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Structural Principles for Copper Carbohedrene Clusters [Cu,C,,]+ 
Ian Dance 
School of Chemistry, University of New South Wales, Kensington, NS W 2033, Australia 

Probable structure types and isomerism for the new clusters [C~2,,+~C2,]+(g) are developed, with local density 
functional methods used to define energy minima for [Cul&2]+, for which a centro-Cu-cu&octahedro-Cu12 core capped 
with six C2 moieties is the copper analogue of [Ti&12]+. 

Yamada and Castleman' have very recently described experi- 
ments in which copper clusters in the gas phase react with 
heated acetylene to form a new class of metallocarbohedrene 
clusters of the general type [Cu,C,] + , in which y is invariably 
even and x is predominantly odd. The most prominent ions 
formed using relatively high concentrations of heated acetyl- 
ene occur in the series [ C U ~ ~ + ~ C ~ ~ ] + ,  up to n = 10. There are 
additional ions such as [Cu$8]+, [cugcl~]+ and [CU&~]+, 
for which Yamada and Castleman conceived structures as 
fragments of the solid state structure of copper acetylide. 
However, there are substantial geometrical problems with 
these structures: for example, for Cu& the proposed 
Cu-centred Cu6 octahedron with C2 groups capping four of the 
triangular faces cannot have normal Cu-Cu and Cu-C bond 
distances. 

I communicate here some key structural principles for ions 
[ C U ~ ~ + ~ C ~ ~ ] + .  In theoretical analyses for new classes of metal 
cluster such as the metallocarbohedrenes it is important to 
establish initially the geometries of the energy minima, and to 
seek the global minimum for each composition. Most of the 
theoretical reports24 on [Ti8C12]+ have adopted the hexa- 

hedro-Ti8-octahedro-(C2)6 structure, which is approximately 
1450 kJ mol-1 higher in energy than an alternative with a 
tetracapped-tetrahedro-Ti8 array.798 The relative energy of a 
suggested trigonal alternative structure containing two Ti4 
moieties in the dodecahedron is not known.9 

The composition [Cu2,+ 'C2J+ prompts consideration of a 
general structural type which might appear to be applicable to 
all ions. with n 3 3. The structure type is the Cu-centred C U ~ ~  
n-gonal prism, which has n quadrilateral faces, each of which 
is capped by a C2 group. Calculations on [Ti&]+ have 
explored the two common modes for C2 capping of M4 
quadrilateral faces, namely aligned with the edges or with the 
diagonal of the quadrilateral, with the general conclusion that 
the latter provides more bonding interactions and greater 
~tability.~?8 The Cu-centred C U ~ ~  n-gonal prism structures 
have multiple possibilities for isomerism. For instance, each 
C2 group may be aligned approximately parallel (Zel) or 
obverse (06) to the n-fold axis of the prism, or diagonal (diag) 
to the face, and many distinct combinations of these local C2 
isomers may constitute the full molecule. On twisting around 
the principal axis, the C U ~ ~  prism becomes antiprismatic, and 

Table 1 Calculateda structures for the Cu-centred C U ~ ~  n-gonal prism model of [Cub+ 1C2n]+ 

Binding d/A 

kJ mol-1 cu-cu cu-cu 
Symmetry energy1 

Ion Actual For calc. (per Cu) Cuc-Cu (Zel) (ob) cu-c c-c 
~ ~~ ~~ ~ 

[cu9c8] -k 0 4  0 2  -810 2.43 2.67 2.89 1.87,2.00 1.29 

[CU13C11I+ 0 6  D2 -854 2.82 2.51 2.62 1.87,1.94 1.29 
[c~llcl01+ Ds c2 -844 2.62-2.63 2.54-2.56 2.69-2.72 1.861.96 1.29 

a See text. Calculations are continuing with higher precision, and with analysis of the electronic state. 
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the C2 groups favour the diagonal bonding mode. Illustrations 
1 and 2 are the centro-Cu-pentagonaZ-prismo-Cul~-(leZ-C~)~ 
and centro-Cu-pentagonaZ-antiprismo-Cu~~(diag-C2)~ isom- 
ers of CullClo. Further, the Cu-centred Cuh n-gonal prism is 
subject to geometrical restrictions due to the bonding require- 
ments of the central atom Cuc. Thus, this model cannot 
account satisfactorily for [Cu7Cs]+ because the CUC-Cu 
distances to the central Cu are too short, and there will be an 
upper limit to n beyond which the Cuc-Cu distances are too 
long. Three distances are defined for the C U ~ , + ~  core, under 
D, symmetry: Cuc-Cu, Cu-Cu (ZeZ) for the bonds (approxi- 
mately) parallel to the principal axis, and Cu-Cu (06) for 
those (approximately) obverse to the principal axis. 

In order to demonstrate the geometrical constraints, the 
conformations for [CU~,+~(Z~Z-C~),]+ with D, symmetry for n 
= 4,5,6 have been optimised by local density functional 
calculations using DMol.7JO Results, which are preliminary, 
but reliable for the present geometrical analysis, are contained 
in Table 1. The outcome about geometry is clear. The 
[Cu-C~2,(lel-C~)~] structure for [CU&~]+ is strained by 
com ression in that the bonds to the central Cu atom are 0.2 to 
0.4 8: shorter than the others and 0.13 A less than the Cu-Cu 
distance in copper metal (2.56 A). The corresponding 
structure for [CullClo]+ is favourable in that all Cu-Cu 
distances are close to that of the metal, while for [Cu&12]+ 3 
the Cuc-Cu distances are longer and the other Cu-Cu 
distances shorter than in the metal, and despite the increased 
number of connections to Cuc there is marginal advantage in 
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the binding energy. I conclude that the Cu-centred C U ~ ,  
n-gonal prism model is most favourable for n = 5 ,  at least for 
the (Zel), isomer. It is significant that the [Cul1Clo]+ ion is 
more intense than its neighbours in Castleman’s spectra. 
Calculations are continuing on the other isomers of the 
Cu-centred C U ~ ,  n-gonal prism hypothesis, and on the details 
of the electronic states. 

There are more interesting structural possibilities for 
[Cu13C12]+. The structure of copper metal is cubic close 
packed, for which a fundamental fragment is the centred 
cuboctahedron, C~13. This has six square faces, accommodat- 
ing C2 groups, and accounting for the observed composition, 
[Cu13(C,),]. Again the C2 caps could be parallel to the edges 
or to the diagonals of the Cu4 faces. The centred cuboctahed- 
ral basis for consideration of the structures for [Cu13C12]+ is in 
fact analogous to the cubic basis for consideration of the 
structure of [Ti8C12]+. Where there are Ti atoms in [TigC12]+ 4 
there are Cu3 triangles in [Cu13C12]+ 5. Many of the 
considerations of geometry, distortion and symmetry for the 
structure of [TigC12]+ can in fact be transferred to this 
structural postulate for [Cu13C12]+, but with the significant 
difference that C2 groups parallel to the edges of the Ti4 
quadrilaterals correspond to C2 groups diagonal to the Cu4 
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quadrilaterals, and vice versa. There is a large range of 
structural isomers arising from different arrangements of the 
C2 groups on the faces of cenrro-Cu-cu60cfuhedro-Cu12. 

I have optimisedlot the two highest symmetry centru-Cu- 
cu60ctuhedro-Cu12 isomers, 6 (Td) with parallel C2 groups and 
7 (Th) with diagonal C2 groups. The relative energies are 
-11 570 kJ mol-* for 6 and -11 870 kJ mol-1 for 7, to be 
compared with - 11 110 kJ mol-1 for 3. The distinctive energy 
advantage for 7 is associated with Cu4 faces which become 
concave in order to nestle each C2 group, in similar fashion to 
the deeper nesting of C2 by the T4 faces in the most stable 
isomer of TiRC12. Notable bond distances (A) for 6 and 7 are: 

Cu-C, 1.92 ( 6 ) ,  1.87, 2.08 (7); C-C, 1.28 (6 ) ,  1.28 (7). 
I propose these structures and their isomers as the basis for 

further calculations of the copper carbohedrenes. The geome- 
tries and energy minima for other ions observed by Castleman 
are under investigation. Details of the calculations, including 
description of the highest occupied molecular orbitals, the 
spin state, and the HOMO-LUMO gap, will be included in 
the full publication of this work. 
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t Dz symmetry imposed. 
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