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Fullerenes from aromatic precursors by
surface-catalysed cyclodehydrogenation
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Graphite vaporization provides an uncontrolled yet efficient
means of producing fullerene molecules. However, some fullerene
derivatives or unusual fullerene species might only be accessible
through rational and controlled synthesis methods. Recently, such
an approach has been used' to produce isolable amounts of the
fullerene Cg from commercially available starting materials. But
the overall process required 11 steps to generate a suitable poly-
cyclic aromatic precursor molecule, which was then dehydro-
genated in the gas phase with a yield of only about one per cent.
Here we report the formation of C4o and the triazafullerene Cs;N;
from aromatic precursors using a highly efficient surface-
catalysed cyclodehydrogenation process. We find that after depos-
ition onto a platinum (111) surface and heating to 750K, the
precursors are transformed into the corresponding fullerene and
triazafullerene molecules with about 100 per cent yield. We expect
that this approach will allow the production of a range of other
fullerenes and heterofullerenes>’, once suitable precursors are
available. Also, if the process is carried out in an atmosphere con-
taining guest species, it might even allow the encapsulation of
atoms or small molecules to form endohedral fullerenes*’.

The surface-catalysed cyclodehydrogenation process we use to
transform complex organic polyaromatic precursors of suitable
topology into targeted fullerene species is sketched in Fig. 1 (see also
Supplementary Fig. 1). Through vacuum thermal evaporation, we
first deposit the precursor (Cs;H33Nj3 (1) in the case of triazafullerene
and CyoHj (2) in the case of fullerene) on a catalytically active metal
surface. Subsequent annealing of the sample at 750 K induces a sur-
face reaction that produces the corresponding closed molecule.

The syntheses of the planar precursors used in this work follow a
previously published methodology®® (see also Supplementary
Information, section 1.1). Their molecular structures are optimized
using two different ab initio total-energy methods™'’ (Supplementary
Information, Section 1.2); Fig. la shows a ball-and-stick model of
the optimized geometry we obtain for 1. Compounds 1 and 2 are
markedly twisted, with each of the three lobes adopting a helical
shape because steric congestion of their bay positions forces the outer
aromatic ring of each lobe to flip up with respect to the plane of the
central ring. The twisted conformation can be described by the dis-
tance the most external carbon atom is placed above the plane of the
central aromatic ring (Az), and by the twisting angle of each molecu-
lar branch. These values are respectively found to be 0.08 nm and
20.5° for 1 and 0.09 nm and 30.5° for 2.

We have probed the cyclodehydrogenation process using scanning
tunnelling microscopy (STM), X-ray photoemission spectroscopy

1,3

Figure 1| Optimized geometrical structure of the C5;H33N; molecule at the
different stages of the process. a, Representation of the optimized
molecular structure of the Cs;H33N; molecule. The wings of the molecule
display a noticeable helicoidal twist. b, The same molecule adsorbed at room
temperature (300 K) on the platinum (111) surface. The final relaxed
configuration strongly depends on the adsorption site. The structure shown
corresponds to one of the most energetically favourable sites, where the
interaction with the metal substrate removes the twist and favours a
markedly planar configuration for the molecule. ¢, The optimized structure
for the Cs;Nj triazafullerene formed after the cyclodehydrogenation process
at 750 K. Blue balls represent the nitrogen atoms in the structure.
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(XPS) and thermal programmed desorption (TPD) in an ultrahigh
vacuum (UHV) environment. Figure 2a shows an STM image of 1
deposited on a platinum (111) surface with the ball-and-stick model
of the adsorbed molecule superimposed. The size and topology of the
STM image, with three wings characterizing the molecular shape,
confirm that the molecules do not fragment, but retain their planar
structure upon adsorption. A more intense protrusion (lobe) is
imaged in each of the wings. These lobes are not centred; rather, their
positions correspond to those of the hexagonal external rings, as can
be seen by comparing the superimposed molecule with the STM
image in Fig. 2a.

In a first approximation, we might speculate that the lobes corre-
spond to the molecular orbitals of the free molecule. However, the
detailed relaxed geometry is far from that of the isolated molecule:
our ab initio calculations on a large 10 X 10 unit cell show that the
interaction with the platinum surface is strong enough to deform the
structure of the molecule. The competition between the  bonding of
the rings with the surface and the energetic costs of the sterically
induced molecular deformations results in a very complicated energy
landscape, with barriers between local minima determined by the
adsorption geometry. The general trend is a reduction of the molecu-
lar buckling (for example, Az is reduced from 0.08 nm to 0.02 nm for
1) as the molecular wings approach the surface to maximize the
number of bonds with the surface (see also the relaxed configuration
shown in Fig. 1b). The effect brings the hydrogen atoms on the wings
closer to the surface, and thus plays an important role in the tem-
perature-induced fullerene formation by surface-catalysed dehydro-
genation. The strong molecule—surface interaction suggested by
the calculations can also explain why we fail to observe long-range
ordering of adsorbed molecules or preferential adsorption at step
edges (which would require mobility of the molecule on the platinum
surface). Similarly, the observation that in some imaged molecules
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Figure 2 | STM images of the cyclization process. a, The Cs;H33N3
molecule deposited on the platinum (111) surface, with the atomic structure
superimposed following the calculations. b, 10 X 10 nm? image of the
platinum (111) surface after evaporation of about 0.2 monolayers of
Cs7H;33N3 molecules. ¢, An isolated Cs;N3 molecule obtained after annealing
the surface at 750 K. The cyclization process is inferred from the appearance
of different molecular orbitals and changes in the shape and size of the
imaged molecule. d, 10 X 10 nm” image of the surface shown in b, but after
annealing at 750 K. Inset, XPS spectrum of about 0.8 monolayers of
Cs7H;33N5 molecules after annealing at 750 K. The best-fit curve of the
spectrum, together with the different components used in the fit, is also
shown.
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the different lobes have different apparent heights is consistent with
our calculations, which indicate that the final molecular geometry
strongly depends on the adsorption site.

As deposited on the platinum (111) surface (Fig. 2a), the hetero-
polyarene 1 (and similarly the polyarene 2) presents a total apparent
height in the STM images of about 0.14 nm, with no significant
dependence on bias voltage. The triangular base length of the mole-
cule is about 2.2 nm. Upon annealing the sample at 750 K, a surface
reaction takes place and the triangular molecules imaged on the
surface transform into round molecules with an apparent height of
about 0.38 nm and a diameter of 1.5nm (Fig. 2¢). Evaporation of
commercial Cqp on a platinum surface and imaging under the same
experimental conditions results in very similar STM images for the
adsorbed fullerenes (Supplementary Fig. 2). A height of about 0.4 nm
and a diameter of about 1.35 nm have been reported for Cg, depos-
ited on a platinum (110) surface'', and a height of about 0.31 nm for
Ceo deposited on a palladium (110) surface'®. In both these cases, the
low height appears after surface annealing and suggests strong bond-
ing of the molecule to the surface, in agreement with suggestions that
the interaction of a fullerene with a platinum surface is strongly
covalent and that the molecule tries to maximize the number of
surface bonds". We also note that the molecular orbitals visible in
the STM images are similar to those reported for Cyy on platinum',
silicon' and gold'® surfaces and are fairly well reproduced by our
calculations (Supplementary Information, section 2.2); they might
thus be considered as a indicator of fullerene formation.

The cyclization process shows efficiency close to 100%; that is, all
the adsorbed molecules are transformed into fullerenes
(Supplementary Information, section 2.3). This is illustrated by the
images in Figs 2b, d of the surface covered with about 0.2 monolayers
of precursor before and after annealing, respectively: the molecular
coverage does not change as a result of the temperature-induced
reaction, with all of the triangular molecules converted into round
fullerenes.

Further evidence for the thermally induced cyclization of 1 is pro-
vided by XPS spectra of the surface covered with about 0.8 monolayers
of precursor (Fig. 2d inset). Even thought this corresponds to a nitro-
gen coverage of only about 0.04 monolayers with respect to the plat-
inum surface, weak emission from the nitrogen 1score level is detected
and confirms that after annealing, nitrogen is present on the surface
(and is presumably associated with the unique topographic STM sur-
face features, the fullerene molecules). Information on the chemical
state of the nitrogen atoms is obtained from a core-level line-shape
analysis of the nitrogen 1s spectrum, with its two peaks. The binding
energy of the main peak at 400.6 eV corresponds to substitutional
nitrogen in a graphite sheet, as reported for nitrogen bonded to carbon
atoms in sp” hybridization'”. This is the nitrogen coordination in the
triazafullerene we have formed. The binding energy of the small peak
at 398.2 eV is related to PtN, compounds, in which nitrogen is che-
misorbed'®. Therefore, the smaller peak can be attributed to nitrogen
atoms in the fullerene cage interacting with the platinum surface. This
core-level analysis thus indicates that about one-third of the nitrogen
atoms of the triazafullerene Cs,Nj5 interact with the surface, whereas,
as a consequence of the heterofullerene curvature (see Fig. 1¢), the rest
are not in contact with the surface. The XPS observations also confirm
the 100% efficiency of the cyclodehydrogenation process because the
nitrogen 1s intensity does not change significantly after annealing,
indicating that all the deposited molecules have cyclized
(Supplementary Information, section 2.5).

The strong covalent interaction between the precursor molecules
and the platinum surface appears important for the efficiency of the
process. To test this idea, we evaporate 1 and 2 ona gold (111) surface
that is quite inert and does not promote the cyclization reaction. The
molecule—substrate interaction is negligible on this surface and, con-
sequently, molecular diffusion at room temperature is enhanced,
inhibiting the dehydrogenation process. The cyclization efficiency
is reduced in this case to about 1%, with most of the molecules
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decomposing. In the test with polyarene 2, the few isolated Cqp mole-
cules that are detected on the gold surface are found to have molecu-
lar orbitals similar to those previously reported'.

The thermally induced surface reaction generating fullerenes con-
sists of a series of dehydrogenation reactions. Recently, dehydrogena-
tion of adsorbed aromatic molecules was attributed to activation by the
electronic current from the tip of a scanning tunnelling microscope'.
To exclude such an activation mechanism and to confirm a surface-
catalysed dehydrogenation process in our system, we measure the
dihydrogen signal in a mass spectrometer as a function of annealing
temperature. To avoid experimental artefacts due to dihydrogen
desorption from the experimental apparatus, we synthesize
2,3,7,8,12,13-hexadeutero-10,15-dihydro-5H-diindolo[3,2-a:3’,2’-¢]
carbazole (Cs;H,;D4Nj3, or 1-dg), a deuterated analogue of Cs;Hj;3Nj;
(1) incorporating six deuterium atoms at strategic positions. Figure 3
shows the evolution of m/z 3 (HD) and m/z 4 (D,) mass signals as a
function of temperature. The baseline corresponds to the m/z 3 and 4
mass signals recorded when annealing the clean platinum surface (that
is, before any molecular deposition) up to 750 K. The mass spectrum
shows that a rapid desorption process takes place at about 700 K and
should be associated with the molecular transformation shown in
Fig. 2. The STM observations agree with the mass spectrometry results
(Fig. 3), which indicate that there is neither modification of the
molecular shape nor dehydrogenation below 400 K and that we could
have partial dehydrogenation at about 500 K. STM images recorded
after annealing between 400 and 600 K show asymmetrical molecules
that could correspond to intermediates, that is, partially closed full-
erenes that could be regarded as open-cage fullerenes®*'.

The various experimental observations presented above provide
insight into the cyclization mechanism. The observed formation of
HD (m/z3) can be attributed to the exchange of H, and D,, which is
known to be catalysed by platinum with an activation energy of
0.23 eV (ref. 22) and is enhanced in our system owing to the relatively
high temperature of the dehydrogenation process. Therefore, hydro-
gen and deuterium are gathered by the platinum surface, where they
diffuse, react with each other and finally desorb as H,, HD and D,. The
platinum-induced dehydrogenation of the precursor that produces
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Figure 3 | TPD experiment of the cyclodehydrogenation process.
Temperature evolution of the masses corresponding to HD (m/z 3) and D,
(m/z 4), recorded after depositing Cs;H,;DN3 on the surface. Thermal
desorption takes place at around 500 K. The m/z 4 signal has been scaled by a
factor of eight. The black line is the result of recording the HD signal without
depositing molecules on the platinum surface.
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the hydrogen and deuterium atoms is facilitated by the strong inter-
action of the molecule with the platinum surface. According to our
density functional theory calculations, this interaction distorts the
molecule in such a way that the molecular wings approach the surface
and enable platinum-catalysed dissociation of hydrogen atoms from
the adsorbed molecule (Fig. 1b). Conversely, if the molecule does not
interact strongly with the surface, as in the case of a gold (111) surface,
cyclodehydrogenation does not take place. After consecutive release of
the hydrogen atoms to the surface, the molecule is assumed to spon-
taneously cyclize. We note that although a complete density functional
theory simulation of this complex process is not possible, our theor-
etical calculations for the C4oH3, free molecule provides evidence that
dehydrogenation induces a strong tendency towards cyclization. The
removal of hydrogen atoms close to the central ring triggers confor-
mational changes such that the molecular wings approach each other
and a fullerene semi-cage is formed in a process that proceeds without
an energy barrier. Furthermore, a thorough study of the completely
dehydrogenated molecule shows that the different possible paths lead-
ing from the planar conformation to the complete fullerene cage have
energy barriers less than 0.3 eV, which can be easily overcome with the
thermal energy available during annealing (Supplementary
Information, section 2.4).

To explore the feasibility of both our controlled synthesis method
outside an UHV environment and the potential for scale-up, we use
platinum nanopowder instead of a single-crystal substrate. In
this experiment, compound 2 is deposited from a CHCIl; solution
onto a large excess of platinum nanopowder and heated under
vacuum (10~ *mbar) at 700 K for 20 min. For this sample, the laser
desorption—ionization time-of-flight mass spectrum in negative-ion
mode clearly shows the presence of Cs (Supplementary Information,
section 2.6).

METHODS SUMMARY

The syntheses of C4oH3o and Cs;H33N5 were performed by alkylation of 10,15-
dihydro-5H-diindeno[1,2-a:1’,2’-c]fluorene (truxene) and, respectively, 10,15-
dihydro-5H-diindolo[3,2-a:3’,2’-c]carbazole (5,10,15-triazatruxene)®®.
Cyclization experiments have been performed in situ in an UHV system with a
base pressure of 1 X 107" mbar equipped with Auger electron spectroscopy,
low-energy electron diffraction optics, STM at room temperature (300 K) and
TPD. The molecules were deposited in situ by thermal evaporation on a prev-
iously atomically cleaned platinum (111) surface. Calculations are based on
density functional theory as implemented in two different total-energy pseudo-
potential codes: FIREBALL (ref. 9), where a local orbital basis is used to expand
the electronic wavefunctions, and the plane-wave-basis approach CASTEP (ref.
10). Laser desorption—ionization time-of-flight experiments were performed
using a Bruker Daltonics Autoflex mass spectrometer equipped with a nitrogen
laser (337 nm). The instrument was operated in negative-ion, reflectron mode.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The syntheses of CqoH3, and Cs;H33N3 were performed by alkylation of 10,15-
dihydro-5H-diindeno|[1,2-a:1’,2’-c]fluorene (truxene) and, respectively, 10,15-
dihydro-5H-diindolo[3,2-a:3’,2’-c|carbazole ~ (5,10,15-triazatruxene)  with
1-bromo-2-bromomethylnaphthalene, followed by a triple palladium-catalysed
arylation as previously reported®®. The synthesis of the hexadeuterated analogue
Cs;H,7D6N; was performed according to the same procedure but starting from a
hexadeutero-5,10,15-triazatruxene, obtained by reductive deuteriodebromina-
tion of hexabromo-5,10,15-triazatruxene with formic acid-d, and Et;N.

Calculations were based on density functional theory as implemented in two
different total-energy pseudopotential codes: FIREBALL’, where a local orbital
basis is used to expand the electronic wavefunctions and CASTEP', a plane-
wave-basis approach. FIREBALL provides the balance of accuracy and efficiency
needed to perform calculations with the extremely large unit cells (involving
almost 400 atoms) that are required to study the adsorption of the planar full-
erenes on the metal substrates. Its reliability has been checked against CASTEP
results for the different free molecules.

To model the adsorption of the planar fullerene-precursors on the platinum
(111) surface, we considered a 10 X 10 periodic slab including the molecule and
three metal layers. Only the /" point was included in the sampling of the Brillouin
zone. The FIREBALL code with the local density approximation for the
exchange-correlation functional was used for these calculations. All atoms in
the molecule and the two upper metal layers were allowed to relax to their
ground-state configuration with convergence criteria for the total energy and
forces of 10" *eV and 0.05 eV A ™Y, respectively.

UHYV experiments were performed in a system that had a base pressure of
1 X 10" mbar, and Auger electron spectroscopy, low-energy electron diffrac-
tion, STM at room temperature and TPD techniques were used.

We prepared the clean platinum (111) surface through repeated cycles of Ar™
bombardment and annealing at up to 1,250 K for 15 min in an O, atmosphere
(1 X 10 mbar). The last annealing cycle was performed after removing the O,
atmosphere from the chamber and keeping the total pressure at around
10~ " mbar. To prepare the clean gold (111) surface, we used the same meth-
odology but annealed at 700 K without O, atmosphere in UHV (pressure during
annealing, 4 X 10~ ' mbar). To check for surface cleanness we used Auger elec-
tron spectroscopy, low-energy electron diffraction and STM techniques. Typical
values for STM images were about +500 mV (on the sample) and 0.2 nA. XPS
spectra were recorded in a different system equipped with a SPECS Phoibos150
electron spectrometer and a delay-line detector in the nine-segment mode, using
monochromatic Al Ko radiation (1486.74eV). The pressure in the analysis
chamber was less than 5% 10~ ' mbar. High-resolution XPS spectra, such as
that shown in Fig. 2, were obtained with a pass energy of 10 eV, which provided
an overall energy resolution of 0.39 eV as measured at the Fermi edge of a silver
reference sample.

To evaporate the organic molecules we used a homemade tantalum dispenser,
which was calibrated with a thermocouple to fix the evaporation temperature
accurately at 675K. The molecular source was previously degassed without
molecules up to 1,000K in high vacuum (1 X 10”7 mbar). The CgoHso,
Cs7H33N3, Cs;H,7D6N5 and commercial Cgy (98% purity; Sigma) molecules
were degassed at 660K in UHV (3 X 10" mbar) for two days to eliminate
any organics used in the synthesis.

We performed the synthesis of Cg( over platinum nanopowder by dropping a
solution of 2 (0.5mg) in CHCl; over 20mg of activated platinum powder
(approximate particle size, 100 nm; Aldrich). The solvent was evaporated under
a nitrogen flow and the mixture was heated at 700K in a Carbolite CTF/12/65/
550 tube furnace with a temperature controller device for 20 min under vacuum
conditions (10~ * mbar).
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