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for tuning the electronic and optical

properties of organic molecules by
stabilizing the energy levels of frontier
orbitals.”* The resulting molecules thus
exhibit higher electron affinity (EA) than
do their original nonfluorinated forms due
to the strong electron withdrawal of fluorine
atoms.>® In organic devices such as field
effect transistors, the increase in EA leads in
principle to a decrease in the electron in-
jection barrier at the interface between the
molecular film and the metal electrode,
yielding n-type semiconducting behavior.”
A better understanding of the structural and
electronic properties of thin films of fluo-
rocarbons deposited on metals is therefore
considered essential for further advances in
organic electronics.

The fluorinated fullerene, CgoF,, is a useful
fluorocarbon from this perspective. The
“surface transfer doping” effect® has been
observed on a hydrogen-terminated insu-
lating diamond surface as a result of effec-
tive charge transfer between diamond and
the molecules, producing a conduction
layer on the diamond surface.®~'" As the
number of added fluorine atoms x in-
creases, the EA of CgoF, and thus electron-
accepting ability increase accordingly.'?
Several spectroscopic studies of CgoF, (x =
18, 36, and 48) films have found that while
the lowest unoccupied molecular orbital
(LUMO) does not change significantly,’
the reduction of & states due to the de-
crease in the number of C=C bonds appears
as a decrease in intensity or as a disappear-
ance of the highest occupied molecular
orbitals (HOMO) and HOMO—1. As a result,
the HOMO level shifts to a point far deeper
than the Fermi level (EF).14 However, the
details of adsorption and electronic struc-
tures at the interface between metals and
films of fluorinated fullerenes have not yet
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A two-dimensional fluorinated fullerene (CgoF34) superstructure has been successfully formed on
Au(111) and was investigated using scanning tunneling microscopy (STM) and density functional
theory calculations. Although there exist three isomers (G, C;, and T) in our molecular source, STM
images of the molecules in the well-ordered region all appear identical, with 3-fold symmetry. This
observation together with the differences in the calculated lowest unoccupied molecular orbital
(LUMO) distribution among the three isomers suggests that a well-ordered monolayer consists of
only the G isomer. Because of the strong electron-accepting ability of CyoFss, the adsorption
orientation can be explained by localized distribution of its LUMO, where partial electron transfer
from Au(111) occurs. Intermolecular C—F - - - 77 electrostatic interactions are the other important
factor in the formation of the superstructure, which determines the lateral orientation of CgoFs4
molecules on Au(111). On the basis of scanning tunneling spectra obtained inside the super-
structure, we found that the LUMO is located at 1.0 eV above the Fermi level (E¢), while the highest
occupied molecular orbital (HOMO) is at 4.6 eV below the E;. This large energy gap with the very
deep HOMO as well as uniform electronic structure in the molecular layer implies a potential for
application of CgoF34 to an electron transport layer in organic electronic devices.

KEYWORDS: fluorinated fullerene - scanning tunneling microscopy - density
functional theory - electron acceptor - charge transfer - C—F - - - 7 interaction

been clarified because of their structural
complexity as well as the presence of iso-
mers. Therefore, it is desirable to obtain
microscopic information on their mono-
layers deposited on metal substrates.

In most cases of fluorination, hydrogen
atoms are substituted with fluorine atoms,
barely affecting the molecular structure.'
Fluorination of the fullerene, by contrast,
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Figure 1. Optimized structures (a, ¢, ) and Schlegel dia-
grams (b, d, f) for C3 (a and b), C; (c and d), and T (e and f)
CsoF36 isomers. Nonfluorinated moieties (phenyl rings and
C=C bonds) are colored red and blue (respectively).

results from the addition of two fluorine atoms per
C=C bond, causing a change in the bonding con-
figuration of the carbon atoms from sp? to sp®, which
changes the molecular structure of the spher-
ical Cgo moleule.’®'” Due to their complex shape and
the presence of F atoms at the periphery, different
types of intermolecular interactions than van der
Waals interaction are expected, which may result
in unique molecular packing. For instance, it has
been reported that the molecular packing and
the growth mode of perfluoropentacene films are
very different from those of pentacene films even
though their molecular structures are not signifi-
cantly different.” 819

In this article, we report the successful fabrication
and detailed analysis of a well-ordered one-monolayer
film made of one of the fluorinated fullerenes, C4oF3e,
on Au(111) using scanning tunneling microscopy
(STM) and density functional theory (DFT) calculations.
Although CgoF36 has three isomers, Cs, Cy, and T
(Figure 1),%° a well-ordered molecular monolayer consists
of only the Gz isomer, which is reasonably suggested by
(i) the highly symmetric and 3-fold STM images for the
molecules adsorbed on Au(111), (ii) the difference in
orbital distribution of the C5 isomer from those of other
isomers, and (iii) the abundance of the C; isomer
compared to others (C3:C;:T = 70:25:5).2° We found
that there is an intermolecular electrostatic interac-
tion between the fluorinated moieties (C—F) and
the nonfluorinated moieties (i states of phenyl rings)
of adjacent molecules. This type of C—F- - -7 interac-
tion has been reported only for 3D crystals of fluoro-
carbons.'”?'"2* Scanning tunneling spectroscopy
(STS) revealed that the molecular layer possesses a
large band gap (>5 eV) with its LUMO much closer to
the E¢ than its HOMO, implying that the majority carrier
in the film is electrons.
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Figure 2. STM images of CgoFs¢ on the Au(111) surface.
(aand b) C¢oF3¢ island formed by depositing molecules onto
Au(111) kept at room temperature, producing a number of
islands consisting of inhomogeneous regions. (c and d)
CeoF36 island created in the same way as in (a) and (b)
followed by annealing to 370 K, resulting in the formation of
the homogeneous regions. Image sizes of (a) and (c) are
30 x 30 nm?; (b) and (d) 6 x 6 nm?. Color scale in (a) and (c) is
not linear to enhance the contrast of both molecules inside
the islands and the herringbone structure of bare Au(111).
Tunneling parameters in (a) and (b) are Vsampie = 2.4 V and
l¢=0.14 nA; in (c) and (d) Vsample = 2.4 V and /; = 0.20 nA.

RESULTS AND DISCUSSION

Deposition of CgoF3e by sublimation of a powder
source onto the Au(111) surface at room temperature
initially led to step edge decoration. As the amount of
deposited molecules increased, islands grew from the
lower step edges to the terraces. Figure 2a is a typical
STM image of such an island. It is composed of grainy
spots with various types of intramolecular structures,
as shown in the enlarged image in Figure 2b. We refer
to such an area as an “inhomogeneous region”. The
distance between two adjacent molecules was 1.11 £
0.04 nm. Differences in appearance may be related to
the orientation of the molecules as well as to the
different types of isomers.

When we annealed the sample to 340—370 K after
molecular deposition, almost all the molecular islands
showed areas within which there was very little height
variation, although others and the perimeters of the
islands still corresponded to the inhomogeneous re-
gion, as shown in Figure 2c. We call such uniform, less
corrugated areas “homogeneous regions”. An en-
larged image is shown in Figure 2d. The periodicity of
this region was 1.15 £ 0.08 nm, very similar to the
lattice constant in the inhomogeneous region. By
enhancing the contrast inside the molecular island
(Figure S1), we confirmed that the herringbone recon-
struction was preserved under the molecular islands. It
is thus unlikely that Au vacancies are created by
annealing, which has been reported for the Cgg mono-
layer on Au(111), but this occurred when the sur-
face was annealed to as high as 540% and 680 K.*°
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Figure 3. (a and b) STM images of the boundary region. The
circled unit in (a) corresponds to a single molecule. The
three dotted lines in (b) are lattice lines, and an enlarged
image of the intersection is shown in the inset. (c) During
and (d) after the STM tip interacted with a molecule in-
dicated by a red arrow in (c). This merely resulted in a
change in appearance to the white circled molecule in (d),
which is darker than neighboring molecules (yellow). Slow
scan direction is from the bottom to the top. Tunneling
conditions in (a) and (b) were V ,mpie = 2.4 Vand /= 0.20 nA;
in (c) and (d) Vsample = 2.8 V and I = 0.30 nA. Image size: (a)
6 x 6nm? (b) 10 x 10 nm?; (inset) 1.2 x 1.2 nm>; (c) 6 x 6 nm?%;
(d) 6 x 3.2nm>

Appearance of the herringbone structure within the
molecular island also excludes the possibility that the
sample annealing results in F atom detachment from
the molecules, and detached F atoms migrate under
the molecular island as observed for annealed CgoF4s/
graphene/SiC.*” Direct bonding of F and Au atoms
would lift the reconstruction. Neither did we find any
dark spots on the bare Au(111) area that could be
attributed to migrated F atoms, which have been
observed on Si(111)-(7x7).28%°

With a larger scale STM image that contains both a
molecular island and a large area of the bare Au(111)
surface (Figure S1), we could easily recognize that one
of the close-packed directions of the molecularisland is
perpendicular to the parallel lines of the herringbone
structure, i.e., along the (110) direction. This fact was
used for constructing the superstructure model, which
will be shown later.

We found that the repeat unit, shown circled in
Figure 2d, corresponded to a single CgoF3¢ molecule,
which exhibited 3-fold symmetry. This conclusion is
based on the following observations. First the bound-
ary between the homogeneous and inhomogeneous
regions (Figure 3a) clearly shows that the triangular
unit cannot be a single molecule, as it is unlikely to
break chemical bonds of all molecules at the boundary.
If we simply assume that all molecules are intact, a unit
circled in the solid line must correspond to the single
molecule. Second, we found that three lattice lines
drawn from the inhomogeneous region to the homo-
geneous region (Figure 3b) intersected at the dark
spots (enlarged image shown in the inset of Figure 3b),
which should correspond to the center of a molecule
in the homogeneous region. Third, we found while
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Figure 4. (a—c) Bias dependence of STM images acquired at
It = 0.30 nA and Vsampie = 1.2 V (a), 2.0 V (b), and 2.8 V(c).
Image size is 6 x 6 nm?. Circled unit in each image is the
single molecule. (d) Scanning tunneling spectra (STS) ob-
tained at three distinct positions of the molecule. Colors in
the image and spectra correspond to each other. Feedback
was open at Viampie = 2.7 V and /¢ = 0.30 nA. Inset image
(1.85 x 2 nm?) was obtained with Vsample =2.8 Vand /= 0.30 nA.
(e) STS with wider bias range. Feedback was open at
Vsample = 2.8 V and /¢ = 0.20 nA.

scanning that the STM tip interacted with one of the
molecules and its appearance suddenly changed
(Figure 3c and d). This could be attributed to desorp-
tion (i.e., the molecule disappeared from the surface) or
chemical reaction that transformed the electronic
structure of the molecule dramatically. From this ob-
servation it would appear that the single molecule
most likely corresponds to the circled units.

As already seen in Figures 2 and 3, each molecule
consists of a dark spot at the center and six bright
lobes, three of which are brighter than the others.
Relative brightness, however, changes depending on
the applied bias voltage, as shown in Figure 4a—c. At
low sample bias voltages (Figure 4a), the center of the
molecule appears as a bright spot. As the bias increases
(Figure 4b), the center becomes darker, and further
increase of the bias results in six lobes having similar
brightness (Figure 4c). STS of three distinct sites of the
molecule are shown in Figure 4d. Although there are
differences in intensities, peak positions are almost
equal, meaning that the electronic structure of the
monolayer film is quite uniform.

At all bias voltages explored, the molecule showed
3-fold symmetry. Therefore, we expect that the CgoF36
in the homogeneous region is adsorbed in such a way
that the 3-fold symmetry axis is perpendicular to the
Au(111) surface. There are two possible orientations for
the C3 and Tisomers that satisfy this criterion and none
for the C; isomer, which may exclude the possibility of
involvement of the C; isomer in the homogeneous
region. Figure 5 shows the optimized structures of
three isomers in the gas phase (a) and their LUMO
distributions (b) from both side and bottom views. The
electronic structures of the isomers strongly depend
on the location of the fluorine atom:s, i.e,, the resultant
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Figure 5. Optimized structure in the gas phase (a, ¢, e) and
side (left) and bottom (right) views of their LUMO (b, d, f) for
the G; (a and b), C; (c and d), and T (e and f) isomers.
Nonfluorinated moieties (phenyl rings and C=C bonds) are
colored red and blue, respectively. For clear comparison
with the STM image, the LUMO distribution is described as
the square of the molecular orbital, which represents the
relative probability of finding an electron in the molecule.
For the T isomer, the three degenerate molecular orbitals
are merged to depict the LUMO distribution. Isosurface
value is 0.001 e/bohr.?

changes in the symmetry of the isomers. The LUMO
spatial distributions of C3 and C; isomers are clustered
predominantly around three C=C bonds, whereas that
of the Tisomer is triply degenerated and distributed on
the four phenyl moieties. The bottom view of the
LUMO more clearly shows that the LUMO distribution
of the C; isomer cannot yield 3-fold symmetry in the
STM images at low bias voltages, as shown in Figure 4a.

In general, the spatial distribution of frontier molec-
ular orbitals is considered to be a decisive parameter in
the stability and relative orientation of chemical species
that interact with each other via charge transfer’ 32
Evaluation of the LUMO distribution is particularly impor-
tant in the case of CgoF35 because of its high EA® implying
that the LUMO tends to approach the £ of Au(111).2 In fact,
we found the highest occupied state at —4.6 V below the
Er, while the lowest unoccupied state was at +1.0 V
(Figure 4e); that is, the center of the HOMO and LUMO
that can be regarded as the molecular Er in the gas
phase®*3* goes downward upon adsorption with respect
to the Er of the substrate. This suggests an additional
electronic charge in the molecule as a result of partial
electron transfer from Au(111) to the molecule.***® There-
fore, it is likely that the orientation of the C; isomer is such
that the part where the LUMO is distributed is oriented
toward the Au(111) surface.>’~3° Periodic DFT calculations
for the C; and T isomers including the Au(111) substrate
were performed to investigate the adsorption orientation
and charge transfer between the molecule and the sub-
strate. On the basis of the intermolecular distance, 1.15 +
0.08 nm, measured from the molecularly resolved STM
images, the periodicity of the superstructure was deter-
mined to be (4 x 4). Figure 6 shows the optimized
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Figure 6. Top views (a) and side views (b) of the LUMO
distribution of C; and T isomers adsorbed on the top site of
Au(111). Isosurface value is 0.0015 e/bohr.>

structures of the G and T isomers adsorbed on the Au(111)
substrate (see also Figure S2 for detailed geometry). As
expected, the configuration with the C=C bond side down,
where the LUMO of the G isomer faces the substrate, is
more stable by 0.07 eV than the opposite orientation (C=C
bond side up) when the molecule is adsorbed on an
Au(111) top site. The Bader population analysis revealed
that 0.36e was transferred from Au(111) to a single
CgoF36 molecule. This value is larger than that for
Ceo/Au(111), 0.2e per molecule,*® evaluated using a
similar calculation method. The increase in the
amount of electron transferred indicates the increase
in electron-accepting ability by fluorination. The T
isomer, at a similar orientation with one of the four
phenylrings at the bottom side, was found to be more
stable by 0.17 eV than in the upside-down orientation.

We further found that the calculated spatial distribu-
tions of the LUMO for both C; and T isomers are quite
different from each other (Figure 6). As shown above,
the molecules in the homogeneous region all appear
identical, and therefore, we strongly believe that the
region consists of only one type of isomer. On the basis
of the isomer ratio, it is likely that the homogeneous
region is comprised of the C; isomer because we found
experimentally that the area of the homogeneous
region accounts for more than 60% of the entire area
covered by molecules (Figure S1). Indeed, the spatial
distribution of the LUMO of the C5 isomer resembles
the STM image at low bias (Figure 4a). Higher MOs for
the Gz isomer (Figure S3a) can also explain well the
experimentally observed bias dependence of the STM
images (Figure 4). At low bias, the molecular center and
phenyl ring parts are expected to be bright (779 and
780 states), and as the bias increases, CsF¢ parts are also
expected to appear bright (784 + 785 state). In con-
trast, all major MOs for the T isomer (Figure S3b) are
distributed around phenyl rings, which cannot explain
the bias dependence of the STM images.
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Figure 7. (a) (4 x 4) superstructure model for the homo-
geneous region of the CgoF3¢ monolayer on Au(111). Three
fluorine atoms at the bottom bonded to Au are emphasized
in size and color (green) to clearly show the adsorption sites.
Solid yellow lines show the gold lattice. Inset is the bottom
view of the single molecule of the C; isomer. (b) Calculated
electrostatic potential (ESP) distribution of the C; isomer.
Inset is the ESP calculated in the gas phase viewed from the
side including a phenyl ring. Color scale from red to blue
corresponds to negative to positive. In (a) and (b), C—F- - -7r
interaction is indicated by black arrows.

Figure 7 shows the proposed (4 x 4) supercell model
and calculated electrostatic potential (ESP) distribution
on the electron density surface of the C; isomer. The
ESP around the phenyl ring was more positive (blue),
and that around the fluorine atoms more negative
(red). This suggests that there should be an attractive
force due to the electrostatic interaction between the
phenyl rings of a molecule and the fluorine atoms of
neighboring molecules. It has been reported that the
C—F- - - interaction influences the 3D crystal packing
of the fluorocarbon compounds.'”?' 2% In this model,
the close-packed directions of the molecules corre-
spond to (110) of the Au(111) beneath as explained
previously. Another point to note is that the distance
between the nearest neighbor F atoms at the bottom
side (three green spheres in Figure 7a) is 0.29 and
0.28 nm according to the gas phase and periodic DFT
calculation results, respectively, which is very close to
the distance between the nearest neighbor atoms of
the Au(111) surface; all three F atoms are thus con-
sidered to be at the same sites according to the highly

METHODS

Sample Preparation. Au(111) was prepared using cycles of Ar"
ion sputtering and annealing. CgoF3¢ (99% purity) purchased
from Materials Technologies Research Ltd. contains three con-
stitutional isomers: Cs, C;, and T in the ratio of, approximately,
C3:C:T=70:25:5 according to the specification data provided by
the supplier. A homemade Knudsen cell (K-cell) was used for
deposition. The temperature at the K-cell was raised to around
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symmetric STM images of molecules in the homoge-
neous region.

To orient molecules so that the C—F - - - winteraction
is maximized, there is only one possible configuration:
that shown in Figure 7 and Figure S4a. In this model,
the center of the molecule is at the top site and the
three F atoms nearest to the substrate are at bridge
sites of Au(111). If the molecular center is located at a
top site but the three F atoms are at hollow sites (Figure
S4b), or if the center is at a hollow site and the F atoms
are at either hollow sites (Figure S4c) or top sites
(Figure S4d), the electrostatic interaction cannot be
maximized. The adsorption site of F atoms in our model
agrees with the case of halogen atoms adsorbed on the
(111) surface of the face-centered-cubic (fcc) metal,
where the preferential sites were found to be either
bridge or 3-fold hollow sites.*' ~** The calculated opti-
mized structure at the Au(111) top site (Figure S2a) fits
this model well. Another possible model, shown in
Figure S4b, is not allowed due to the steric hindrance
between F atoms of neighboring molecules.

It is worth noting that CgoF3¢ Shows only one rota-
tional domain because of the intermolecular C—F- - -7t
interaction, which is in contrast to Cgo/Au(111),
where several rotational orientations are possible

as molecules interact with weaker van der Waals
force 25,26,4445

CONCLUSION

In conclusion, we have successfully formed a 2D
CeoF36 superstructure on Au(111) and investigated
using STM and DFT calculations. Charge transfer due
to strong electron-accepting ability and electrostatic
C—F- -7 interaction among neighboring molecules
allow CgoF36 to adsorb in a specific orientation when
enough thermal energy is provided. Analysis of the
LUMO distribution strongly supports the formation of
homogeneous regions with only one type of isomer,
C3, which suggests that the manipulation of the fluor-
ination pattern may allow control over molecular
orientation on the substrate. If the separation of iso-
mers can be achieved and established, a complete
monolayer of CgoF3¢ on Au electrodes may be feasible.
Such a film provides uniform electronic properties with
a wide band gap with a deep HOMO and might be
technologically relevant, for example, to electron trans-
port layers in organic optoelectronic devices.

460 K, and the sample was kept at room temperature during
deposition. For the formation of large homogeneous regions,
the sample was annealed to 340—370 K after deposition.

STM Experiments. STM experiments were performed with a
low-temperature STM system (Omicron) in an ultra-high-vac-
uum chamber. Base pressure was less than 5 x 10" Torr. All
STM measurements were performed at 5 K. Bias was applied to
the sample (Vampie). STS was acquired using a standard lock-in
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technique with a bias modulation of 30 mV and 617 Hz while
opening the feedback loop.

DFT (Calculations. Isolated molecular geometries of three
CeoF36 isomers were fully optimized under G, C;, and T symme-
tries, respectively, using DFT calculations. We employed B3LYP
(Becke's three-parameter hybrid functional combined with the
Lee—Yang—Parr correlation functional)*® and 6-311+G(2d) ba-
sis set implemented in the Gaussian09 software package.*’ The
EA values of CgoF36 isomers were calculated and compared to
that of the Cgo molecule (Table S1), which are in good agree-
ment with the experimental values.® Each anionic isomer was
optimized without any symmetry restriction.

To investigate the adsorption behavior of the C3 and T
CeoF36 isomers on Au(111) in more detail, we extended the
computational study into periodic DFT calculations using the
Vienna Ab initio Simulation Package (VASP) code.*®*° The
calculations were performed using the local density approxima-
tion for the exchange—correlation functional parametrized by
Perdew and Zunger.*® The core electrons were replaced by
projector-augmented wave pseudopotentials®’*? and ex-
panded in a basis set of plane waves up to a cutoff energy of
400 eV. In accordance with the STM measurement, we used (4 x
4) surface supercells. The calculated fcc bulk lattice constant is
4,06 A for Au, which agrees well with the experimental value
(4.08 A).>® The slab model consists of six Au layers. The
periodically replicated slabs were separated by a vacuum region
of ~10 A. During ionic relaxations, the two bottom Au layers
were fixed in their bulk positions. lonic relaxations were per-
formed until atomic forces were less than 0.01 eV/A. A5 x 5 x 1
Monkhorst—Pack k-point grid was used for Brillouin zone
sampling.>* Bader population analysis was performed to eval-
uate charge transfer between CgoFs and Au(111).>> Dipole
correction was applied in order to avoid interactions between
periodic slab images. The symmetry of the structure was con-
served during optimization where the periodic DFT calculations
were performed without any symmetry restrictions. To explain
the lateral orientation of C4oF3¢ molecules due to intermolecular
interaction, ESP maps were generated at both gas phase and
periodic boundary conditions.
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