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The prototypical metallocarbohedreng@i, was discovered
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Nb,16:19-22 Cr 16.23Mo,16.23 and Fe3r16.23put in the absence of
pure samples suitable for spectroscopic or diffraction investiga-
tion the question of the structure forglh, has been approached
indirectly. Experimental data on the staging of sequential
addition reactions of small molecules to §®};]* have been
interpreted in terms of the types of metal atoff1&,242” because
in isomerl all M atoms are equivalent, while isom2has two
sets (M)4(M9,4. Measured cross-sections for diffusion of
[TisCig ™ through inert gas have been interpreted in terms of
its structure?82°

However, | now show that there is a barrierless pathway from

by Castleman et al. in 1992 and proposed to have a structure jsomerl to isomer2 of TigC12, with the consequence that even

1, in which six G groups are bonded over the faces of g Ti
cube, parallel to the edges, with symmeTiy! Subsequently

metastable occurrence afis not possible.
This result is obtained during optimization of the geometrical

I showed by density functional calculations that an alternative structure by minimization of the total energy, following the

structure2, was very much more stableStructure2, symmetry
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Tq, is comprised of an inner tetrahedron {Jicapped by an
outer tetrahedron (V)4, with the six G groups aligned along
the TP—Ti° diagonals of the folded (i(Ti®, rhombuses over

gradients of the geometrenergy hypersurface. The total
energy is calculated by nonlocal density functional (NLDF)
methods® Geometrically, the isomer transformatidn—= 2
requires four Ti atoms to move inward along threefold axes to
form Til, four to move outward to become®Tand the six (¢)
groups to twist from being parallel to the edges of Jquares
in 1 to being aligned with the long diagonal of folded JF
(Ti%)2 rhombuses 02. The transformation requires intermediate
loss of mirror symmetry and ideally can retain symm@&tfyom
Thto Tq. However isomell of [TigC12]° as described by NLDF
is subject to small JahtiTeller distortion from the ideal,
symmetry and is better described in symméddp. Therefore
the energy minimization was constrained with lesser symmetry,
D».

Figure 1 describes the energy and geometry changes during
33 steps of the transformation forgTh,. In steps 18 there
is a slight energy reduction, but substantial twisting of opposite
C, groups, and small increases in all of the-Ti distances to
allow this twisting. The main energy reduction in steps-10

the surface. Theoretical evaluations have encompassed theses is associated with reduction in the FTii distances from

and other proposed isomeric structute® and also congeners
containing the other metals $zr,1¢:30.11.1417 Hf 16.15y/,1¢d,3,16,18,19
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4.5 to 3 A and the formation of 12 new FC lateral bonding
contacts which are the major source of the additional stabiliza-
tion. The final stage, steps 283, involves completion of the
C—C twist and symmetrization &. The key results are that
the geometrical changes are concerted, and at no point does
the energy increase. Calculations ong{Ji]™ (the species
observed mass spectrometrically) show the sdrhe= 2"
transformation with a total energy improvement of 301 kcal
mol~1,

Changes in the electronic structure of the cluster can also be
mapped throughout the transformation. Figure 2 shows the
energies of the higher filled bonding orbitals and lower empty
orbitals for1, for the intermediate at step 20, and for In 1
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-2900 S Figure 2. Representation of the energies (eV) and occupancies of
) 5 10 15 20 25 30 higher orbitals for TiC,, as isomerl, the intermediate at step 20, and
Isomer step Isomer isomer2 (38 more stable filled orbitals in each case are not shown).
1 2 The horizontal axis gives the number of electrons in each orbital. In
these density functional calculations, close-lying states are treated as
gg 1 ; P L Mt partly occupied orbitals. For isométthere are three almost degenerate
70 - T Lt s00000ge0’ orbitals containing a total of four electrons-a8.0 eV, and 20 electrons
60 - . cC C (6+ 6+ 4+ 4) between—2.9 and—3.5 eV. For isomeR at —2.6eV .
ig 1T o° > twist,deg | (b) there are two close sets of almost trlply-degenerate orbitals, containing
30 ** a total of two electrons, and then a gap to orbitals betweémand—5
fg P T e eV containing 18 electrons.
1 o
0ttt T T T T orbitals at the Fermi levél The starting point for the
transformation of [T§C17]° involved displacement of four Ti
atoms only, each by 0.03 A, which caused an energy increase
5.5 YYvYYYYee |'Ti°—Ti° of only 0.3 kcal moT.l, Whiqh _is less than ambient thgrmal
5.0 e vert Tl A AR AR energy (and of magnitude similar to the Jafreller stabiliza-
45 gyryrilasas ay () tion). For [TigCy2]™ the initial distortion prior to spontaneous
4.0 ‘;“ e isomerization was again only four Ti atoms each by 0.03 A,
3.5 Loy i Til=Til | causing an energy increase of 0.5 kcal Mollt may be possible
3.0 |Ti-Ti distances, A I “A‘..‘Ann aa to cause isomerization with even smaller initial distortions.
2.5 T T T T T T T T T T T T T T However, it is clear that any barrier to isomerization must be

less than ambient thermal energy. The conclusion is that the
dodecahedral}, isomer of T§Cy, cannot exist.
Similar calculations show that addition of one or more ligands

5.0 Ti-C distances, A | (such_ as NH, CH3(_ZN, or C;Ijl4) tol, ngcgssarily differentia@ing
2.9 eossey, . T T the Ti atoms on first addition, also initiates transformation to
2.8 o, Tl et other isomer$§? Isomerizations occur also for isomér of

20 *e, 5%, | [ZrsCia, [VCial, and [NCy, although the details of any
2.5 See, Ti Tk (a) initial barriers are still to be fully investigated: the-\W
g:gf L LY YN distances in isomef of [VgCig are shorter than those in
2.2 " L PR LA [TigC12], with the consequence that the initial twisting of C
2 RN e et trereee0s00000000000000soerse groups requires more expansion of thgadbe. Chen et &f.

1.9 Frrr T T previously showed that tHE, isomer of ZgC; is not an energy

Figure 1. Energy and geometry changes during 33 steps of the minimum.

transformation of isomet to isomer2 of TigCi.. (&) the binding energy . The level plateau character of the energy §urface of 'Sdm‘?r

(kcal mof): (b) the twist of opposite Cgroups, expressed as the IS further demonstrated by its transformations to alternative
C—C—C—C torsional angle; (c) the Fi Til and TP—Ti° distances (A); isomers, particularly th®zq and Cz, isomers} with different

(d) the three relevant types of FC distance (A). Imposed symmetry ~ arrays of diagonal £€groups: these alternative transformations

was D, small variations of distances and angles from symmatry ~ are initiated by different starting directions for the energy

have averaged in this presentation. minimizations. In contrast, transformations between different
) isomers with diagonal £will have large energy barriers, and
there are 20 weakly bonding electrons frer8.5 to—3.0 eV, of the isomers of MCy, which contain G groups, it is expected

above a gap of 2.3 eV to bonding orbitals belew.1 eV, while  that only theT, isomer,1, would undergo barrierless transfor-
in 2 there are only two weakly bonding electrons (occupying mations.
two sets of almost triply-degenerate orbit8isvith 18 electrons
bonding between-4 and—5 eV. The diagram for intermediate
20 shows a broader spread of these occupied orbitals and of Acknowledgment. This research is funded by the Australian
the more bonding orbitals down te11 eV and shows lesser Research Council._ Access to supercomputing resources at the Aus-
degeneracies corresponding to small variations from symmetrytra“an Nuclear Science and Technology Organisation is gratefully
T during the transformation. acknowledged.

A key issue is the shape of the energy surface at strudture
and the magnitude of any distortion necessary to initiate the JA9608196
transformation. Structurgis subject to JahnTeller distortion (31) IsomerL was optimized in symmetrn, which allowed the Jahn
from Ty, and has four electrons in the three very closely spaced Teller distortion but prevented the isomerization.




