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Csg fullerenes were adsorbed onto room temperature Au(111) surface by low-energy (~6 eV) cluster
ion beam deposition under ultrahigh vacuum conditions. The topographic and electronic properties
of the deposits were monitored by means of scanning tunnelling microscopy (STM at 4.2 K). Topo-
graphic images reveal that at low coverages fullerene cages are pinned by point dislocation defects
on the herringbone reconstructed gold terraces (as well as by step edges). At intermediate coverages,
pinned monomers act as nucleation centres for the formation of oligomeric Csg chains and 2D is-
lands. At the largest coverages studied, the surface becomes covered by 3D interlinked Csg cages.
STM topographic images of pinned single adsorbates are essentially featureless. The corresponding
local densities of states are consistent with strong cage-substrate interactions. Topographic images
of [Csg], oligomers show a stripe-like intensity pattern oriented perpendicular to the axis connecting
the cage centers. This striped pattern becomes even more pronounced in maps of the local density
of states. As supported by density functional theory, DFT calculations, and also by analogous STM
images previously obtained for Cgp polymers [M. Nakaya, Y. Kuwahara, M. Aono, and T. Nakayama,
J. Nanosci. Nanotechnol. 11, 2829 (2011)], we conclude that these striped orbital patterns are a fin-
gerprint of covalent intercage bonds. For thick Csg films we have derived a bandgap of 1.2 eV from
scanning tunnelling spectroscopy data confirming that the outermost Csg layer behaves as a wide

® CrossMark
¢

band semiconductor. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793761]

. INTRODUCTION

Arguably, the birth of carbon nanoscience coincides
with the discovery of the Buckminsterfullerenes: all-carbon,
hollow molecular cages consisting of hexagonal and pentag-
onal faces.! Early mass spectra of the volatile products cre-
ated by pulsed laser ablation of graphite in a helium atmo-
sphere showed not only the well-known Cgy and Cyy cages
but also smaller C, species (n-even) in still significant abun-
dances. These smaller cages have largely been ignored over
the years. Primarily this is a consequence of more difficult
processability: Ceo(I) as well as other higher fullerenes can
be efficiently solvent extracted from polydisperse fullerene
soots—as generated by the standard Kritschmer-Huffman
arc discharge production method.> In contrast, smaller C,
species also present in these soots cannot be dissolved and
as a result they have been mostly studied theoretically. For
example, density functional theory (DFT) calculations have
predicted their molecular structures.>* Such small C, cages
(n < 60) always have “non-IPR fullerene” structures — where
IPR refers to the isolated pentagon rule initially formu-
lated to systematize the structures of solvent extractable
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“conventional” cages. In the latter (e.g., C¢o(I1)), the 12 pen-
tagonal faces are isolated from one another by surround-
ing hexagons. In contrast, non-IPR cage structures can in-
clude two adjacent pentagonal rings (2AP), chains of sev-
eral pentagons (e.g., 2 x 3AP), heptagons (Hept), and even
squares (S). These faces of the cage will be referred to as
non-IPR sites. To first order, strain energy increases with
decreasing cage size and therefore small, non-IPR fullerene
cages are less stable (in terms of binding energy per atom)
than their larger IPR congeners. In addition, the non-IPR
motifs act as defect sites. Both effects lead to enhanced
reactivity (and much poorer processability) relative to IPR
cages.

Nevertheless, stable, sublimable, monodispersed cluster
materials based on pure non-IPR fullerenes have recently
been made. In the first such study, Bottcher et al.>¢ generated
thin films of non-IPR Csg by ion beam deposition. The corre-
sponding molecular building blocks were produced under ul-
trahigh vacuum (UHV) by means of electron impact induced
ionization/fragmentation of sublimed Cgo(I). The resulting
Css™ species were separated from the parent and other frag-
ment ions using a quadrupole mass filter and then deposited
onto an inert highly oriented pyrolytic graphite (HOPG) sur-
face at low incident kinetic energies (low energy cluster ion
beam deposition = LECBD). Other monodispersed C, films,

© 2013 American Institute of Physics
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48 < n < 68, have since been analogously prepared.” As these
and subsequent measurements have shown, many of the elec-
tronic, vibrational, thermodynamic, and mechanical proper-
ties of these prototypical cluster materials depend strongly on
the size of the building blocks used.?

Whereas monodispersed non-IPR fullerene materials are
now routinely accessible, their molecular composition still
remains unclear. This has to do with the enormous variety
of cage isomers which are, in principle, accessible at any
given cluster nuclearity. For example, it is not known whether
the C3y symmetry Csgt cage (Csg(C3y:0001)) predicted by
DFT to be the most stable isomer is, in fact, generated in
the LECBD ion source. There is an energetically close lying
Css(Cs:Hept)) cage isomer for which the calculated difference
in total energy relative to the most stable cage is ~0.108 eV
for neutral and ~0.043 eV for the cationic cage.”'" Conse-
quently, both isomers might be present in the incident ion
beam. Furthermore, interaction of the (hot) C,* projectile
with the substrate could change the final molecular struc-
ture of the cage on the surface relative to that in gas-phase.
In particular, a cage-surface collision event is associated not
only with conversion of primary kinetic energy into vibra-
tional and rotational excitations of the cage®' but also with
surface-harpooning induced Auger neutralization of the im-
pinging cage. Both processes can induce structural transfor-
mation of the projectile itself.

Recent atomic force microscopy studies of the deposits
generated by LECBD of non-IPR C, onto HOPG surfaces
have shown that surface temperature and primary kinetic
energy can significantly influence the topography of the re-
sulting island films on mesoscopic length scales. The den-
dritic islands observed have been rationalized in terms of on-
surface cage-cage reactions to form stable [C,],, oligomeric
chains. However, so far it has not been possible to determine
the corresponding (intramolecular) structures on an atomic
level.”

In this study we have attempted to obtain such informa-
tion. Specifically, we have applied low-temperature scanning
tunnelling microscopy (4.2 K-STM) to image individual Csg
cages and oligomers deposited gently onto an inert Au(111)
surface. The choice of Au(111) as a substrate was motivated
by its well-known herringbone reconstruction.'! In analogy to
measurements of Ni/Au(111)'? it was expected that the her-
ringbone surface reconstruction and, in particular, its charac-
teristic point dislocation sites can act as traps to immobilize
individual Csg cages — thus, facilitating STM probes without
perturbations due to lateral cage-cage interactions.

The focus here has been placed on the low coverage
regime for which imaging of individual cages as well as
small [Csg];, aggregates is possible. Furthermore, the elec-
tronic structure of both occupied and unoccupied cage states
can be studied by scanning tunnelling spectroscopy (STS).
In order to qualitatively interpret the measurements, we have
also simulated STM topographic images by means of DFT
calculations using various structural models: individual Csg
cages and dimers in different surface configurations and ori-
entations. Several striking features of the STM data provide
clear evidence of soft-landing mediated oligomerization of
carbon cages.

J. Chem. Phys. 138, 104703 (2013)

Il. TECHNIQUES AND METHODS
A. Low-energy cluster ion beam deposition

Deposition of mass-selected Csg™ cluster cations was car-
ried out in an ultrahigh vacuum system with a base pres-
sure better than 5 x 107! mbar. The Csg cluster ions were
generated by electron-impact-induced ionization, heating, and
fragmentation of Cgq fullerenes. After mass selection using a
quadrupole mass filter, a collimated beam of Csgt was elec-
trostatically directed towards an atomically clean Au(111)
surface held at room temperature. Deposits and films were
grown by low energy cluster ion beam deposition, LECBD. 3
Details have been described in Refs. 5 and 6. In all exper-
iments, the same mean incident kinetic energy of Csgt of
~6 eV was chosen. Previous deposition studies using HOPG
substrates have demonstrated that under such low incident ki-
netic energy conditions, fragmentation of the impinging cages
can be excluded. The films were grown at a nearly constant
deposition rate of ~3 x 10° cages/s/6.7 mm? surface area.
Mass spectra of the incident ion beam under the mass se-
lection conditions used for deposition revealed no measur-
able overlap between neighbouring constituents, Css™, Csg™,
and Cg', i.e., the ion beam purity of incident Csg* was
greater than 99.99%. Similarly, more highly resolved mass
spectra showed no measurable contamination by derivatives
such as CsgH™, CsgCO™, CsgOH™, etc. The number of cages
deposited per surface area has been quantified by monitor-
ing the neutralization current (picoamperemeter Keithley).
A saturated monolayer, 1 MLE, is reached at lateral den-
sity of 10" Csg/cm~2 corresponding to an actual ion dose of
1.2 x 107¢ C.

B. STM and STS

Atomically clean Au(111) substrates were prepared by
repeated sputtering/annealing cycles.'* The quality of the re-
sulting surfaces was checked by ultraviolet photoemission
spectroscopy and X-ray photoionization spectroscopy (UPS
and XPS). In particular, the gold surface state in the valence
band (SS, Eg ~ 390 meV"), a very sensitive measure of the
periodic atomic alignment, was followed as a function of the
number of sputtering/annealing cycles. Saturation of this sig-
nal was taken to indicate a clean substrate.

After deposition, substrates were transferred into another
UHV chamber equipped with a home-built scanning tun-
nelling microscope operating at liquid helium temperature—
by means of a UHV suitcase. The deposition and the trans-
fer were performed at room temperature and all STM/STS
measurements were subsequently conducted at a sample tem-
perature of 4.2 K using (still) atomically clean substrates and
tunnelling tips precleaned by Ar" sputtering and annealing.
The topographic images were taken in the constant current
mode, i.e., an isodensity surface z,.(x,y) (0™ = const) was
determined at every lateral (x,y)-tip position.

Constant current topography and corresponding dI/dV
values were acquired simultaneously by superimposing a
weak sinusoidal modulation onto the bias potential (lock-
in detection). This allows the local density of states, LDOS
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(~dl/dV(I/V)) to be determined at desired (x,y)-positions.
The entire LDOS(Eg-EF) in the valence region around the
Fermi level was acquired by performing LDOS measurements
at slowly linearly increasing bias voltage Vg (whereby the
electron binding energy is given by Eg = eVg). LDOS(x,y)-
maps were recorded for specific, intentionally chosen HOMO
or LUMO states by monitoring the LDOS while laterally
scanning over the surface at constant bias.'®

C. DFT calculations

For comparison with experiment, the electronic structure
and STM images of Csg/Au(111) and (Csg),3/Au(111) were
calculated using an approach which is described in detail in
Ref. 17 (see also the Appendix). First, the electronic structure
of a set of “extended molecules” comprising fullerene cage(s)
bound in various orientations to model gold cluster substrates
was calculated at the DFT level with the quantum chemistry
package TURBOMOLE.'® Then, electron transmission prob-
abilities into/from these “extended molecules” were calcu-
lated in the tunnelling limit for a model STM tip held at vari-
ous positions above the fullerene(s)—using a non-equilibrium
Green’s functions (NEGF) technique as implemented in the
AITRANSS module (Ab Initio TRANSport Simulations'”'3).

The DFT calculations were performed using the gen-
eralized gradient approximation (GGA, BP86 functional)
together with contracted Gaussian-type basis sets of split-
valence (def-SVP) and triple-zeta quality (def-TZVP) includ-
ing polarization functions. Corresponding Coulomb-fitting
basis sets were applied within the resolution of identity (RI)
approximation. In the “extended molecules,” dispersion force
contributions to the binding of Csg to the model Au cluster
have been explicitly taken into account by including DFT-D3-
type Grimme corrections. Structural relaxations have been
performed for all Csg cages (in their various orientations). Csg
dimer geometries were relaxed with the substrate binding dis-
tance (as previously calculated for Csg monomers) held con-
stant. The model gold surface itself (see below) was not re-
laxed. In particular, no attempt was made to model pinning of
Csg on point defects in the herringbone reconstruction.

The “extended molecules” considered were based on the
two lowest energy Csg isomers: Csg(C3,) and Csg(Cy).>* 1
The unreconstructed Au(111) surface has been modelled by
a finite, two-layer cluster consisting of 45 gold atoms total.
The topmost layer (surface) is constituted by 27 hexagonally
densely packed gold atoms. Overall 18 different orientations
of the Csg(Csy) cage and 9 orientations of the Csg(Cs) cage
(relative to the gold substrate) were screened. These con-
tact geometries differed by the orientation of the heptagonal,
hexagonal, or pentagonal faces selected to lie on top of the
hexagonally packed gold atoms of the (111) surface layer. The
contacting faces were, in turn, selected (according to their lo-
cation in the Schlegel diagram of the fullerene cage) so as
to be in close proximity to one or more non-IPR sites. The
most stable bonding configuration was found for a Csg(Cs)
cage oriented with its heptagonal face pointing towards the
surface. The Csg(Csy) cage prefers an orientation in which a
hexagonal face adjacent to a 2AP reaction centre lies on top
of the surface.

J. Chem. Phys. 138, 104703 (2013)

The choice of dimer models for simulating STM images
was guided by three considerations: (1) only dimers consist-
ing of the most stable Csg(Cs) and Csg(C3y) monomers were
taken into account, (2) the first of the component monomers
was positioned on the surface so as to maximize its adsorption
energy (see above), (3) the second cage was oriented to allow
covalent interlinking of the two cages via non-IPR sites. Four
plausible configurations of the most stable Csg(Cs)-Csg(Cs)
dimers as well as two Csg(Csy)-Csg(C3y) dimer configurations
have been calculated (see the Appendix for more calculation
details and configuration of the adsorbate-substrate complex).

lll. RESULTS AND DISCUSSION
A. Surface topography
1. Single cages on point dislocations

STM topographic images of clean surfaces reveal regions
of both ABC (fcc) and ABA (hep) stacking as expected for
well-ordered reconstructed Au(111).2° The stripes of the her-
ringbone reconstruction, marking the corresponding domain
boundaries, are clearly apparent. Figure 1(a) shows a repre-
sentative surface region after depositing a small amount of
Csgt (Csg dose ~5 x 10'2 cm™2). Nearly circular bright spots
indicate individual Csg cages. Cages deposited onto terrace re-
gions appear well-aligned with a nearest-neighbour distance
of ~7 nm. Apparently, the impinging cages become prefer-
entially immobilized at the elbows in the herringbone recon-
struction. These are, in fact, constituted by point dislocation
sites, Au(#). Gold atoms at step edges terminating the terraces
can play a similar immobilizing role (not shown here). Ap-
parently, undercoordinated gold atoms (associated with both
kinds of pinning site) are responsible for the initial reactiv-
ity of the surface towards Csg. In contrast, neither the domain
walls nor the dislocation line are capable of binding the mo-
bile cages under our deposition conditions.

Lateral alignment of the cages with respect to the do-
main walls, D (along [—1 —1 2]), indicates significant surface
mobility of the impinging cages prior to pinning/sticking. In
analogy to the picture proposed for LECBD onto the HOPG
basal plane,?! we conclude that the initial hyperthermal ki-
netic energy of Csg™ ions (E ~ 6 €V) impinging onto Au(111)
becomes dissipated by: (i) conversion into surface parallel
motion (E — Ej) and subsequently (ii) molecular friction
(plasmon and electron-hole losses accompanying lateral slid-
ing motion). Mobile cages can first become pinned when their
lateral kinetic energy drops below the binding energy at the
reconstructed sites, Eyy < E,. However, pinning during the
subsequent thermal diffusion stage is more probable because
of the very low activation energy for surface diffusion of
<0.13 eV.?? Thus, as illustrated by Fig. 1(a) the point dis-
location sites, Au(#), lead to periodic decoration of terraces
in the initial deposition stages.

What is the nature of the stabilizing Csg-Au(#) bind-
ing interaction? Due to relativistic effects, Au atoms can
form relatively strong bonds to carbon (e.g., Ey(Au-C)
= 3.8 eV?>2%). However, it is unlikely that under our room
temperature deposition conditions, sufficient activation en-
ergy can be provided to break open coordinatively saturated
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FIG. 1. Typical STM topographic images after depositing Csg at low cover-
age (~5 x 10'2 ecm~2) onto Au(111). (a) Overview scan [12.3 x 29.6 nm?]:
individual Csg cages appear as bright circular spots preferentially occupying
the point dislocation sites, Au(#). Line S marks a dislocation line which sep-
arates the fcc and hep stacking regions. Line D indicates the domain walls.
STM imaging parameters: Vpigs = 0.6 V, I = 36.4 pA, Vgean = 133 nm/s,
7 = 1.17 ms/point. (b) Two representative topographic images taken for Csg
cages pinned at point dislocation sites, Csg-Au(#) (image (i)) in comparison
to an analogously pinned Cgp cage (image (ii)). The corresponding height
profiles are shown underneath. (c) The upper row shows topographic images
for individual Csg cages adsorbed on flat terrace regions (i.e., not pinned at
Au(#) sites). In the lower row DFT-calculated iso-density surfaces for differ-
ently oriented Csg(Cs) and Csg(C3y) monomers are shown for comparison to
the experimental images. The configurations and the basis sets are indicated
(for calculation details see the Appendix). Note the generally good agree-
ment between STM topographic images and DFT-based simulations (verti-
cally aligned image pairs from (i) to (v)).

non-IPR fullerene cages (to form strong covalent-C-Au(#)
bonds). Instead, extended DFT calculations performed for
(unfragmented) Cgo(Iy)/Au(111) indicate an interaction com-
prising both van der Waals and “covalent-like” contributions
(the latter associated with surface hybridization of the Cgo-
LUMO) together yielding E,(Cgo-Au) = 1.9 eV.>> Our DFT
calculations indicate that Csg behaves analogously, albeit with
a stronger “covalent-like” interaction contribution due to the
larger cage curvature and the presence of non-IPR “defect”
sites.?® Preliminary measurements indicate that Csg cages

J. Chem. Phys. 138, 104703 (2013)

immobilized on Au(111) at low submonolayer coverages can-
not be desorbed by heating (up to 1300 K). Based on our
previous measurements of the thermal desorption of non-IPR
fullerenes from HOPG, a temperature limit of 1300 K im-
plies a lower limit for the corresponding desorption activa-
tion energy of Csg-Au(#) of at least 3.58 eV (as estimated
by assuming first-order desorption kinetics and using Red-
head’s formula®’). This number should be treated with caution
however, given that our preliminary experiments also indicate
significant surface decomposition (to non-desorbable prod-
ucts) during heating to 1300 K.® Nevertheless, both observa-
tions support a comparatively strong Csg-Au(#) interaction.
Pinning of an adsorbate by surface defects is a rather com-
mon phenomenon. It has been shown that on close-packed
metal surfaces (Au(111) and Ag(111)) Cgp molecules pref-
erentially become stabilized by atomic surface defects.?®?
The adsorption energy derived from LEED and DFT analy-
sis for a Cgp molecule facing towards a Au(*) surface defect
with a hexagon is considerably higher than on the flat terrace
(1.35 eV). Moreover, the herringbone reconstruction of the
Au(111) surface is removed by the nominally only weakly ad-
sorbed Cgg layer.>® The adsorption process even leads to some
atomic defects in the topmost surface layer. The C-Au bond
length of the adsorbate complex Cgo/Au(*) as derived from
XRD data indicates mixed covalent/ionic bonding character.

Figure 1(a) shows that apparent diameter of single pinned
Csg cages depends slightly on bias voltage—ranging from 0.7
to 0.8 nm. This value is slightly larger than that calculated
for isolated Csg (~0.7 nm) because of tip convolution effects.
Whereas the imaged brightness distributions associated with
individual Csg cages are typically bell-shaped (when mapped
into 3D), significant lateral asymmetries may sometimes be
observed. We were never able to resolve pentagonal or hexag-
onal rings within the bright areas. This is in contrast to Cgg
cages whose STM topography clearly exhibits intramolec-
ular structures under analogous conditions (see Fig. 1(b)).
Line profiles taken across Csg-Au(#) complexes reveal ap-
parent heights ranging from 0.22 to 0.26 nm (compared to
~0.22 nm for Cgp). The smooth intensity distributions ob-
served for Csg-Au(#) at 4.2 K suggest that no non-IPR site
is present in the upper part of the cage as probed by STM.
We speculate that all non-IPR reaction centers point towards
the Au(#) site. This is plausible given the cage structure
of the lowest energy Csg isomers: Csg(Csy) and Csg(Cs). In
both cases, the reactive non-IPR sites are not homogenously
distributed over the cage but instead localized on only one
hemisphere.®*

2. Single cages on terraces

Topographic images have also been obtained for
(minority—less than 10%) Csg species located on free ter-
races and, therefore, pinned by sites different from Au(#).
Compared to Csg-Au(#), these cages (Fig. 1(c)) appear some-
what larger (~1.2 nm). Also the corresponding “bright spots”
manifest asymmetries and often show internal features. Such
topographies can be attributed to adsorbed Csg* cages ori-
ented with some of their non-IPR sites pointing towards the
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STM tip. Figure 1(c) compares five experimental images
of single Csg cages (upper row) to DFT-based predictions
(iso-density surfaces) for several orientations of Csg(Cs) and
Cs3(Csy) on Au(111) (lower row). Image (a) reveals a hexag-
onally shaped contour which can be qualitatively described
by a Csg(Cs) cage adsorbed to the surface by way of pentago-
nal face (Cs-Pent3). The image calculated for hexagon-faced
Cs3(C3y) monomer, Cs,-Hex3b, resembles the structure seen
in image (b). Several other STM images (e.g., (c)—(e)) were
also fit quite well by the DFT simulations (for adsorption ge-
ometry see the Appendix). In general, however, the intracage
structures seen in the “on-terrace” topographic images are not
sharp enough to clearly distinguish between different isomers
and their orientations.

3. Oligomers

The surface topography changes considerably with in-
creasing Csg dose. Figure 2(a) shows a representative sur-
face area as imaged after depositing ~5 x 10'3 cages/cm?
(intermediate coverage regime). Now, we predominantly ob-
serve planar Csg aggregates centered at Au(#) sites. Again,
the overall deposit periodicity reflects that of the herringbone-
reconstructed Au(111) surface underneath. 2D islands are
aligned along the [—1—12] direction as evidenced by the still
recognizable underlying herringbone structure. Apparently,
individual Csg-Au(#) complexes formed during the initial de-
position stages can act as nucleation sites for the capture of
further (surface migrating) cages. Correspondingly, the mean
free path of a surface migrating/sliding cage is governed by
the distance between adjacent Au(#) nucleation sites.

In the intermediate coverage regime, we also frequently
find small oligomeric aggregates localized on terrace re-
gions (presumably an immobilized cage or a cage pinned by
an atomic defect acts as the corresponding nucleation cen-
ter). The STM topographic images shown in Fig. 2(b) il-
lustrate some of these structures, which we assign to im-
mobilized fullerene dimers and trimers, [Csg],~4, based on
their dimensions (cf. the bright areas found in STM topo-
graphic images of isolated monomers). Specifically, the to-
pographies shown in image (i) and (ii) in Fig. 2(b) correspond
to differently oriented dimers, [Csgl,, whereas the image
shown in image (iii) reflects a linear trimer. The line pro-
files along the long-axes of these objects show heights
(<0.3 nm) which confirm that they correspond to (linear)
oligomeric Csg chains. Unfortunately, the topographic images
do not allow us to unequivocally determine cage-center po-
sitions and intercage separations. However, the images do
exhibit pronounced internal structures with striking bright-
ness distributions. Note that this internal structure is not
like that seen for isolated Cgy cages which show surface-
normal symmetry axes (Fig. 1(b)). Instead an elongated,
highly anisotropic intensity distribution is typically observed
with several stripe-like local intensity maxima oriented per-
pendicular to the axis connecting the cage centres. In some
cases, dark regions separating adjacent stripes can be clearly
identified as nodal planes in the molecular orbitals of the cor-
responding [Css], oligomers. Interestingly, quite similar STM
topographic images have been previously observed in Cg
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polymers generated by covalently interlinking adjacent Cg
cages — via electron irradiation®! or by photopolymerization®?
to generate 242 cycloadducts. The similarity between the
HOMO topography found here for Csg dimers and trimers and
that evidenced for Cgy-Cgp-Cgo polymeric chains®!3%38 sup-
ports our previous inference>® that LEBCD generates [Csg],
oligomers stabilized by covalent intercage bonds as consti-
tuted to a considerable extent by non-IPR sites on adjacent
cages (e.g., 2AP-2AP, Hept-Hept...). We speculate that the
first cage in the chain pins to the surface by way of a strongly
binding orientation, whereupon the other cages in the chain
become oriented (relative to the first cage) according to their
non-IPR site mediated intercage bonding.

The assignment of striped topographic signatures to Csg
polymers stabilized by covalent inter-cage bonds is further
supported by the simulated images of Csg-Csg dimers as cal-
culated for several plausible (stable) surface configurations.
Figure 2(c) shows one example [dimer 1: Csg(Cs)-Csg(Cs)].
The predicted iso-density surface exhibits bright stripes ori-
ented perpendicular to the dimer axis. The shape and the lat-
eral extension of the parallel stripes depend slightly on the
tip-cage distance. Changing the relative orientation (and thus
the interaction) of oligomer and surface does not significantly
influence the stripes in the simulated iso-density surfaces. Im-
portantly, parallel intensity stripes are only predicted when
including covalent C-C inter-cage bonds. Such features were
obtained for all covalently stabilized dimers and trimers cal-
culated here.!” The cage interlinking C-C bonds, in fact, re-
flect local sp> — sp? rehybridisation. This, in turn, forces a
considerable rearrangement of the delocalized m-states con-
stituting the bonding orbitals of the dimer (in particular, in
the “interface region” between cages).

In a previous study of Csg™ LECBD onto HOPG’ cova-
lent inter-cage bonds were inferred to form either: (i) quickly
after impact (via frictional dissipation of surface parallel ki-
netic energy followed by collision of a sliding cage with an
already existing aggregate) or (ii) after thermalization of the
deposited cage followed by surface diffusional motion.
LECBD-derived Csg submonolayers on HOPG commonly ex-
hibit 2D dendritic islands independent of primary kinetic en-
ergy (1 eV < Eiin < 9 eV). This suggested that the effec-
tive activation energy for intercage bond formation is less
than 1 eV. The formation of predominantly covalently stabi-
lized oligomers as observed here implies that the situation is
analogous for Au(111). However, the extent to which surface-
parallel kinetic energy facilitates intercage bond formation on
both surfaces remains to be explored in detail.

4. Three-dimensional growth

After depositing several monolayers of Csg, the surface
becomes covered with 3D islands separated from each other
by narrow substrate regions (Fig. 3 (images (i), (ii), and (iii));
~2 x 10" cages/cm?). The islands are ~15 nm wide and have
overall heights of ~4 monolayers. At even larger Csg cover-
ages, the substrate disappears entirely and a very rough Csg
film with a mean corrugation depth of ~2 ML is observed.
Thus, the LECBD-mediated growth of Csg films on Au(111)
is similar to that observed on HOPG substrate. It proceeds
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FIG. 2. Typical STM topographic images observed at intermediate Csg coverages (~5 x 1013 Csg/cm™2): (a) Overview scan showing small 2D islands
predominantly pinned by Au(#) sites [area: 80 x 80 nm?2]. (b) Topographic images of two Csg dimers (images (i) and (ii)) and a linear Csg trimer (image (iii)).
The corresponding line profiles are shown in the lower row. Imaging parameters were analogous to those given in the Fig. 1 caption. A-A marks the edges of
a line scan. (c) Model Csg dimer geometry as used for DFT simulations of constant-current images (i) consisting of two covalently interlinked cages with one
(pinned) cage attached to the surface via its heptagonal ring. DFT calculations of the corresponding density iso-surfaces (iii) were performed for two tip-cage
distances, ~3 and ~4.5 A (corresponding to local densities of states of 2 x 107 and 10~ a.u.~3, respectively). The predicted topographic image is dominated
by horizontal bright stripes oriented perpendicular to the axis connecting the cage centers. This finding qualitatively reproduces typical STM topographic images
assigned to dimers (image (ii)).
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(i)

FIG. 3. Typical STM images illustrating the surface topography after depositing a high Csg dose of ~2 x 10'* cm~2 onto Au(111) (imaging parameters:
1=0.59 nA, Viias = 301 mV (image (i) and (ii)), I = 0.63 nA, Vpizs = 305 mV (image (iii)). Film growth proceeds via formation of three-dimensional islands
consisting of predominantly Csg oligomers. The lateral density of these pyramidal islands corresponds roughly to that of the underlying point dislocation sites
(Au(#)). Height profiles (e.g., underneath image (i)) indicate that their heights is ~4 ML. Note the well distinguishable stripe-like motifs indicating covalent

interlinking of the cages to form oligomeric Csg chains.

first via 2D cage aggregation which prevails over random ad-
sorption and consequently leads to 3D growth of pyramidal
islands which at a later stage ends with wetting of the contact-
ing layer. Note, however, that thin Csg films grown on HOPG
and Au(111) have quite different surface roughness. This re-
sults from different mean free paths at the low coverage stage:
~400 nm for Csg soft-landed onto HOPG versus ~15 nm on
Au(111). The basal planes of the HOPG surface are flat (neg-
ligible corrugation) and inert with a diffusion length limited
only by the distance between reactive step edges (of 1 pum).
In contrast, the Au(111) surface exhibits a higher density
of defect sites on terraces which limits the diffusion length
by trapping mobile cages. Consequently, Csg forms compact
3D islands on Au(111) (mean island density ~1/A, A = 15
x 15 nm?), whereas large dendritic 2D islands are still ob-
servable on HOPG terraces at the same coverage.”!

STM topographic images of thick films typically show
grape-like-cluster structures (see Fig. 3 (image (ii)). The ap-
parent diameter distribution of individually distinguishable
cages is unexpectedly wide, ranging from 0.7 up to 1.6 nm.
This results from difficulties in clearly assigning the cage
perimeters. Closer inspection (images (ii) and (iii) in Fig. 3)
reveals that the border regions between adjacent cages gener-
ally manifest stripe-like patterns as already noted for dimers
in Sec. III. The grape-like structures seen for thick films typ-
ically show several different kinds of stripe-like structures.

This can be rationalized in terms of variations in the number,
geometry, and relative orientation of inter-cage bonds. For ex-
ample, the most stable cage, Csg(Csy), comprises three pairs
of two adjacent pentagons, 3 x 2AP, equidistantly distributed
over one hemisphere. 3D growth of Csg(Csy)-based oligomers
linked only by way of these reactive 2AP sites should, there-
fore, not be completely random but instead predefined by the
relative spatial orientation of the reaction centers. However,
such orientational ordering would also be kinetically hindered
to some degree (depending on primary kinetic energy, Eyin,
surface temperature, Ty, ionic flux, FT, charge state, surface
diffusion, steric effects, etc.) and as a result, thick Csg layers
are expected to also comprise cages not covalently interlinked
to their maximal possible degree.?

In summary, growth proceeds by: (1) pinning at point dis-
location sites, Au(#); (2) lateral growth of 2D islands as nucle-
ated primarily by Au(#) sites (and mediated by the formation
of covalent bonds involving reactive non-IPR sites); and (3)
formation of multilayered films via the growth of 3D grains.

B. Local densities of states
1. Bandgap of thick films

STS was used to obtain the local densities of states
in the valence-band region, LDOS,** for Csg deposits of
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FIG. 4. (a) Local densities of states LDOS~dI/dV/(I/V) as obtained from STS measurements at seven different sites over the outermost layer of a thick Csg
film. The DOS profiles change when going from site to site but the main peaks remain nearly at the same positions: LUMO-I (Eg = 0.35 eV), LUMO-II
(Eg = 0.5 eV), HOMO-I (Eg = —0.85 e¢V), and HOMO-II (Eg = —1.3 eV). The different sites on the surface are numbered from 1 to 7. The mean distance
between the HOMO-I and LUMO-I peaks defines the bandgap of 1.2 eV. The corresponding measurement conditions were: Viias = 309 mV and I = 0.55 nA,
scan range: —1.3-0.7 V, 90 spectra within the bias range (—1.3 V/0.7 V), © = 250 us/point. (b) Local densities of states, LDOS(Ep) obtained by STS at
five sites over a Csg submonolayer (upper set of spectra). The DOS profiles change considerably when going from site to site. New states appear within the
1.2 eV-wide gap found for thick films. The LDOS(Eg) calculated for four different orientations of Csg isomers ((1) Csg(Cs)He, (2) Csg(Czy)H, (3) Cs3(Cs)Pe,
(4) Csg(Czy)P) reproduce the main trends (see text and the Appendix for details).

various thickness. Figure 4(a) shows LDOS functions de-
termined at several surface locations for nominally 3 ML-
thick films comprising 3D aggregates of up to 5 cage lay-
ers in height. Pronounced variations were observed. Site (1)
is dominated by contributions from the Au(111)-specific sur-
face state at Eg(SS) ~390 meV which appears together with
two broad side bands. All other sites probed show four com-
mon states in the vicinity of the Fermi energy (LUMO-I
(Eg = 0.35 eV), LUMO-II (Eg = 0.5 eV), HOMO-I
(Eg = —0.85 eV), and HOMO-II (Eg = —1.3 eV)) but
with different relative intensities. Based also on the results of
Sec. IV, these variations can be assigned to different bonding
configurations of the topmost cages (possibly also to different
Csg isomers). Whereas, LDOS-peak energies can vary from
site to site by ~0.1 eV, the difference E(HOMO-I)-E(LUMO-
I), remains roughly constant at 1.2 eV. The latter is a first-
order measure of the HOMO-LUMO gap thus confirming the
previous inference from UPS measurements that thick Csg
films are wide band semiconductors.>> Note, that the gap-
width as determined by STS agrees well with the value of
A =12 +/-0.1 eV inferred from photoionization spectra
of thick Cs-doped Csg films.” Note further that the “HOMO
band” recorded for these films by UPS at room temperature
is roughly 2.2 eV wide and exhibits three distinguishable
peaks.” Its overall shape is consistent with the prominent STS
features seen in Fig. 4(a) at Eg = —0.85, —1.15, and —1.3 eV.

Similarly, STS measurements (of LUMO-I and LUMO-II) are
consistent with the twofold-split “LUMO band” (~0.25 eV
splitting) seen in UPS measurements of Cs-doped Csg films.

2. Cage-to-substrate coupling in submonolayer films

We were unable to obtain reproducible STS spectra of
isolated monomers (adsorbed cages often jumped out of the
imaged region at high bias tunnelling conditions). However,
stable STS profiles could be obtained for surfaces covered by
a nearly saturated monolayer. Figure 4(b) shows LDOS(Eg)
curves measured at five points (chosen at random) over such
an adsorbed Csg submonolayer. All spectra show contribu-
tions from both the substrate and from Csg-derived states
(which correlate with those seen for thick films) — in different
relative amounts. Apparently, cage-surface interactions lead
to a significant, site-specific narrowing of the HOMO-LUMO
gap, which is observed to vary from 0.9 to 0.4 eV depending
on orientation and lateral environment (spectra a-b). At some
positions, no gap could be identified at all — the region probed
appears to be conducting (spectra d-e). Similar phenomena
have been observed for Cg layers deposited onto Ag and Au
surfaces.’!*3¢ In the case of Cgy on Ag films, the gap drops
from 3.4 eV to 1.8 eV when going from a fullerene trilayer to
a monolayer. For Cgy monolayers on Au(111) also a narrower
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FIG. 5. (i) STM topographic image and corresponding height profile of a Csg aggregate consisting of at least eight cages: five cages in the lower layer and
three cages “on-top” (imaging parameters comparable to those given in Fig. 1). A-A marks the ends of a line scan. (ii) For comparison we also show here the
spatial distribution of LUMO-states as calculated for an oligomer consisting of three covalently interlinked Csg cages. Its structure has been optimized using
the SVP-basis set. The colors distinguish the relative sign of the wave function of a LUMO-orbital (for details see the Appendix). (iii) Spatial distribution of
HOMO-states for the Csg aggregate (imaging parameters: area 8 x 8 nm?, §z = 73.2-477 mV, offset from —19.0 to 52.3 nm, Vpjas = —0.51 V, I = 1.86 nA,
Vscan = 8 nm/s, T = 3.91 ms/point). (iv) Corresponding map of the LUMO-states (imaging parameters: area 8 x 8 nm?, 8§z = 15.6-301 mV, offset from —19.0

to 52.3 nm, Vpizs = 0.65 V, I = 1.97 nA, Vican = 8.00 nm/s, t = 3.91 ms/point).

bandgap has been observed (by 1.2 eV with respect to a thick
film).

Our observations for submonolayer Csg films can be
qualitatively reproduced by DFT calculations for individual
Csy and C cages differently oriented on Au(111) (lower set
of spectra numbered from 1 to 4 in Fig. 4(b)). The calcu-
lated LDOS functions exhibit pronounced narrowing of the
HOMO-LUMO gap as compared to measurements for a thick
Csg film (for some orientations narrowing down to ~0.3 eV).
Consequently, both theoretical and experimental DOS(Egp)
functions indicate a considerable hybridization of the HOMO
and LUMO states as a result of interaction with the substrate
(details of the adsorbate-substrate configurations calculated
are presented in the Appendix).

3. Mapping states in multilayered oligomers

Height profiles taken across the aggregate shown in
Fig. 5 (mean height around 0.6 nm, see Fig. 5(a)) reveal that
it is composed of at least two cage layers with a correspond-
ing volume sufficient to enclose more than eight Csg cages
(with three interconnected cages on top). STS measurements
at a constant eVy,s value matched to the binding energy of a
particular electronic state can be used to map the lateral distri-
bution of that state.>” This was done to generate the LUMO-
and HOMO-maps of the Csg aggregate (at eVpi,s of —0.51
and 40.64 eV, respectively) shown in Figs. 5(c) and 5(d).
Interestingly, while both HOMO and LUMO exhibit intense
stripe-like features, their intensity distributions and relative
orientations are qualitatively different (also compared to the
corresponding topographic image).

Again, these orbital images do not provide enough infor-
mation to reconstruct the cage structures. However, the exper-

imental LUMO-map, in particular, its on-top trimer segment
(see Fig. 5(d)), strongly resembles the LUMO orbital distri-
bution as calculated for a covalently interlinked (Csg); chain
shown in Fig. 5(b). Note that a similar (stripe-like patterned)
distribution of HOMO and LUMO states has been calculated
for covalently interlinked [Cep]3 trimer?®).

IV. SUMMARY

We have used 4.2 K STM to study deposits formed by
exposing clean Au(111) surfaces to a low energy ion beam
of mass selected Csgt at room temperature. Csg molecules
survive soft-landing (Eyj,~6 eV) on Au(111) as intact non-
IPR fullerene cages. Growth of Csg deposits proceeds in three
stages: (1) pinning by point dislocations at the elbows of the
periodically ordered heringbone reconstruction (as well as
pinning by step edges), (2) 2D island growth nucleated by
the defect-immobilized Csg cages (as mediated by covalent
intercage bond formation), and (3) onset of 3D growth before
wetting of the first layer is completed.

For thick Csg films an effective HOMO-LUMO gap of
1.2 eV has been derived from STS-data. At submonolayer
coverage, a considerable narrowing of this gap has been found
which reveals a strong interaction with the underlying gold
atoms. Covalently linked oligomers (both those in direct con-
tact with the substrate and those offset from it) manifest char-
acteristic STM topographic images with a stripe-like inten-
sity pattern oriented perpendicular to the axis connecting the
cage centres. In analogy to STM images of polymerized Cg
chains, these structural motifs can be considered as STM-
specific markers of covalent inter-cage bonding. Our DFT cal-
culations also support this assignment.
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While statistical sampling was not performed, the limited
number of topographic images obtained imply that LECBD of
Css™ onto Au(111) leads preferentially to the covalent inter-
linking of deposited cages under our conditions. In contrast,
STM-studies of 2D island films of metalloendofullerenes,
La, @C,, (n < 84), sublimed onto H-Si(100)-(2 x 1)*° show
little evidence for stripe-like features indicative of interlinked
monomers — although the material also comprises non-IPR
cages. Similarly, covalently linked oligomers were also ab-
sent in a STM study of non-IPR Dy@Cgs deposited onto
Ag (/3 x /3)/Si(111).*0 Apparently, non-IPR motifs by
themselves are not sufficient to ensure cage polymerization.
Note, however, that the corresponding M@C,, cages are much
larger, less stained, and therefore less reactive than Csg.*! Fur-
thermore, encapsulated metal atoms can induce rehybridiza-
tion of nearby carbon atoms thus potentially “quenching” the
outer reaction centre. In future it will be of interest to explore
whether LECBD conditions can be found (e.g., by deposition
into inert gas matrix followed by careful thawing) which also
preclude covalent interlinking of non-IPR Csg.
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APPENDIX: CALCULATED Cs5s/Au-CONFIGURATIONS

DFT calculations of the geometry and the electronic
structure have been performed using the quantum chem-
istry package TURBOMOLE [xviii]. A generalized gradi-
ent approximation for the exchange-functional (GGA, BP86
functional*?) has been employed. Dispersion effects have
been included using DFT-D3-type Grimme corrections.*? All
calculations have been performed with at least two differ-
ent sizes of contracted Gaussian-type basis sets: the split-
valence type (def-SVP) and triple-zeta type (def-TZVP) ba-
sis sets including polarization functions.** Corresponding
Coulomb-fitting basis sets have been used within the RI
approximation.*’ To investigate convergence with respect to
the basis set size, we only varied the basis set for the carbon
atoms but kept the basis set for gold fixed to def-SVP. First,
the adsorption geometries of Csg-monomers were explored.*®
For two lowest energy configurations in vacuum, a Cs- and
a C3v-symmetric version, 9 and 18 different adsorption ge-
ometries have been investigated, respectively (see Fig. 6). The
adsorption geometry not only depends on the polygon fac-
ing the surface but also on the lateral positions of the carbon
atoms with respect to the positions of the gold atoms. After
a pre-relaxation, the monomers have been structurally opti-
mized in every adsorption geometry separately. Therefore, the
monomers are placed on a (fixed) Au(111)-surface which is
modeled by two (finite) layers of gold atoms using absorbing
boundary conditions to include the effects of the rest of the
gold-substrate.*®*” For all configurations, the binding energy
of the monomer to the surface has been calculated for several
binding distances to the Au(111)-substrate.
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FIG. 6. Schlegel diagrams of two Csg-monomers showing different adsorp-
tion geometries. For each configuration, the corresponding colored polygon
was facing the surface with the labeled carbon atom sitting in an on-site posi-
tion. All pentagons are shaded to facilitate finding reactive centers violating
the IPR-rule. Left: Cs-monomer showing 9 different adsorption geometries.
Since this monomer contains three adjoining pentagons (violating the IPR-
rule), the most reactive bonds are assumed to be either on the heptagon or on
the colored pentagon. Other polygons facing the gold surface will likely have
a weaker binding and have not been investigated. Right: C3,-monomer show-
ing 18 different adsorption geometries. The threefold rotation axis is denoted
by the black dot in the center.

As strongest binding to the gold surface, we found the
Cs-monomer with a binding energy of 4.16 eV when the hep-
tagon is facing the surface in such a way that the carbon-4
atom is in a distance of 2.27 A showed good convergence
with respect to the basis set size. Choosing other heptagon
atoms (1-3) to be on-site slightly varies the binding energy
(down to 3.95 eV) but the binding is still stronger than that
compared to the pentagon facing the surface. The binding of
the Cszy-monomer is slightly weaker. The binding energy is
maximal for the hexagon H1 facing the surface. The on-site
atom hardly plays any role; the binding energy only varies not
significantly (4.03 eV for a-atom and 4.01 eV for b-atom).
Because of the large symmetry group, having any of the other
four carbon atoms on-site is equivalent to having a- or b-atom
on-site (see Fig. 7).

In second step, we investigated the adsorption of dimers
formed by Cj;, and C; monomers.*® Since there are many dif-
ferent possibilities of forming a dimer and adsorbing it on

(a) Hept4

(c) H1a

(d)P1a

FIG. 7. Four examples of the optimized adsorbate-substrate configurations.
The labeling indicates the carbon ring contacting the substrate (as indicated
in Fig. 6).
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AA A

FIG. 8. Schlegel graphs of the binding geometry of the two considered dimers. The red markers indicate atoms forming the bond between the two Csg-
fullerenes. The green markers denote the carbon atoms in the immediate proximity to the gold surface. Left: a dimer consisting of two Cs-monomers. The
symmetry group of the combined system is still Cs. Right: a dimer consisting of two C3,-monomers. Because of binding and adsorption, the combined system

exhibits Cpy-symmetry.*8

Au(111), we restricted ourselves to six configurations that
are chosen by intuition. The two most promising configura-
tions with respect to the experimental STM-images are the
dimers which are formed using the following reaction mecha-
nism: First, a monomer adsorbs in its favored orientation as
calculated in the binding energy study above. Then, a free
monomer docks to the already bound cage. In the Cs-case,
this means that the first fullerene adsorbs with the heptagon
to the gold surface whereas the second fullerene docks with
its heptagon to the first fullerene. In the Cs,-case, the second
fullerene can also adsorb with the H1-hexagon because there
is a reactive bond located between two non-IPR pentagons
which can be used for forming the dimer (see Fig. 8). The
other four dimers follow a compromise, maximizing the ad-
sorption energy vs maximizing the binding energy. For further
details about the other four configurations and for information
of the transport theory used to calculate the STM-images see
Ref. 17.

For all six configurations, the dimers have been struc-
turally optimized in vacuum and then placed on the Au(111)-
surface which again is modeled by two (finite) layers of gold
atoms including absorbing boundary conditions.!” For the ex-
act placement, we used the adsorption orientation and dis-
tance calculated for the monomers (see Fig. 9). Our tests
showed that further optimization of the structure placed on
the gold surface does not lead to visible changes in the STM-
image. Again, we also ensured that the features in the simu-
lated STM-images do not depend on the basis set. They are
virtually identical for SVP- and TZVP-basis set.
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FIG. 9. Image (i) shows two iso-density surfaces obtained for a dimer con-
sisting of two Csg(C3y) cages interlinked via double C-C intercage bonds as-
sociated with the 2AP-2AP motif. The related adsorption geometry is shown
in panel (ii). Again the topographic iso-surface is dominated by horizontal
bright stripes oriented perpendicular to the axis connecting the cage centers.
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