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Photoelectron spectroscopy experiments are performed on a metallocarbohedt®gae,tdiobtain electronic
structure information. The €, anion is produced by laser vaporization of a titanium carbide target. The
spectra of T4Cy2~ consist of an intense threshold feature and two weaker features followed by a gap and
more higher energy features. The electron affinity @fCTi is found to be 1.054£0.05) (adiabatic) and 1.16
(£0.05) eV (vertical). The surprisingly low electron affinity and the observed electronic features are interpreted
using theoretical electronic structure information. The current experiments provide hitherto the most direct
spectroscopic information on the Met-CagTi,.

The discovery of the metallocarbohedrenes (Met-Cars) by the most theoretical attention recerftly. It involves distorting
Castleman and co-workénepresents a significant development the Mg cube into a tetracapped tetrahedral sluster with the
in cluster science following the discovery and subsequent bulk six C, units along the six edges of the outer tetrahedron formed
synthesis of fullerenes. The Met-Cars (MCyp) consisting of by the four capping M atoms. lon chromatography (IC)
8 early transition metal atoms and 12 carbon atoms are expectecexperiments suggest that tiig Met-Car (TgCy2") fits the IC
to exhibit even richer chemical and physical properties that may data best but cannot exclude thg structure within the
find applications in electronics, catalysis, and magnetic materials. experimental uncertaint}#. Recent chemical reaction experi-
The original discovery has been followed by intensive ments on ¥Ciz" and NRCy;™ seem to suggest that they are
theoretical~” and experimental work&4 However, its struc- consistent with thdy structuret3

ture is still the center of much contention. In particular, the  Theoretically, theTy structure is vastly more stable than the
lack of direct spectroscopic information makes it difficult to Th structure by as much as 300 kcal/niol. Recently it has
verify the various theoretical calculations. been shown that the transformation from fhigto Ty structure
Castlemaret al. initially proposed a dodecahedral structure is barrierless. Extensive theoretical efforts have been made
(Th) for the Met-Cars. Chemical reaction studies are used to on the Ty structure with explicit predictions for its electronic
support this structurg!® It can be viewed as a cubicd\luster structure® In principle, experimental electronic structure in-
with six C, units capping the six faces of the cub&heoretical formation can be used to test these predictions. Unfortunately,
considerations predict thatgli, with Tr symmetry will undergo  there are scarce experimental electronic structure information
Jahn-Teller distortion* Several calculations have suggested and few guantitative experimental data to test the different
lower symmetry structures with much lower enerdies.The calculations. Chemical reaction studies ofChi;" with halogen
most stable one is a tetrahedral clusi®&j),(which has received hydrocarbons found that g&;," is able to abstract one halogen
atom to form TCio(L)* (L = CI, 1), suggesting that FCyo"
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1996. has one unpaired electron that can be donated to the halogen
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Figure 1. (a) Positive ion mass spectrum of,Tj* clusters when a )
titanium target is vaporized with a 5% Gldeeded helium carrier gas, 150 {TigC14 604
showing the “magic” TiCi;t Met-Car. Laser vaporization condi-
tions: 10 mJ/pulse at 532 nm, 7 ns pulse width. (b) Negative ion mass 100 40+
spectrum of TiC,~ clusters under similar conditions as (a), showing 50 204
that the anticipated Met-Car aniongTi,~ is not produced (see text).
(c) Positive ion mass spectrum of,Tj" clusters when a solid TiC 0 N N A P e
target is vaporized with neat helium carrier gas, showing the “magic” 0 1 2 3 0 | 2 3 4
TigCi2t Met-Car. Laser vaporization conditions: 3 mJ/pulse at 532 Binding Energy (eV) Binding Energy (eV)

nm, 7 ns pulse width. (d) Negative ion mass spectrum @, Ticlusters ) B

under similar conditions as (c) (7 mJ/pulse), showing that the Met-Car Figure 2. Photoelectron spectra of ¢0,” (y = 10-14) at two
anion TCy,~ is produced with significant abundance (see refs 16 and detachment laser energies: left panel, 3.49 eV (355 nm); right panel,
18). 4.66 eV (266 nm). Note the special nature of thgCTi~ spectra.

The TCy,~ clusters are produced by laser vaporization of a
atom!° Recent experiments on the ionization potentials (IP) solid TiC target with neat helium carrier gas. Figure 1c shows
of the Met-Cars find an anomalously low IP forsTi, (4.9 + a positive mass spectrum when only 3 mJ/pulse vaporization
0.2 eV)!? Photoelectron spectroscopy (PES) of size-selected power is used. We find that the TiC target yields more abundant
anions has been a powerful technique to probe the electronicTixC,* clusters and the magic gG12" is easily made. Higher
structure of metal cluste?8. Here we present the first PES study vaporization power is required in the pure Ti/Cldase to
on the Met-Car TgCi2~, providing direct electronic structure  produce an intense plasma for the dehydrogenation reactions
information. necessary to produce the,j clusters. Figure 1d shows the

The apparatus used in this work has been described in detailnegative ion mass spectrum with the TiC target under similar
previously!®> The key in the current experiment is how to conditions as in Figure 1c. Itis quite different from Figure 1b.
produce the Met-Car §C;2~ anion. The Met-Car cation  Even though here the gG;,~ cluster is still not magic, it is
(TigC12") was originally discovered by laser vaporization of pure produced with significant abundant®.We will show below
titanium with a hydrocarbon seeded helium carrier §a3he that the low abundance of g1, is due to the unusually low
plasma reactions between the laser-vaporized titanium atomicelectron affinity of TCi».
species and the hydrocarbons produce the magic Met-Car With the TiC target, the TC,~ cluster anions are produced
cations Figure 1a shows one such mass spectrum fgCp at every 12 amu starting from TiC.1® We have obtained PES
when a Ti target is vaporized (10 mJ/pulse, 532 nm) with a spectra for all the mass channels starting from 4TiQp to
helium carrier gas containing 5% GHHowever, the negative  TigC, .17 Figure 2 displays the spectra ofsTj,~ (y = 10—14)
ion spectrum (Figure 1b) under similar conditions is completely taken at two different photon energies, 3.49 and 4.68%Rhe
different. Various intense small &, clusters are observed, TigCio~ Spectrum is quite special with an intense threshold peak,
while the TgC;,~ peak is totally nonmagic. Due to the mass from which we obtain the electron affinity (EA) of gC15, 1.05
coincidence between one Ti and four C, the carbon-13 isotope (+0.05) (adiabatic) and 1.16-:0.05) eV (vertical). The BCi2

is required to assign the mass pattern to definitivgCyi cluster has the lowest EA among the species shown in Figure
clusters. Upon such isotope experiments WiiH,, we find 2. In fact, it is among the lowest EA species of all theCli
that the peak expected forgl,,™ is actually T¥Cis~ (Figure clusters that we have measured from Fifp to TCy.17 This

1b). The spectrum shown in Figure 1b in fact contains almost anomalously low EA for T4Cy; is at least partially responsible
no TigCy~ species. for the low mass abundance ofgTh,~ (Figure 1d). The PES
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Figure 3. Comparison of the photoelectron spectra gCl3~ at three
photon energies: top, 355 nm (3.49 eV); middle, 266 nm (4.66 eV);
bottom, 193 nm (6.42 eV).

spectra of TgCi;~ and TgCis~ are also somewhat special
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Figure 4. Schematic orbital diagram showing the valence molecular
orbitals resulting from the metaimetal interactions for a tetracapped
TigCi2 Met-Car (from ref 6a). It is used to interpret the observed
photoelectron spectra of gGi2~. In the anion, T4Ci,~, the extra
electron resides in the Rorbital.

has three d orbitals for metainetal interactions that form the
valence orbitals of the Met-Car. Figure 4 shows a schematic
orbital diagram for these interactiof&where 1a, 1t, 1e, and

1t; are bonding orbitals and 2a2t, 3t, 2e, 2i, and 44 are
antibonding orbitals. The filling of the nine bonding orbitals
is expected to make an especially stable cluster. Among the
32 valence electrons on the Ti atoms i, only 20 are
available for the metatmetal interactions (12 are donated to

(Figure 2). We think that this is related to the special character the 6 G units). These are two electrons too many to make the
of these two clusters that also shows up in the positive ion massstable 18-electron configuration. The two extra electrons fill

spectra: T§Ciit and TgCist always accompany the magic

the higher energy Zaorbital. This is consistent with the low

TigCi2t peak with higher abundance than other neighboring IP measured for the g1, Met-Car since the 2eelectrons are

TixCy" clusters (Figure la,c). IC experiments find that the
cations of all three clusters @012+, TigCi1™, and TgCi3™) show
similar mobilities, i.e., similar shapé4. We focus on the
TigCi12~ PES spectra presently.

The PES spectra of §T;,~ at three different photon energies

expected to be easily ionized. In fact, it has been suggested
that the dication [T§C12]2T might be specially stable and may

be the best target for synthesis in bulk fotfnFigure 4 is also
consistent with the halogen abstraction experiments that suggest
that the TiC,," cation has one unpaired electrh Our PES

are compared in Figure 3. At 3.49 eV, three features are clearly spectra shown in Figure 2 can be understood on the basis of

observed, X (1.16 eV), A~1.56 eV), and B {1.81 eV).

this orbital diagram.

Signals at higher binding energies are also observed. These In the anion, the extra electron enters the®bital. Since
are shown more clearly at the higher photon energy spectra,the 2 orbital is further up in energy, a low EA for gGy, is

labeled as C+2.5 eV) and D {2.9 eV). More transitions are

easily understandable. The occupation of theo2bital leads

shown at the 6.42 eV spectra but are not well resolved due toto a 2T, degenerate ground state forCi>~, which is subject
poor signal-to-noise ratio. The features A and B are barely to Jahn-Teller distortion. Within the single-particle picture,
visible in the 6.42 eV spectrum due to poor resolution and lower the detachment of the electron from the 8tbital yields the
signals at this photon energy. It can be seen from the 6.42 eV ground state PES feature (X, Figure 3). The width of this feature
spectrum that the spectral features may be divided into two suggests that there is a geometry change from the anion to the

groups, the lower energy features (X, A, B) followed by a small
energy gap 0.7 eV) and more transitions at higher BE (C
and D).

neutral transition. This may be due to the anticipated Jahn
Teller effect. The removal of a 2a&lectron will produce the
two low-lying states (A and B, Figure 3) due to the singlet

The anomalous EA and the well-defined spectral features of triplet coupling. The A feature with lower energy is likely to
the TiCy2™ spectra suggest that the observed spectra are indeede the singlet state by removing a spin-up 8ctron, while
due to the Met-Car that we are interested in. First, the low EA the B state is the triplet state due to the removal of the spin-

is consistent with the unusually low IP measured for th€Ti

down 2a electron. The A-B energy separation yields a

Met-Car? Second, both these observations and the PES singlet-triplet coupling energy of~0.25 eV. Following an
spectral features can be interpreted from the theoretical elec-energy gap of-0.7 eV, the C and D features are from removal

tronic structure calculations based on thestructure, which

of electrons from the highest occupied bonding orbitalg) (1t

has recently received the most theoretical attention because ofEven higher energy features seen in the 6.42 eV spectrum are

its enormous stability compared to other structrés.

Under theTy structure, the six €units are end-on bonded to
the four outer Ti atoms through bonding and side-on bonded
to the four inner Ti atoms through bonding®7 Each G may
be viewed as an acetylene-like unit,{C). Each metal atom

then due to removal of electrons from other bonding orbitals.
The relative intensities of the spectral features support the
various orbital characteristics. The A and B features have the
lowest intensities because their orbital origin 1)2B nonde-
generate.
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Thus the electronic structure of thiy TigCi, is not only

consistent with several experimental observations, such as low

IP (high cation abundance), chemisorption of only fatlond-

ing molecules, low EA (lower abundance of anion), and halogen
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