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Gas-phase metal—corannulene ion—molecule complexes are produced by covaporization
of materials in a laser plasma source and detected using a time-of-flight mass spectrometer.
This is achieved by mixing metal, metal oxide, or organometallic powders with corannulene
powder and covaporizing the mixture with 532 nm laser light. The mass spectra obtained
reveal that transition metals and rare earths efficiently produce mono- and di-ligand
complexes of the form M*(cora),, with n = 1, 2. Metal oxides are found to produce the mono-
ligand complex with high efficiency. Covaporization of the organometallic 7-complex iron
cyclopentadienyl benzene with corannulene yielded both homoligand and heteroligand
corannulene complexes. The binding energy of the iron cation to corannulene is suggested
to be greater than its binding energy to benzene but less than its binding energy to

cyclopentadiene.

Introduction

New techniques for metal vapor production and ligand
aggregation schemes have made it possible to produce
a fascinating variety of metal—aromatic complexes in
the gas phase.! Clusters and complexes synthesized in
these environments include metal—polycyclic aromatic
hydrocarbon (PAH) complexes,? 8 metal—fullerene com-
plexes,® 14 multimetal atom-coated fullerenes,'>~1? and
transition metal—aromatic multidecker sandwiches.20-28
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Although numerous examples of metal—aromatic com-
plexes have been described, there is still much to learn
about the structure and bonding of these systems.
Recent work in our group has focused on new strategies
for the production of metal-PAH complexes and the
trends in complex growth and metal—aromatic bonding
behavior.” In this paper, we describe the production of
a variety of metal complexes with the bowl-shaped
corannulene molecule (CgoHyg).29732

PAHs occur naturally in environments wherever
carbon is found. They are primarily formed in combus-
tion processes including the burning of fossil fuels, forest
fires, and cigarettes. Many PAHs are known carcinogens
and have been linked to cancers of the respiratory and
digestive systems.?334 Due to their prevalence in nature,
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the properties of PAH molecules have been explored
extensively. The absorption, fluorescence, and phospho-
rescence of gas-phase PAH molecules and thin films are
well documented.35-37 In astrophysics, PAHs have been
implicated as components of dust grains in the inter-
stellar medium (ISM). Ionized PAHs and metal-PAH
complexes have also been suggested as possible carriers
of the optical diffuse interstellar bands (DIBs)38~43 and
the unidentified infrared bands (UIBs).43-46

Metal—PAH complexes are important as models for
surface science and catalysis; PAHs may be used to
model finite sections of a carbon surface.*’*8 There is
also evidence that metal-PAH complexes may be
constituents of interstellar gas clouds; they have been
implicated in the depletion of atomic metal and silicon
in the ISM* and as contributors to the DIBs and
UIBs.? Increasing interest in metal—PAH systems has
thus motivated many groups to produce these species
in laboratory experiments. Dunbar and co-workers were
the first to observe metal—PAH ion complexes in gas-
phase experiments using FT-ICR mass spectrometry.5!
From these experiments, they determined the binding
kinetics of a variety of metal and nonmetal cations with
PAHs. Our group has produced a variety of metal and
multimetal —-PAH sandwich complexes using laser va-
porization of film-coated metal samples in a molecular
beam cluster source.2~5 Competitive binding and pho-
todissociation experiments were successful in determin-
ing structural information and relative bonding strengths
of metals with benzene, Cgg, and coronene.® In other
experiments, we used a laser desorption time-of-flight
mass spectrometer to produce a variety of metal oxide
and halide PAH complexes as well as mixed-ligand
complexes.” Experimental work has stimulated new
theoretical studies investigating metal binding sites and
bond energies on PAHs. Dunbar,? Klippenstein and co-
workers?®® and Jena and co-workers545 have been active
in this area.
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Corannulene can be viewed as one-third of a Cgg
molecule with the perimeter carbons terminated with
hydrogens. Scott and co-workers discovered a simple
and efficient synthetic route to corannulene,31-32 allow-
ing for thorough exploration of its properties. Coran-
nulene’s unique bowl shape offers a variety of bonding
possibilities for metal cations. Both #® and 7° ring sites
exist on the concave and convex sides of the molecule.
Recent theoretical studies have shown that there is little
preference for transition metal binding to the convex
versus the concave sides of the molecule,??5% in part
because there is a low activation energy (0.43 eV) for
bowl inversion.’® However, cation binding to outside-
ring 7% sites is clearly preferred over binding to the
central 7 site. Several examples of synthetic inorganic
complexes with corannulene derivatives illustrate this
bonding preference.5”-59 Bohme and co-workers have
recently studied the reactivity of a variety of ligands
with the iron—corannulene complex using a selected ion
flowtube apparatus.®° On the macroscale, Siegel and co-
workers grew cocrystal polymeric arrays of silver per-
chlorate and other silver salts with corannulene.5!
However, the bonds formed between silver and coran-
nulene in the crystal are readily broken when this
material is redissolved into solution. To our knowledge,
the only other examples of metal—corannulene com-
plexes that have been synthesized or reported in gas-
phase experiments are those of Petrukhina, Scott, and
co-workers.52

The present work explores a general methodology for
producing metal—corannulene ion—molecule complexes
that may facilitate further studies of their properties.
As shown below, laser ablation of samples combining
corannulene with a variety of pure metal, metal oxide,
or organometallic powders makes it possible to produce
a variety of metal corannulene complexes.

Experimental Section

The laser desorption time-of-flight mass spectrometer used
in these experiments has been described previously.® It has
the capability for high acceleration fields (up to 30 kV) and
delayed-pulsed ion extraction for improved resolution.®* A 4.8
mm stainless steel flat-tipped probe is used for mounting the
samples, which are mixed into a slurry with methanol (HPLC
grade), applied with a pipet, and allowed to dry in air. Smooth
sample surfaces are essential to obtain the best results in these
laser desorption experiments. Once prepared, the samples are
inserted into the mass spectrometer for analysis.

The metal powders studied in this experiment consist of the
first-row transition metals titanium and chromium of varying
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grain sizes (Aldrich, Alfa Aesar). No care is taken to prevent
these metals from oxidizing since it is also of interest to study
metal oxide complexes with corannulene. Uranium is used as
a representative of the actinide series; the source of uranium
is the salt uranyl acetate, UOy(CH3CO32)2:2H30. The organo-
metallic tested is iron cyclopentadienyl benzene, [Fe(cp)(bz)]-
PFg. Sodium and potassium cations are present as impurities
in some experiments resulting from the handling of samples.
Corannulene samples needed for this experiment were syn-
thesized and purified by Scott and co-workers using previously
described synthetic techniques.?? Pyrene, C1sHio (py), is also
used in selected experiments. All other chemicals are used as
received without further purification.

Desorption and ionization is accomplished by focusing (20
cm lens) the output of a Nd:YAG laser (Continuum MiniLite)
operating at either 532 or 355 nm onto the sample on the probe
tip inside the mass spectrometer. The fluence of the laser is
adjusted with a variable attenuator prior to focusing to
optimize production of the desired complexes. Consequently,
energies less than 1 mdJ/pulse are employed for most of these
experiments. Once the material is vaporized, cations are
accelerated down the flight tube at an energy of 10 keV and
focused with an einzel lens before reaching the detector. Mass
spectra are collected and averaged with a digital oscilloscope
(LeCroy LT 341) and transferred to a PC via an IEEE-488
interface for processing.

Results and Discussion

Transition Metals + Corannulene. Covaporization
of mixed powder samples has been demonstrated previ-
ously by our laboratory for the production of a variety
of metal-PAH complexes of coronene, pyrene, etc.” Here
we employ the same methodology to produce metal—
corannulene species. These experiments were carried
out on selected first-row transition metals. Figure 1
shows a representative mass spectrum obtained from
the vaporization (5632 nm) of a mixed powder sample
containing chromium and corannulene (upper trace) and
chromium powder mixed with both corannulene and
pyrene (lower trace). Only one atomic ion, chromium,
is present in abundance in both spectra. Normally
sodium and potassium atomic ions are present as a
result of sample handling; however, no significant
amounts are present in any of the spectra presented
here. Also present in large abundance are chromium—
PAH mono-ligand and di-ligand complexes. The di-
ligand complexes here are presumed to be sandwiches
because the PAH dimer intensities are always smaller
in abundance than corresponding M*(PAH); intensities.
Results similar to the chromium data are obtained for
other transition metals (e.g., vanadium and cobalt); the
efficiency of complex formation varies with the metal
used as we have described in previous work.” We tried
experiments using both the 532 and 355 nm outputs of
the YAG laser for vaporization, but obtained useable
signals only with the 532 nm wavelength. A wide variety
of pulse energies were explored for both wavelengths,
indicating that this was not an issue of power. Although
355 nm vaporization produced corannulene and coran-
nulene dimer ions in large abundance, it was not
successful in producing transition metal cations ef-
ficiently, which consequently prevents formation of
metal—corannulene complexes. The 532 nm vaporiza-
tion performed best at low pulse energies (0.5—1.0 md/
pulse). At higher pulse energies, metal ions were
detected, but complexes did not form efficiently, pre-
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Figure 1. Mass spectrum resulting from covaporization
of chromium powder and corannulene (top) and that
resulting from covaporization of chromium powder and a
mixture of corannulene and pyrene (bottom).

+
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sumably because plasma conditions were too hot for
efficient condensation reactions.

As shown in the lower trace, complexes are produced
that contain either corannulene or pyrene as well as the
mixed complexes containing both corannulene and
pyrene, i.e., Crt(py)(cora). Similar experiments produced
mixed complexes with other PAH species such as
coronene. Chromium shows no obvious preference for
forming corannulene versus pyrene complexes, though
the relative abundances in the spectrum presented are
not equivalent for the Cr*(py), and Crt(cora), ions.
Experiments that varied the relative amounts of each
PAH did seem to show larger abundances for corannu-
lene complexes versus pyrene complexes (not shown),
although it is difficult to be quantitative about this trend
because the vaporization efficiency of the organics
cannot be determined. In contrast to previous molecular
beam experiments on transition metal-PAH com-
plexes,2~6 we observe no multiple-metal complexes here
with either corannulene or pyrene and the production
of complexes with more than two PAH molecules is
inefficient. In the molecular beam experiments, we
employed a metal rod sample that was coated with a
sublimed film of PAH. This film-coated sample was
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Figure 2. Mass spectrum resulting from covaporization
of titanium powder and corannulene.

ablated in a laser vaporization source with a pulsed
expansion gas, and complexes were allowed to grow in
a channel extending beyond the vaporization position.
The present experiment has neither an expansion gas
nor a growth channel. The only opportunity for metal—
PAH collisions occurs in the plume from the laser
vaporization process, where conditions are substantially
hotter than room temperature. It is therefore under-
standable that smaller complexes, on average, result
from the present conditions. We also expect that com-
plexes formed in the plasma must have substantial bond
energies to survive these conditions.

Transition Metal Oxides + Corannulene. The
early first-row transition metals titanium and vanadium
produced metal oxide—corannulene complexes effi-
ciently in these experiments. Figure 2 shows a mass
spectrum obtained using titanium powder mixed with
corannulene. Titanium and various titanium oxide ions
are prevalent at low masses. Apparently, the oxygen
arises from surface oxidation of the powder samples,
which were handled in air. Both titanium mono-ligand
and di-ligand complexes are observed, as are prominent
adducts with Na*, even though the sodium is present
only as an impurity. However, the most abundant
complex produced is the titanium oxide mono-ligand
complex, TiO(cora). The abundance of this ion can be
rationalized to some degree because of the higher
concentration of TiO™ compared to Ti*. Additionally, it
is likely that the metal oxide ion, which has partial ionic
Ti2",0~ character and a strong dipole moment, has a
higher affinity for the organic & cloud than the bare
metal ion. In contrast to these intensities observed for
mono-ligand complexes, the spectrum shows a much
larger abundance for the Ti*(cora)s di-ligand complex
compared to that for the corresponding metal oxide ion.
This behavior of oxide ion species with corannulene
follows the same general pattern that we have observed
previously in the clustering of transition metal chlorides
and oxides with other PAH species.” In several systems
that we have studied, mono-ligand oxide or chloride
complexes were formed in high abundance, but corre-
sponding di-ligand species were formed either inef-
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Figure 3. Mass spectrum resulting from covaporization
of uranyl acetate and corannulene.

ficiently or not at all. This bonding pattern was ex-
plained by the different electrostatic interactions between
the metal compound ions and the first and second PAH
ligands. The first ligand interacts via strong attraction
of the more positive end of the MO™ or MX™" ion for the
negative 7 cloud of the PAH system. The more negative
end of the oxide or halide ion is then left exposed, and
this has an unfavorable interaction with the 7 cloud of
a second potential PAH ligand. In fact, the second
corannulene in the observed TiO*(cora)s species may
even be associated with the exposed surface of the
directly coordinated corannulene, rather than with the
metal. This negative charge essentially screens the
second PAH molecule from the metal and thus limits
further complex formation. Apparently, a similar mech-
anism is at work here for corannulene complexes. This
pattern of behavior is observed for both titanium and
vanadium oxide complexes.

Uranium + Corannulene. To investigate other
metals and their oxides, we examined uranium as a
representative of the actinide series. Figure 3 shows the
mass spectrum for covaporization experiments of uranyl
acetate and corannulene. Large amounts of atomic
uranium and uranium oxide ions are produced in the
low mass range as well as the complex ion, uranium
oxide acetate [UO'(OAc)]. Mono-corannulene complexes
of these low mass range ions are also observed; the
abundances of the smaller uranium ions correlate well
with the abundances of mono-corannulene complexes
produced. Uranium—corannulene di-ligand complexes
are produced; however, the abundances observed do not
match the abundances of the small mass range uranium
ions as seen for the mono-corannulene complexes. In
this series, pure metal di-corannulene, U"(cora)s, is the
most abundant ion, with uranium oxide corannulene di-
ligand ions occurring in only low abundance. As in the
case of the titanium oxide complexes, the exposed
oxygen from the metal oxide—corannulene adduct ap-
parently inhibits the binding of additional corannulene
molecules.

Another interesting aspect of this spectrum is the
observation of uranium-—corannulene fragment ions.
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Fragment ions corresponding to the loss of acetylene
(CgHy) are observed for both the uranium mono- and
di-ligand complexes. On the other hand, no significant
amounts of fragment ions are detected from the ura-
nium oxide complex ions. Similar behavior was also
observed recently in molecular beam experiments in our
lab for the photodissociation of uranium—benzene com-
plex ions.%® Benzene dissociation was found to occur
when pure uranium—benzene complexes were photo-
dissociated using 355 nm laser light, while photodisso-
ciation of uranium oxide—benzene complexes did not
cause benzene fragmentation. Of the photofragments
formed from uranium—benzene species, UT(C4Hs) was
the most abundant, presumably occurring by elimina-
tion of neutral CoHy (ethylene), followed by Ut(CoHy),
corresponding to elimination of two acetylenes. How-
ever, in the case of corannulene, elimination of ethylene
from the ring structure is less likely than elimination
of acetylene, and only the latter channel is seen here.
As seen in the benzene complexes, the oxide ions are
apparently less reactive, because fragmentation in this
way does not occur. It is also important to note that no
corannulene fragments are observed for any of the other
metals studied in these experiments. This suggests that
uranium ion is more reactive with corannulene than the
other metals used in this study.

Organometallics + Corannulene. We also inves-
tigated the covaporization of corannulene with other
organometallics to attempt to produce mixed-ligand
complexes. A limited number of mixed-ligand complexes
of iron have been produced in conventional synthetic
chemistry.66-68 However, these synthetic methods are
problematic because of the poor solubility of many PAH
systems. It is therefore interesting to see if covaporiza-
tion methods would produce such mixed-ligand com-
plexes. Here we focused on the iron cyclopentadienyl
benzene cation, Fe™(cp)(bz), a species similar to fer-
rocene but with one of the cyclopentadiene ligands
replaced by benzene. While ferrocene is an 18-electron
species as a neutral complex, Fe(cp)(bz) is an 18-electron
species as a cation. The latter complex has a lower
stability than ferrocene (it is highly photosensitive) and
thus dissociates easily under our conditions. Figure 4
shows a mass spectrum of the covaporization of a mixed
powder sample of [Fe(cp)(bz)](PFg) and corannulene.
The primary fragments of the Fe(cp)(bz) cation include
Fe' and Fe'(cp) under all laser power conditions. The
Fe(cp)(bz) cation and ferrocene appear as the largest
ions in abundance; decomposition of Fe*(cp)(bz) is the
most likely source of ferrocene. The main complexes
produced by the decomposition/reaction process in the
plasma include Fe'(cora), Fe™(cp)(cora), and Fe™(cora)s.
Thus, similar to the behavior we saw earlier for Fet-
(cp)(coronene) complexes,” mixed-ligand complexes with
corannulene can indeed be produced with good yields.

The relative abundance of the different mixed-ligand
and mono-ligand complexes can be rationalized simply
on the basis of metal—ligand bond energies. The Fe*-
(cp) bond energy (91 kcal/mol)®? is far greater than that
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2005, 405, 247.

(66) Morrison, W. H.; Ho, E. Y.; Hendrickson, D. N. Inorg. Chem.
1975, 14, 500.

(67) Schmitt, G.; Keim, W.; Fleischhauer, J.; Walbergs, U. .
Organomet. Chem. 1978, 152, 315.

(68) Astruc, D. Tetrahedron 1983, 39, 4027.
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Figure 4. Mass spectrum resulting from covaporization
of Fe(cp)(bz) and corannulene.

of Fet(bz) (37.8—44.7 kcal/mol),”>"! so therefore benzene
is more likely to be eliminated first in the plasma
dissociation of Fe™(cp)(bz). Consistent with this, the
reaction product Fe*(cp)e is produced in high abun-
dance, but there is no Fe™(bz)s observed. Likewise, Fe™-
(cp)(cora) is produced in a high abundance, but Fe*(bz)-
(cora) is not detected. This suggests that complex
production involves the reaction of the fragments of Fe*-
(cp)(bz) with corannulene vapor created in the vaporiza-
tion process. It is difficult to quantify the relative
amount of corannulene vapor present compared to the
amount of benzene and cyclopentadiene produced by the
fragmentation of Fet(cp)(bz). Because of this, the high
abundance of ions such as Fe'(cp)s could arise either
because of their high stability or because of a bias in
the concentration or reaction rate. However, the amount
of Fe™, benzene, and c¢p must be comparable, since they
arise from a common precursor. Fe™(cp)(cora) and Fe*-
(cora)s are observed, while there are no benzene-
containing ions detected at all except those from the
precursor complex. Therefore, unless there is some
unusual reaction rate effect that limits the complexation
of Fe™ with benzene (not likely based on our earlier work
on this system?), these results indicate that corannu-
lene binding to Fe™ must be considerably stronger than
the binding of benzene. Consistent with this, Jena and
co-workers have recently calculated the Fe*(cora) bond
energy to be approximately 84 kcal/mol,55 which is
indeed greater than the Fe'(bz) bond energy.
Complex Growth and Structures. As we have
shown above, a variety of mono-ligand and sandwich
complexes of corannulene can be produced by these laser
plasma methods and detected by mass spectrometry. It
is only natural to speculate about the structures of these
complexes, although mass spectrometry does not provide
any specific structural insight. If we accept the predic-
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Figure 5. Schematic structures expected for various
complexes studied here. (a) Di-ligand complex M*(cora)s.
The binding to outer rings (convex s sites) on both
corannulene molecules leads to an expected staggered
sandwich structure. (b) Fe*(cp)(cora) mixed sandwich, also
with outer ring 7% binding on corannulene.

tions of theory and existing experimental results, then
metal ion binding to corannulene should take place on
the convex side in one of the outer #° ring sites rather
than on the 7 interior site.52:5557-59 If this is true, then
M*(cora)s sandwich complexes are unlikely to be sym-
metrical. Because the metal ion will likely induce
significant polarization in the organic r system, the ends
of the corannulene molecule opposite the metal sites
should become more electron deficient, and then these
like-charged objects would tend to avoid each other in
space. Figure 5 shows the sandwich structure that
would most likely result from this, which has a stag-
gered conformation for the two corannulene rings as
opposed to an eclipsed conformation that could be
reached by rotation around the ligand—metal bond. We
have previously proposed such staggered sandwich
structures for metal—coronene sandwich complexes.*
The second structure in the figure shows a similar
arrangement that would result for M*(cp)(cora) mixed
sandwiches. This kind of structure has in fact been
determined for M(cp)(coronene) complexes.6-68 It will
be interesting to see if future spectroscopic studies can
confirm these predicted structures.

Another interesting aspect of these studies is that no
significant amounts of multiple metal—corannulene
complexes were observed. This is in contrast to molec-
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ular beam experiments performed by our group, where
many multimetal complexes are seen.2~%8 The simplest
reason for this difference is the low metal concentration
and the absence of a collision gas in the present
experiments. In these experiments, temperatures gen-
erated in the cluster source are much higher than in
pulsed nozzle experiments, and the vaporized species
also experience fewer collisions. Thus, only small clus-
ters with relatively high bond energies survive. It may
be possible in the future to explore other cluster produc-
tion methods that include higher metal concentrations
and collisional stabilization to explore templating ef-
fects, if any, that may occur for the binding of multiple
metals on the corannulene surface.

Conclusions

We describe the production of a variety of ion—
molecule complexes between metal cations and coran-
nulene. These complexes are produced using laser
vaporization of mixed powder samples of corannulene
combined with pure metal, metal oxides, or organome-
tallic complexes. We do not observe efficient production
of multiple metal atom corannulene complexes. Like-
wise, we do not see efficient production of systems with
more than two corannulene molecules. These more
highly aggregated systems can be formed in molecular
beam experiments, where expansion gases are present
and provide a means for collision stabilization. However,
we do form a wide variety of metal and metal compound
complexes as well as mixed-ligand species with two
corannulene species or with one corannulene and cy-
clopentadiene. Similar behavior was also observed with
other PAH molecules using the same laser vaporization
techniques.” This method of complex formation is there-
fore versatile and can be implemented in many different
mass spectrometers to enable studies of reaction kinetics
and ligand displacement processes in these systems.
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