surface
profile aa” shown in Fig. 1(c). It was found to be 6.8 +
0.3 A (6.2 + 0.3 A) for the bright (dim) species. The
STM topography results were in good agreement
with the results of previous studies [37] in which the
adsorption of Cq molecules on Cu(100) was studied
by means of STM and X-ray photoelectron diffraction.
The small discrepancy in the height of the Cg island
obtained by us in this study and that reported
previously [37] (a difference of ~0.4 A) can be explained
by the tunneling bias dependence of the molecule
height in the STM topography images. A detailed
analysis of the experimental high-resolution STM
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Figure 1 Self-assembled 2D molecular islands formed as a result
of CgoF,g deposition on the Cu(001) surface. (a) STM topography
image of the Cqy molecular island formed on the Cu(001) surface
at a molecular coverage of 0.28 ML. (b) STM topography image
of the islands of fluorinated fullerenes formed on the Cu(001)
surface at a molecular coverage of 0.5 ML. Inset: close-up view
of the fluorinated fullerenes packing order (12,0)x(1,9). (c) Height
profiles taken along the dashed arrows aa’ and bb’ indicated in
(a) and (b), respectively. The (10,6)x(0,4) and (12,0)%(1,9) surface
unit cells are indicated by dashed and black rectangles in (a) and

by black and white parallelograms in the inset of (b), respectively.

The unit cell (12,0)%(1,9) consisting of six fluorinated fullerene
molecules indicated by yellow circles in the inset of (b). The
main crystallographic directions and the tunneling voltage V, are
indicated for each image. Tunneling current /; was 30 pA.

topography images (see Fig.S7 in the ESM) reveals
that the molecules observed within the 2D islands
were same as pristine C¢ molecules.

Figure 1(b) shows the second type of self-assembled
2D molecular islands which were obtained at higher
coverages (> 0.5 ML). The structure of these 2D islands
changed drastically as compared to the 2D islands
consisting of Cg molecules. First, the fullerenes
within the 2D islands aligned by the height, and the
dim and bright rows that are typical for the growth
of Cg molecules on Cu(001) surfaces disappeared.
The imaging height of the 2D molecular islands in
this case became higher and was found to be 8.6 +
03A (Fig. 1(c)). Second, the self-assembled molecular
arrangement within the 2D islands also changed.
Instead of close-packed molecules with a (10,6)x(0,4)
surface periodicity, a few types of metastable structures
could be observed within the 2D islands. The evolution
of these packing structures depended on the time
elapsed after the deposition of CyFi3 molecules on
the Cu(001) surface. Initially, a (12,0)x(1,9) packing
structure was predominant. This structure then trans-
formed into a hexagonal (4,2)x(0,4) structure with the
same height before finally converting into the well-
known Cg, (10,6)%(0,4) packing structure (see below
for more details). The second type of islands were
initially formed by the fluorinated fullerene molecules
which slowly decayed on the Cu(001) surface over
time and finally resulted in the formation of pure Cq
2D molecular islands. The decay rate of fluorinated
fullerene molecules on Cu(001) surfaces is mainly
determined by the initial C4F;5 coverage and can vary
from a few minutes to several days.

In order to understand the dynamics of CgF;3 decay
on the Cu(001) surface, a series of DFT-based ab initio
calculations were carried out for different orientations
of CgF1s molecules relative to the substrate (Fig. 2(a))
within a supercell. Taking into account the complicated
structure and strong asymmetry of CgF;3 molecules,
three different orientations were studied: (i) the F
atoms in CyFys molecules pointing towards the surface
(model (1) in Fig. 2(a)), (ii) CeF1s molecules oriented
sideways (model (2) in Fig. 2(a)), and (iii) F atoms in
CeoF1s molecules pointing out of the surface (model
(3) in Fig. 2(a)). The calculations showed that the
equilibrium configuration with the lowest energy
was realized when the F atoms in the CyF;s molecules
were pointing towards the surface (model (1) in
Fig.2(a)) and six F atoms were detached from the
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Figure 2 (a) Calculated atomic structures of three different orientations of CgF3 molecules adsorbed on a Cu(001) surface. The
surface is represented by a three-layer slab with a supercell containing 108 Cu atoms. The energies are given with respect to the lowest
energy (stable) configuration (1) in which the fluorine atoms point towards the surface. The distance between the adsorbed molecule and
the surface is also indicated. (b) The excess and depletion of charge Ap = pCUO0CEOFIZH6R] _ ,CulQOI:CE0FI2 _ ,Cu006F ope shown for
configuration (1) of the absorbed molecule on the Cu(001) surface. For clarity both the side and top views (upper and bottom images,
respectively) are given. Red (green) color isosurface (value 0.005 ¢ /A%) represents excess (depletion) of charge after the adsorption.
There is excess charge around the F atoms and a deficiency of charge between the molecule and the surface. (c) and (d) High resolution
filled-state and (e) empty-state STM topography images of the fluorinated fullerene molecular film on Cu(001). The corresponding
calculated filled-state images are shown in the insets of (c) and (d) and empty-state image in the inset of (¢) based on model (1) shown

in (a). The tunneling voltage V; is indicated for each experimental and calculated image (c)—(e). The tunneling current /; was 20 pA.

original fluorinated fullerene molecule: CgF;5/Cu —
CgoF12/Cu + 6F/Cu. The height of the CgF;, molecule
above the Cu(001) surface in this case was more than
that in the case of model (2) where the CyF;3 molecules
were oriented sideways. The C4F;, molecule lied on
the detached F atoms on the Cu(001) surface. We
carried out the calculations of a C¢F;; molecule on a
fully F-covered Cu(001) surface with 18 F atoms in
a supercell. The adsorption energy was negligible
(actually very weakly repulsive within GGA due to
the repulsion between F on Cg and F on the Cu(001)
surface). Therefore, it can be stated that CgF;, was
loosely bonded to the partially F-covered surface
during the adsorption of CFj5 on the Cu(001) surface.
This weak interaction also suggests the possibility of
the migration of the CqF;, molecule on the Cu(001)
surface (see Fig.S5 in the ESM) with further a

detachment of F atoms at low coverages. The binding
energy of a F atom on the Cu(001) surface was
calculated to be 4.21 eV, which is in good agreement
with the value reported previously (4.22eV) [38].
However, this value is significantly higher than 3.50 eV
per F atom when 18 F atoms are adsorbed on a Cg
fullerene. Therefore, the detachment of F atoms from
fluorinated fullerenes is energetically favorable (as
was found in our study).

In the case when C4F;3 molecules were oriented
sideways (see model (2) in Fig. 2(a)), three F atoms
left the molecule and interacted with the surface. The
energy of this configuration was 0.7 eV higher than
that of configuration (1). The binding energy of the
CeoF15s molecule together with the three F atoms on
the Cu(001) surface was found to be 1.64 eV higher
than that of a free CgF;s molecule. The relaxed

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



configuration of the molecule shown in model (3) of
Fig. 2(a) was least favorable. In this case all the F
atoms in the CF;5 molecule were pointing out of the
surface and did not interact with the Cu(001) surface.
The energy of this configuration was 2.16 eV higher
than that of configuration (1).

The distances between the fluorinated fullerene
molecule and the Cu(001) substrate for configura-
tions (1)=(3) were found to be 3.02, 2.51, and 2.16 A,
respectively (see Fig.2(a)). The largest distance was
obtained for configuration (1). This is because in this
case, the fluorinated fullerene molecule had an indirect
contact with the Cu(001) surface, which is evident
from the appearance of detached F atoms over the
surface in this case. Such atoms were not observed
in configurations (2) and (3) where a C—Cu bond was
formed with a typical bond lengths 2.1 and 2.2 A,
respectively (similar to Cy on a Cu(001) surface). This
result is in accordance with the general tendency that
the surface profile above fluorinated fullerene molecules
from STM image is higher than for the profile above
Cs molecules on Cu(001) surface, as shown in Fig. 1(c).
Moreover, the difference between the heights of
fluorinated fullerene and C4 monolayer-thick islands
increases if the missing row reconstruction of the
underlying Cu surface in the case of Cg island is
taken into account [37].

Figure 2(b) shows the difference in the charge
densities of the combined system (CqF;, molecule +
6F on Cu(001) surface) and the sum of the charge
densities of CyFy, molecule + 6F alone and the Cu(001)
surface. Two views (side view in the upper image
and top view in the lower image) are shown where
the isosurfaces shown in red and green colors represent
the excess (positive difference) and depletion (negative
value of the difference in charge densities) of charge,
respectively. The isosurface value of the charge
density was taken to be 0.005 e/A3. These results show
that there was an excess charge on the C¢F;, molecule
near the F atoms and a depletion of charge (polarization
charge) occurred at the interface between the molecule
and the surface.

Finally, we verified the proposed piecemeal decay
of CgFjs molecules by modeling the electronic pro-
perties of CyF;, on the Cu(001) surface, i.e., by obtaining
the corresponding STM constant current topography

images. The simulated STM images were obtained
by Tersoff-Hamann approximation [39,40] while
maintaining a distance of 2 A between the STM tip
and the top point of the molecule. Figures 2(c)-2(e)
show a series of filled and empty-state experimental
and calculated (see insets in Figs. 2(c)-2(e)) STM
constant current topography images of fluorinated
fullerene molecules on the Cu(001) surface. All the
images for configuration (1) were obtained when the
F atoms were pointing towards the surface. The images
for configurations (2) and (3) are shown in Fig. S2
in the ESM. The filled-state STM images (Figs. 2(c)
and 2(d)) of the CF;»/Cu(001) system show regular
arrangements of bright spots with an average distance
of 10.3 A between them. In the filled-state image,
some dark points could be clearly observed on these
bright spots at tunneling bias voltages V, in the range
of -1.5 — 2.2V both for the experimental and the
calculated images (Fig. 2(d)). On the other hand, for
the lower tunneling bias voltages (V; <—2.2 V) no dark
points were observed (Fig. 2(c)). The empty-state STM
images show a trefoil arrangement (Fig. 2(e)) which
is in good agreement with the calculated STM images
(see inset in Fig. 2(e)). Based on the calculated images
the appearance of the dark points in the filled-state
(Fig. 2(d)) images and trefoils in the empty-state
images (Fig. 2(e)) can be directly attributed to the top
hexagon ring and three upper pentagon rings of the
CeoF12 molecule, respectively. However, it should be
noted that for the experimental images (Figs. 2(d) and
2(e)) some asymmetry of the individual fluorinated
fullerene molecules could be clearly observed. In the
filled-state STM topography images (Fig.2(d)), the
dark points on bright spots shifted from the center to
different directions, while in the empty-state STM
topography images (Fig. 2(e)) one lobe of the trefoils
was always more intense than the other two in
contrast to the calculated images where a centrosy-
mmetric structure of CgF,/Cu(001) was obtained
both for the filled and empty-state regimes. These
discrepancies can be attributed to the fact that in the
constructed model of CyF;,/Cu(001), the directionality
of molecules was not taken into account because of
the nearest-neighbor interactions between the adsorbed
molecules in the real 2D fluorinated fullerene molecular
islands on the Cu(001) surface. The fluorinated

VEN$VIE1R\JSI($YI-|!¥ gAS @ Springer | www.editorialmanager.com/nare/default.asp



fullerene molecules were arranged in the form of a
monolayer film and were subjected to two competitive
interactions: the molecule-substrate and molecule-
molecule interactions. In order to maintain a balance
between these interactions, the molecules tended to
move to find optimum adsorption sites because of
very low adsorption energies. Because of such a low
adsorption energy, the molecules could rotate to
achieve the best packing order within the 2D molecular
islands. These results clearly show that the most
favorable arrangement of CyF;5 molecules on a Cu(001)
surface is the one in which F atoms point towards the
surface. The results also show that the interaction
leads to the detachment of F atoms from fluorinated
fullerene molecules.

The DFT calculations showed that the F atoms
detached from the CyF;3 molecule formed a buffer
layer between CyF;, and the Cu(001) surface. At the
same time, the magnitude of the adsorption energy
of the chemisorbed F atoms on the densely packed

metal surface decreased with an increase in the
coverage because of the presence of repulsive lateral
electrostatic interactions. This phenomenon resulted
in the formation of an atomic gas phase on the
surface [41, 42]. At high CF;s molecular coverages (>
0.5 ML), the partially decayed fluorinated fullerene
molecules were supported by the F-atom gas phase,
leading to a decrease in the molecule-substrate
interaction. Thus, the CgF;; molecule-molecule
interaction appears to have a crucial role during the
growth of monolayer films. The interaction among
the strongly asymmetric C¢F;, molecules with high
dipole moments gave rise to an angular momentum
which resulted in their inclination i.e. the deviation
of their dipole moments from the normal direction to
the surface (see inset in Fig. 3(a)). The analysis of the
positions of the specific dark points in the filled-state
STM (Figs. 2(d) and 3(a)) images showed that the
inclination of the CgF;; molecules involved changes
in both the polar (6) and azimuthal (¢) angles (see inset

Area of increased
neighbor—neighbor distances

[ Area of shortest
C—F bond formation

Figure 3 The precession of the dipole moment d of CgF,within the (12,0)x(1,9) packing order molecular island. (a) A high-resolution
filled-state STM topography image (V; = —1.8 V, I; = 18 pA) of a C4F, molecular island on the Cu(001) surface exhibits specific dark
points on bright spots which are shifted in various directions because of the precession of the dipole moments of the individual CgF ),
molecules. The (12,0)x(1,9) surface unit cell is indicated by a dashed red parallelogram. The orientations indicate groups of six (green
outline) and nine (red outline) CyF;, molecules with deterministic pattern of dark point displacement (see text for more details). The
inset shows the deviation of the dipole moment d (red arrow) of the individual CgF;, molecules from the normal to the surface (vertical
black axis) directions with a change in both the polar (6) and azimuthal (¢) angles. (b) The ball-and-stick model of the CqoF;, molecules
packed within the (12,0)x(1,9) surface unit cell (red parallelogram) where the dipole moment d of each molecule is oriented in such a
way that the top hexagon (dark-red solid filled hexagon) is shifted in different directions to fit the pattern in the green parallelogram
shown in (a). Orange-white gradient color indicates the area of increased neighbor—neighbor distances because of the formation of
intermediate C—F bonds and the presence of F-F Coulomb repulsive interactions, while the blue-white gradient region represents the
area of the formation of shortest C—F bond between six neighboring Cg¢F;, molecules.
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in Fig. 3(a)). A visible displacement of the specific dark
points in the range of six C¢F;, molecules (green solid
outline in Fig. 3(a)) within the (12,0)x(1,9) surface
unit cell (red dashed line parallelogram in Fig. 3(a))
created a strictly deterministic pattern (see Figs. S3(a)
and S3(b) in the ESM for more details). Moreover, in
the case of violation of the local order, the appearance
of new domains consisting, for example, of nine CFy,
molecules (red solid outline in Fig. 3(a)) could be
observed. The packing order of this structure also had
a strictly deterministic pattern. The exceptions from
this deterministic pattern can be attributed to the
boundaries of the 2D islands (see Figs. S3(a) and S3(b)
in the ESM).

Figure 3(b) shows a ball-and-stick model of CyFy,
molecules packed within a (12,0)x(1,9) surface unit
cell (red solid line parallelogram) where the dipole
moment d of each molecule was oriented in such a
way that the top hexagon (dark red solid fill) is shifted
in different directions in order to fit the pattern
observed in the experimental STM image (see solid
green outline in Fig. 3(a)). The tilt of the dipole moment
of CgF, caused the F atoms to be oriented sideways
at one side of the molecule and in the downward
direction at the other side (see inset in Fig. 3(a) and
Figs. S3(c) and S3(d) in the ESM). The equilibrium
configuration within the group of six CgF;, molecules
was realized when most of the F atoms were pointing
outside the group, resulting in minimal Coulombic
F-F repulsive interactions between the nearest
neighbors and the formation of the shortest C-F
contacts [16] between the neighboring CyF;, molecules
(Fig. 3(b)). This mechanism of energy minimization
also explains the close-packing structure inside the
group of six CgF;, molecules and increased distances
between the groups because of the repulsive F-F
Coulombic interactions. Indeed, the appearance of
well-separated boundaries between the groups of six
CeoF12 (Figs. 1(b), 2(c)-2(e), and 3(a)) molecules is in
good agreements with the proposed model. Here, it
should be noted that the inclination of CyF;, molecules
within 2D islands can cause additional detachment
of F atoms from the CyF;, molecules. As it has been
shown above, the F atoms in contact with a Cu surface
prefer to leave the C4 cage. Therefore, in the tilted
CeoF12 molecules (see inset in Fig. 3(a)), an extra loss

of a few F atoms might have occurred. Thus, strictly
speaking, 2D molecular islands consist of CyF,
molecules with different number of F atoms (n < 12).
Initially, the value of n was close to 12, however, it
decreased with time and eventually became 0.

To further provide the experimental evidence for
the existence of the atomic gas phase on the Cu(001)
surface and to elucidate the mechanisms controlling
the rate of decay of fluorinated fullerenes, other typical
changes occurring on the Cu(001) surface after the
adsorption of CeF;s should be considered. The STM
topography images showed that unlike the clean
Cu(001) surface (prior to the CyF;3adsorption, (Fig. S1
in the ESM)), the CyFs-adsorbed Cu(001) surface
showed a drastic appearance of “telegraph noise” [43]
immediately after the CgF5 adsorption (Fig. 4(a)). We
could not achieve an atomic resolution in the noisy
area of the Cu(001) surface. However, the 2D molecular
islands were not affected by the “telegraph noise”.
Therefore, the “telegraph noise” was exclusively
intrinsic to the Cu(001) surface and was independent
of the STM tip conditions. The appearance of this
“telegraph noise” can be attributed to the hopping of
F atoms in the tunneling gap. Similar phenomena of
the coexistence of solid 2D islands and 2D molecular
gas phase for SubPc molecules on an Ag(111) surface
[44, 45] as well as the existence of a 2D gas phase of
alkali metals on a Si(111) surface [46, 47] have been
reported previously. Figure 4(a) shows that a 2D gas
phase was present on the Cu(001) surface regardless
of the CyFy5 coverage. An increase in the molecular
coverage lead to a significant increase in the 2D gas
phase density (i.e. the density of the noisy streak
pattern on the STM images). On the basis of our
calculated data, it can be stated that the source of the
gas phase on the Cu(001) surface was the decayed CgF5
molecules, which had a tendency to lose 3-6 F atoms
even at the first contact with the surface (Fig. 2(a)).

The formation of new surface structures (see labels
1-3 in Fig. 4(b)) created by F could be observed
approximately 15 h after the deposition of CeF;5 on
the Cu(001) surface. Three types of new structures were
observed: (1) a (V17xV17)R14° surface phase (label 1
in Fig. 4(b)); (2) c(2x2) subsurface phase (label 2 in
Fig. 4(b)), and (3) (2\2xV2)R45° surface phase (label
3 in Fig. 4(b)). The nucleation of these new structures
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Figure 4 Fluorine-related 2D gas phase and its 2D condensed
phases on the Cu(001) surface induced by CgF ;g decay. (a) STM
topography images (V; = -2.0 V, I, = 26 pA) of Cu(001) surface
subjected to different coverage of CgF;g molecules: 0.06, 0.2,
and 0.6 ML from left to right, respectively. The “telegraph noise”
on the STM images associated with the 2D gas phase drastically
increased with an increase in the coverage. (b) Large-scale STM
topography images of new surface structures (indicated by 1-3)
induced by the growth of a 2D gas phase over time: (1) (V17x
V17)R14° surface phase (denoted as 1 in (b)); (2) ¢(2x2) subsurface
phase (denoted as 2 in (b)) and (3) (2V2xV2)R45 -F surface phase
(denoted as 3 in (b)). In all the cases the tunneling voltage V;
was —1.8 V and the tunneling current /; was 16 pA. The main
crystallographic directions are indicated for the images.

occurred at a CgF;3 molecular coverage of around
0.3 ML. Furthermore, at CqF;5 coverages higher than
0.5 ML, the following growth features were observed:
(i) The growth of the new structures began some time
after the deposition; (ii) a significant growth of the
structure (1) and the appearance of nucleation centers
for types (2) and (3); (iii) a rapid growth of structures
(2) and (3) over time and the conversion of structure
(1) into (3); (iv) termination of further growth with
a predominance of structure (3) (see Fig.S4 in the

ESM). Structures (1) and (3) had nearly the same height
of about 1.5 A and grew on top of the Cu(001) surface,
while structure (2) grew in the plane of the Cu(001)
surface, i.e. the upper atomic layer of the Cu(001)
surface was degraded because of an etching mechanism.
It is noteworthy that the noisy features associated
with the 2D gas phase still existed on the surface
during the growth of the new structures. However,
the noisy features were not observed in the last
structure. Moreover, the “telegraph noise” decreased
with the growth of the new structures and finally its
traces could be found only in very limited areas. Thus,
on the basis of the experimental data, we can associate
the noisy streak pattern with the 2D gas phase and
the new structures with the 2D condensed phase. A
full understanding of the formation of F-induced
new structures on Cu(001) surfaces requires a detailed
investigation using DFT-based calculations, which are
clearly beyond the scope of our current research.

We also calculated the interaction energy of CgFi»
and C4F3 molecules with fluorinated Cu(001) surface,
by considering two models: (i) with F atoms pointing
towards the surface and (ii) with F atoms pointing
upwards. Our calculations show that the model with F
atoms pointing upwards was energetically favorable
because the carbon atoms in the molecules interacted
with the F atoms on the surface. In addition, in the
model with F atoms pointing upwards there was
repulsion between F atoms of the molecule and the
F atoms on the surface (see Fig. S8(a) in the ESM).
Despite the fact that the energy of CgFi, (CeoFis) on
the F-covered Cu(001) surface with F atoms pointing
upwards was only 0.27 eV (0.74 eV), and lower than
that in the case of the F-covered Cu(001) surface with
F atoms pointing towards the surface, the calculated
STM images agree with experimental results by
considering the case of the surface in which the F
atoms were pointing towards the surface (see Figs. S8(b)
and S8(c) in the ESM). These results suggest that once
the CyF 13 molecules interacted with the Cu(001) surface,
the fluorinated fullerene left after the detachment of F
atoms remained oriented in the direction towards the
surface. This behavior can be explained by the existence
of additional molecule-molecule interactions within
the 2D molecular islands, which is responsible for the
maintenance of the original molecule configuration
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with F atoms pointing towards the surface.

These results show that the experimental results
of the 2D gas phase were in good agreement with
the expectations from the DFT model of CF;, on the
Cu(001) surface. Nonetheless, to gain more insight
into the phenomena of further real-time C¢F;, decay,
the evolution of 2D fluorinated fullerenes islands
should be studied.

As we have already discussed above, the metastable
(12,0)x(1,9) structure was realized because of the
presence of a 2D gas phase which supported CyFi,
molecules on Cu(001) to prevent its further contact
with the surface and a further loss of F atoms.
The weak bonding between the fluorinated fullerene
molecules and the surface made them quite mobile.
Therefore, the shape of the islands depended on the
deformation over time (Fig. S5 in the ESM). Moreover,
a saltatory movement of the fluorinated fullerenes in
the tunneling gap could also be observed (see the
zoomed images in Fig. S5 in the ESM). This pheno-
menon further confirms the presence of weak bonding
between the CyF;, molecules and the Cu(001) surface.

On the basis of the above discussion, it can be stated
that new structures on Cu(001) surfaces are formed
because of the transformation of the 2D gas phase into
a 2D condensed phase (F-related structures), leading
to a decrease in the 2D gas phase density on the
Cu(001) surface. Consequently, the CgF;, molecules
start interacting spontaneously with the Cu(001) surface
because the 2D gas density is not high enough to
sustain a further existence of the metastable con-
figuration. As a result of the spontaneous contact
with the surface, the CyF;, molecules lost additional
F atoms located nearest to the Cu(001) substrate,
thereby maintaining a constant density of the 2D
gas phase. Because of a further loss of F atoms, the
fluorinated fullerenes tended to change the self-assembly
packing order within the 2D molecular islands,
causing a violation of the metastable (12,0)x(1,9) order
and its step-by-step transformation into a close-packed
hexagonal (4,2)x(0,4) structure. Figure 5(a) shows the
2D island of fluorinated fullerene molecules 70 h after
the deposition. The appearance of the local ordering
violation of the (12,0)x(1,9) packing structure is clearly
visible and the regions of a new hexagonal (4,2)x(0,4)
packing order can be observed within the white

dashed counters in Fig. 5(a).

During the further continuous growth of the new
structures, the 2D gas phase density remained nearly
constant because of the continued decay of the
fluorinated fullerene molecules. At the same time the
packing order within the 2D molecular islands changed
completely to a close-packed hexagonal one (Fig. 5(b1)),
while the visible height of all the molecules within
the 2D island remained the same as that of the C¢F;,
molecules (Figs. 1(b) and 1(c)). Apparently, according
to the calculated configuration (1) (Fig. 2(a)) each of
the CyF1, molecules was able to successively lose 12 F
atoms. This might be the reason for the constant 2D
gas phase density constant during the 100 h following
the first nucleation of F-related structures (at a
molecular coverage of 0.6 ML).

In the case when most of the F atoms left the
CeoF12 molecules but the growth of the new F-related
structures continued, the height of the molecules
decreased to 1.2 A within the 2D molecular islands.
At first this effect was predominant for singular
molecules (Fig. 5(b1) and 5(b2)) with the further
involvement of the groups and rows of the molecules
(Fig. 5(b3) and 5(b4)). The final stage showed an
avalanche-like reduction in the height of most of
the molecules within the 2D island (Fig. 5(b5)) and a
complete transformation of close-packed hexagonal
(4,2)x(0,4) packing into the well-known (10,6)x(0,4)
structure with bright and dim rows typically observed
for molecular islands consisting of clean C¢ molecules
(Fig. 5(b6)). The final configuration consisting of C
2D islands and F-related structures (type (2) and (3))
in between the islands was observed 200 h after the
deposition of CgFis on the Cu(001) surface (for the
molecular coverage of 0.6 ML). It should be noted that
at a molecular coverage of 0.6 ML the new F-related
structures covered the entire Cu(001) surface between
the 2D molecular islands. In the case when the initially
deposited CgF;s molecules (at coverage 0.6 ML) on
the Cu(001) surface decayed completely, the fluorine
coverage was 0.6 ML. These results are in good
agreement with the STM image shown in Fig. 5(b6) in
which the entire surface is occupied by Cg molecules
and F-induced structures.

The dependence of coverage on the type of the
molecular islands (Figs. 1(a) and 1(b)) formed can be
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Figure 5 Structure (packing order) transformation of CyF, on the Cu(001) surface 2D molecular island evolved over time. (a) STM
topography image (V, = —-1.8 V, I, = 18 pA) of 2D molecular island during the further decay of CgF, molecules. The local ordering
violation of the initial (12,0)%(1,9) packing structure (Fig. 1(b)) is easily distinguishable and a new hexagonal (4,2)%(0,4) packing order
can be observed within the outlined areas. (b) Real-time decay of fluorinated fullerenes CgF, on the Cu(001) surface. (b1)—(b6)
Time-sequence series of the STM topography images of the same 2D molecular island evolved over time. The height of the molecules
has a tendency to decrease step-down for random singular molecules (b1) and (b2) with the further involvement of the groups and rows
of molecules (b4) and (b3). (b5) The avalanche-like reduction of height for most of the molecules. (b6) Final equilibrium configuration
of the (10,6)x(0,4) phase with bright and dim rows typical for C¢, molecules. A tunneling voltage ¥, of —2.0 V and a tunneling current /;
of 12 pA were used for STM images (b1)—(b6). STM images capture time elapsed after the deposition of C4oF 5 on the Cu(001) surface
is indicated for each STM image (b1)—(b6) in the right low corner.

elucidated by taking into account the crucial role of  fluorinated fullerene molecule which is apparently
the 2D gas and condensed phases on the life-time of  not enough to form a 2D gas phase. As a result, the
CgF, molecules. At very low molecular coverages (< CgF, molecules lost the remaining F atoms quickly
0.2 ML) six F atoms were detached from each adsorbed and formed C, islands. The concentration of F atoms
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on the Cu(001) surface was not high enough to create
even nucleation points for the new F-related structures,
and F atoms interacted locally with Cu(001) (see
Fig. S6(a) in the ESM). In the case of higher molecular
coverages (0.2-0.3 ML), the 2D gas phase was formed
only because of the detachment of 18 F atoms from
the first portion of the adsorbed molecules, leading to
the formation of intermixed islands composed of Cq
and CgF, molecules (see Fig. S6(b) in the ESM). Then
the CgF, molecules continued to decay over time
yielding clean Cg, islands and a very limited area of
the new F-related structures (Fig. S6(c) in the ESM).

4 Conclusion

In summary, we analyzed the real-time decay of
fluorinated fullerenes on Cu(001) surfaces depending
on the initial molecular coverage. The ab initio
calculations confirmed that the most stable con-
figuration of the molecules was realized when the F
atoms in CgF;s pointed towards the surface and six F
atoms detached from the original fluorinated fullerene
molecule. All the calculated images for this configuration
were in good agreement with the high resolution
atomic STM images. When the initial coverage of the
CyF1s molecules was less than 0.3 ML, all the molecules
reacted with the Cu(001) surface, leading to the
formation of ordered C islands surrounded by a 2D
gas phase. An increase in the molecular coverage lead
to a significant increase in the 2D gas phase density.
The source of the gas phase on the Cu(001) surface
decayed the CgF;s molecules, which showed a tendency
to lose 3-6 F atoms even at the first contact with
the surface. At a higher CqF;5 coverage (0.5 ML), the
molecule-substrate interaction became weak because
of the increased density of the F gas phase. The
molecule-molecule interaction played a decisive role.
The presence of the 2D gas phase prevented the contact
between the fluorinated fullerene molecules and the
Cu(001) surface, and thus, prevented a further loss of
F atoms. Thus, a pseudo-stable (12,0)x(1,9) structure
of CyF, was realized. The transformation of this
structure to (4,2)x(0,4) is attributed to the formation
of a condensed gas phase (F-induced structures)
because of the interaction of the additional F atoms
with the Cu(001) surface. A continuous growth of the

condensed gas phase was observed. This is because
all F atoms left the fluorinated fullerene molecule
and a well-known (10,6)x(0,4) structure typical for Ce
growth on the Cu(001) surface was formed. Thus, it
has been demonstrated that the adsorption of CgFis
on a Cu(001) surface is a multiple stage process and
CyoF1s coverage plays a critical role in the creation of
ordered surface structures. The physical and chemical
effects resulting from the step-by-step detachment of
F atoms from the Cq cage might be technologically
relevant in nanoscale-localized chemical reactions
driven by molecular coverage and practical employment
of CgFs molecules as fluorine sources for controllable
surface doping applications.
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