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Nanotube-Like Electronic States in [5,5]-Cq, Fullertube

Molecules.
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Fullertubes, that is, fullerenes consisting of a carbon nanotube moiety capped
by hemifullerene ends, are emerging carbon nanomaterials whose properties
show both fullerene and carbon nanotube (CNT) traits. Albeit it may be
expected that their electronic states show a certain resemblance to those of the
extended nanotube, such a correlation has not yet been found or described.
Here it shows a scanning tunneling microscopy (STM) and spectroscopy (STS)
characterization of the adsorption, self-assembly, and electronic structure of 2D
arrays of [5,5]-C,, fullertube molecules on two different noble metal surfaces,
Ag(111) and Au(111). The results demonstrate that the shape of the molecular
orbitals of the adsorbed fullertubes corresponds closely to those expected

for isolated species on the grounds of density functional theory calculations.
Moreover, a comparison between the electronic density profiles in the bands of
the extended [5,5]-CNT and in the molecules reveals that some of the frontier
orbitals of the fullertube molecules can be described as the result of the quan-
tum confinement imposed by the hemifullerene caps to the delocalized band
states in the extended CNT. The results thus provide a conceptual framework

graphene, and nanographenes) have so
prominently contributed to the devel-
opment of modern Nanoscience and
Nanotechnology.*! Fullertubes consist of a
central CNT region capped by two hemi-
fullerene moieties at both ends!™?! and, as
such, can be expected to show intermediate
properties between CNTs and fullerenes.
Many of the exciting properties of carbon
nanoforms arise from their peculiar elec-
tronic structure, enabling ballistic transport
in CNTs,°] strong electron-accepting be-
havior in fullerenes,/®® the existence
of massless fermions as quasiparticles
in graphenel!®l or the magnetic proper-
ties of certain type of edges in graphene
nanostructures.''12l From this point of
view, the characterization of the energies
and wave-functions of fullertubes is an

for the rational design of custom fullertube molecules and can potentially
become a cornerstone in the understanding of these new carbon nanoforms.

1. Introduction

Fullertubes!’3] are the last incorporation to the growing fam-
ily of carbon nanoforms, whose members (fullerenes, CNT5,

essential step towards realizing their poten-
tial and clarifying their field of application.

Moreover, given the recent experimen-
tal discoveries of new molecules of pris-
tine [5,5] C,o0 in 202081 and [5,5] C,,, fuller-
tubes in 2022,1?l a question naturally arises:
Is the fullertube chemical and electronic behavior governed pre-
dominantly by their fullerene or CNT moieties? Furthermore, as
the fullertube length increases from [5,5] Cy, to [5,5] Cyy, to [5,5]
C,,0 and beyond, at what tubular length would the properties of
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Figure 1. a) Stick-and-ball model of the [5,5] Coy (Ds,) fullertube used in these experiments. STM images of the adsorption of Cqy molecules on b)
Ag(117) and c) Au(111). The images were recorded with Vi, = 1.1V and I, = 1 nA (b) and V,,s = 1.7 V and I, = 1.2 nA (c). White arrows represent the
unit cell vectors of the molecular brick-wall structure, disregarding the orientational degree of freedom and registry with the substrate lattice. Blue arrows
mark the close-packed directions of the underlying substrate. Experimental STM images recorded on Au(111) for different bias voltages: d) —1.35V, e)
0.63V,f) 1.10V, and g) 1.7 V. The tunnel current setpoint for panels (d—g) is 1.2 nA. Panels (h) and (i) calculated adsorption equilibrium geometries for
Cqy fullertubes on Ag(111) and Au(111) surfaces, respectively.

fullertubes undergo a transition from more fullerene-like to more
nanotube-like?

To shed light on these questions, in this paper, we have inves-
tigated the energies and wave-functions of the frontier orbitals
of [5,5] Coy(Ds,) fullertubes (Cy, in the following, see Figure 1a),
adsorbed on Ag(111) and Au(111) surfaces, by means of low-
temperature STM and STS, supported by density-functional the-
ory (DFT) calculations. We show that HOMO and LUMO+2 or-
bitals present an electron density distribution that corresponds
to that of the valence band in the associated infinite [5,5] CNT
multiplied by a sinusoidal factor with one (HOMO) and two
(LUMO+2) nodes. Moreover, a whole set of orbitals can be found
with the same azimuthal dependence of the wave function, but
0, 1, 2, and 3 longitudinal nodes, demonstrating that they can be
understood as the result of quantum confinement of the CNT
valence band. Similarly, the electron density distribution of the
LUMO orbital is compatible with a similar decomposition into
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the azimuthal dependence of the conduction band in [5,5] CNT
times a sinusoidal factor with one node. On the contrary, the
LUMO-+1 orbital does not present the axial symmetry from the
relevant bands around the Fermi level in [5,5] CNT. We are thus
able to distinguish between nanotube-like and fullerene-like elec-
tronic states, as could be expected due to the hybrid nature of
fullertubes. We believe that this classification is of the utmost
importance for the understanding and categorization of fuller-
tube properties, of the transition between CNT and fullerene
molecules, and it might have significant implications for the de-
velopment of applications ranging from solar cells to their use in
molecular-electronic devices.

2. Results and Discussion

Figure 1 displays STM images of the adsorption and self-
assembly of C,, on Ag(111) (b) and Au(111) (c). The molecular
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Figure 2. a) dl/dV curves recorded on Cq fullertube molecules adsorbed on Ag(111) and Au(111). Both curves show a similar spectral distribution, but
with peaks positions that are shifted with respect to each other. Spectra obtained in clean areas of the surface are also shown, with clear features at the
surface state energies. STM images corresponding to the voltages at which peaks are observed in (a) are shown in the top-right corner of panels (b-e).
The images correspond well with the areas in which the calculated wave functions of HOMO, LUMO, LUMO+1, and LUMO+2 of isolated molecules
(top- and side-views in the left sides of (b—e)) show the topmost lobes, taking into consideration the 12° axial orientation described in Figure 1. This
correspondence is further supported by the calculated 2D maps of the wave-function modulus at a given height over the molecular axis (bottom-right

corners in (b—e).

organization on both noble metal surfaces is very similar. Disre-
garding the molecular orientation and a larger-scale moiré like
periodicity, the molecular lattice can be described as a brick-
wall structure, with a rhombohedral unit cell of vectors b; and
b, (see Figure 1) forming an angle of ~45°. This implies an
anisotropic distribution of intermolecular distances, being the
molecules separated by ~1.3 nm along the unit cell vectors, but
only by ~0.98 nm along the close-packed rows. Moreover, STM
images individual molecules as elongated protrusions with a size
of 1.4 x 0.8 nm (long axis x short axis), with the long axis directed
along a close-packed direction of the underlying atomic lattice of
the metallic surface. All these observations demonstrate a side-
on adsorption of Cy, molecules on the surface, similar to the ad-
sorption geometry of CTNs on metal substrates.['*!*] This is also
supported by our DFT calculations (see Figure 1h,i).

The brick-wall structure described above is very robust and can
be found locally in very defective areas. However, in relatively
large, defect-free areas (such as those shown in Figure 1b,c), new
periodic structures can be identified: the ordering in the axial ori-
entation of the molecules, and the appearance of a moiré-like al-
ternation between bright and dark rows in the STM images. Such
structures will be the subject of future works, but they do not af-
fect in any significant way the electronic structure of the individ-
ual molecules (Section S5 and Figure S3, Supporting Informa-
tion).

Interestingly, the binding of the C,, molecules to the surface
seems to depend strongly on their axial orientation with respect
to their long axis. In particular, our theoretical analysis has found
several relaxed structures (Table S1, Supporting Information)
with different axial angles, which we now characterize as the an-
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gle between the surface plane and that containing both the long
axis of the molecule and the carbon—carbon bond from the up-
per pentagon in the capping fullerene (Figure 1h,i). Nonetheless,
the energy minimum corresponding to the adsorption geometry
with an axial angle of 12° turns out to be more stable than all the
other ones by at least 0.1 eV. Inspection of the registry between
the atomic arrangements of molecule and surface reveals that
such an orientation allows to place the three lowermost carbon
atoms of the C,, units on threefold hollow sites of the surface, en-
abling shorter molecule-surface distances and, thus, enhancing
the binding energy.['’! As we will discuss below, this adsorption
geometry seems to be the one obtained from our experiments, as
evidenced by comparison between the experimental STM images
and the theoretically calculated electron density maps.

Itis also important to notice that the shape of the Cy, molecules
in the images is very strongly dependent on the applied bias
voltage, revealing an important role of electronic structure fac-
tors on the STM images. This is exemplified in Figure 1d-g
for the case of Au(111). We have further investigated the elec-
tronic structure of adsorbed C,, molecules by recording dI/dV
curves. Figure 2a shows the average of 50 spectra recorded on
a rectangular grid spanning the Cy, molecule on Ag(111) (grey
line) and Au(111) (yellow line). Location-dependent dI/dV curves
are also shown in Figure S4 (Supporting Information), show-
ing variations in the relative intensities of the different contribu-
tions, but not significant changes in the overall spectral shapes.
The spectra measured on both surfaces reveal the HOMO as
a conductance step ~1 eV below the Fermi level. STM images
simulated at the voltage corresponding to the theoretical en-
ergy of the HOMO level shows a good correspondence with the
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experimental observations (Figure 2b, bottom-right panel). In
particular, a transversal nodal line can be appreciated at the mid-
dle of the molecule. Also, a clear longitudinal node can be ob-
served in the experimental images, which can also be faintly seen
in the calculated images as a middle depression. These observa-
tions can be qualitatively rationalized by comparing to the calcu-
lated molecular orbitals of free-standing C,, molecules (see also
Figure S5, Supporting Information). Taking into consideration
the 12° axial angle described above, we can obtain a rough expec-
tation for the STM images of this orbital simply by taking the top-
most lobes of its wave function (non-shaded area in Figure 2b, left
panel). This comparison allows us to identify the transversal and
longitudinal nodal lines as arising from the HOMO orbital. The
four protrusions observed in the experimental STM images cor-
respond to the four uppermost lobes in the wave-function. The
asymmetry between the lobes in the STM image with respect to
the longitudinal nodal line arises from the 12° axial rotation of
the Cy, molecules.

For positive voltages (unoccupied energy levels), we find a se-
ries of three resonances, the first one relatively narrow, separated
by 0.3 eV from the second resonance and ~1 eV from the third
resonance, both of which are significantly broader. The exact en-
ergies at which these resonances can be found, however, depend
on the metal surface on top of which the Cy, molecules are ad-
sorbed, being 0.6 eV higher on Au(111) than on Ag(111), in good
correspondence with the difference in their respective work func-
tions (4.74 eV for Ag vs 5.31 for Au). The narrower electronic gap
of Cy, molecules on Ag(111) compared to Au(111) can be related
to a decrease in the intermolecular electron—electron repulsion in
the former, arising from the different electron transfer between
the metal surface and the adsorbed molecule: whereas for Ag it
amounts to ~0.3 e~ from the metal to the molecule, for Au the
transfer is from the molecule to the metal by ~0.2 e, according
to our theoretical calculations. Interestingly, however, our theo-
retical calculations predict something similar to a rigid shift of
the electronic states when moving from Au(111) to Ag(111) (See
Figure S6, Supporting Information), instead of the observed en-
largement of the electronic gap with similar HOMO level ener-
gies in Figure 2a. A similar phenomenology has been reported
for the comparison between experimental and theoretical data for
C, fullerene on Ag and Au surfaces!'] which was attributed to
different screening of the intramolecular repulsion energy due to
the different charge transfer from the metal to the molecule.

Like we did for the HOMO, we can also compare the STM im-
ages obtained at the voltages that correspond to the unoccupied
resonances, with the calculated shapes of the LUMO, LUMO+1,
and LUMO+2 orbitals, finding again a noticeable resemblance.
Moreover, the three-lobe appearance of Cy, molecules in our STM
images can now be traced to the existence of two transversal nodal
lines in the wave-function instead of just one, a fact that will be-
come significant later. We thus conclude that the shapes of the
orbitals found in the theoretical calculations are supported by our
experiments.

At this point, it is interesting to compare the spatial exten-
sion of such frontier orbitals in Cy, with the delocalized (Bloch)
states that are characteristic of the infinite [5,5]-SWCNT. Since
the delocalized electronic states in the nanotube are described
by Bloch wave function e**u(r), the spatial extension of the elec-
tronic states at the I" point (k = 0) can be understood as a plot
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of u(r), and any other wave function corresponding to a non-
vanishing value of k within the same band is simply the prod-
uct of u(r) by a 1D harmonic wave. Calculated density maps for
these bands are shown to the right in Figure 3, corresponding
nicely with previous experimental observations for nanotubes on
metal surfaces.['>!*] If the nanotube had a finite length L, quan-
tum confinement would discretize the allowed values for the elec-
tron’s momentum as k, = nz/L where, n is an integer num-
ber, and the wave-function of such an electronic state would be
given by the product of u(r) times a sinusoidal standing wave
with n — 1 nodes. Comparison between the wave functions of
the fullertubes HOMO and LUMO+2 orbitals with the nanotube
wave function for the Valence Band in Figure 3a,b shows that, in-
deed, these orbitals can be understood as the result of the quan-
tum confinement of the electrons in the valence band of the in-
finite nanotube to the length of the fullertube with n = 2 and
n = 3, respectively. The molecular orbitals present nodes at both
hemifullerene terminals, have the same distribution with the az-
imuthal angle around the nanotube, and present one (HOMO) or
two (LUMO+2) transversal nodal lines. Similarly, our theoretical
calculations predict two more orbitals with the same azimuthal
dependence of the wave function and 0 or 3 longitudinal nodes
(see Figure S7, Supporting Information). Moreover, similar states
can also be found in the theoretical calculations corresponding
to larger fullertubes, such as C,y, and C,,,. In all these cases,
the energies of such orbitals scale quadratically with the number
of nodes, and, for the same number of nodes, decrease with the
fullerene length (see Figure S7, Supporting Information), all of
which suggest that they originate from quantum confined band
states of the infinite nanotube.

The strong confinement at the fullerene endcaps leads to a
marked node at these positions. This could be forced by symme-
try reasons: the valence band wave functions are characterized
by zig-zag lobes running along the carbon-carbon chains paral-
lel to the molecular axis, with alternating signs in the azimuthal
direction. At the fullerene endcaps, however, this carbon—carbon
chains merge into the end pentagons and, thus, these orbitals
could not possibly extend to the fullerene terminals.

The LUMO orbital, on the other hand, exhibits the same dis-
tribution with the azimuthal angle than the Conduction Band of
the [5,5]-SWCNT (Figure 3b) and has a transversal nodal line at
the middle of the molecule, suggesting that it might also arise
from the quantum confinement of this band. However, this or-
bital does not show nodes at the hemifullerene moieties, which
indicates mixing between these confined states and fullerene-like
orbitals localized at the terminals. Notice that the wave functions
of the [5,5] CNT conduction bands show elongated lobes linking
neighboring atoms in the perpendicular direction to the molec-
ular axis, and this pattern is not incompatible with the fullerene
cap structure.

Finally, the LUMO+1 orbital presents a dependence with the
polar angle that is incompatible with any of the SWCNT bands,
since its wave function lacks the fivefold axial symmetry that
characterizes the [5,5]-CNT band structure (see Figure S5, Sup-
porting Information, for a complete description of the calculated
molecular orbitals). The LUMO+1 orbital also has a rather large
weight of the wave function at the hemifullerene terminals (see
Figure 2d), indicating that this electronic state is fullerene-like in
character, with little relation to the delocalized electronic states of
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n=3

[5,5] CNT VB

Figure 3. Decomposition of the C90 fullertube HOMO (a), LUMO (b), and LUMO+2 (c) orbitals into a factor that contains information about the wave
function of the associated [5,5] infinite SWCNT, and a sinusoidal factor arising from the confinement of the delocalized band states to the finite size of

the molecular backbone.

the nanotube. We thus have found that some molecular orbitals
of Cy, can be regarded as arising from the quantum confine-
ment of [5,5]-CNT, since the polar dependence of wave-functions
of the former match the polar dependence of the delocalized
Bloch states of the latter. We call these states “nanotube”-like. On
the other hand, other orbitals present a different axial symme-
try which is incompatible with that of the CNTs, and can thus be
considered as “fullerene”-like.

3. Conclusion

To conclude, we have investigated the electronic states of fuller-
tubes deposited on compact noble-metal surfaces by means of
scanning tunneling microscopy and density functional theory
calculations. The molecular orbitals estimated from the bias de-
pendence of the STM images at the corresponding STS reso-
nances correspond quite closely to those expected from gas-phase
calculations. This combined experimental and theoretical effort
has allowed us to propose a classification of the electronic states
of fullertubes depending on their resemblance to the electronic
states in infinite [5,5]-SWCNT: while some orbitals can be con-
sidered as “nanotube”-like, since they arise from quantum con-
finement of the delocalized Bloch states in the infinite nanotube,
some others cannot be understood in this way due to their axial
symmetry, and thus they can be considered as purely fullerene-
like in character. We believe that this new insight is essential for
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the understanding of the hybrid nature of emergent fullertubes
as well as for the optimization of their properties for future ap-
plications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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