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Characteristics of the LinCeso Complexes forn = 1—6 and 12: Anab Initio Study
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Ab initio calculations have been performed forCo wheren = 1—6 and 12 using STO-3G and 6-31G basis
sets. The distance between Li and the center gfadd geometrical parameters (bond lengths and bond
angles) of Gy have been fully optimized. Electronic structures and the HGNMIOMO energy gap of the
complexes have been analyzed. It was found that both basis sets yield results lying with the same trend.
Compared to those in a freg{digand, C-C and G=C bond lengths of & in the Li,Cso cOmplexes change
slightly for increasingn. The complexes with more Li also have an increased efQg, distance, except

that forn = 12. In addition, the LdCso complex was found to exhibit the lowest energy gap among the
investigated clusters. This is in good agreement with experimental observations Qg a0d RRCso
complexes and with the natural lattice structure gf, @r which the unit cell contains two tetrahedral and

one octahedral sites.

1. Introduction for a pentagon), (i) lithium atoms must not be on the bridging
sites (along a radial vector bisecting-C or C=C bonds), and
(iii) the complexes should exhibit as high a symmetry as
possible. The point groups used for theQg, complexes where
n = 1-6 and 12 areCs,, D3y, Cs,, Cs,, Ca, Cs,, andly,
respectively.

Each calculation required about-3 weeks (CPU time)

It is generally agreed that the experimental discovery of
fullerenes by Kroto and Smalléys a scientific breakthrough.
The outstanding characteristic of the buckminsterfulleregg, C
is exohedral complexation with alkali metals yielding super-
conductivity at relatively high temperature for the®q*~7 and
RbsCso®* complexes. The great feature of these complexes is . ; I~
their conducti\?ity, which dep?ends strongly on their comgosition, depending on the symmetry point group and numb<_ar of lithium
so that some are conductors and some are insulators. Complexe {oms. Qharacterlstlcs Of.th.e”[jso complexes, for instance,
of Cgo with Na, K, and Cs have been synthesized, and related s'gablllzatlon energy per lithium atomAE/n), energy level
properties have been elucidafed? It is widely recognized diagram, and HOMGLUMO energy gap, were then analyzed.
that the KCso®~7 complex is a superconductor, whereagyh ) ]
complexes where M denotes Li, Na, and Cs ard 1, 2, 3, ..., 3. Results and Discussion
6, are insulator$®> However, aIIc_)y metal fullerides of Na or Li A. Optimized Geometry of the LixCeo Complexes. As
are superco_nductoi*g_. As the_re is a lack of both expenmen.tal shown in Table 1, the optimized bond lengths @f 6btained
and theoretical studies of £iCeo complexes, the aim of this  ¢.0 the STO-3G basis set are=<C = 1.375 A and C&-C =

work is to investigate electronic and geometrical structures of | 448 A The corresponding values for the 6-31G basis set are

the LixCeo complexes, where = 1-6 and 12, based oab 1.370 and 1.458 A, respectively. They are in good agreement
initio calculations. The corresponding HOMQUMO energy with the X-ray diffraction da# (C=C = 1.355 A and G-C =

gaps ) have also been examined. 1.467 A). Those values for the |Gso complexes as well as
) the corresponding &—Li distances are also summarized in
2. Calculation Methods Table 1. Changes of thes&-Li distances and the bond lengths

Ab initio self-consistent-field calculations were performed for are displayed in Figures 1 and 2, respectively. Stabilization
the LiCeo complexes, whera = 1—6 and 12, using STO-3G, ~ €nergy per lithium atom as a function wfis plotted in Figure
6-31G, and DZP (doubl&-plus polarization functio§1° basis
sets within the UHF method. An error due to an imbalance of It is interesting to note here for all plots that the trends
the basis sets, known as basis set superposition error (BSSE)pbtained from both the STO-3G and the 6-31G basis sets are
has also been examined. The calculations have been carriedn the same direction. An increase in the number of Li atoms
out using the Gaussian 92 progr&@mon an IBM RISC 6000/ causes an increase in theo€Li distance. The single point
530H workstation. Starting geometrical parameters fgg C calculation takes 1.5, 13.5, and more than 150 h of CPU time
where G-C = 1.448 A and &C = 1.375 A have been taken for the STO-3G, 6-31G, and DZP basis sets, respectively. The
from the literaturé@! The geometries of the complexes were use of the DZP basis set was given up afterward due to the
then entirely optimized. The selected symmetry point groups requirement of a long computational time. As far as the optimal
of the complex were restricted to the following critef?afi) if Cso—Li distance where the local minimum takes place and the
possible, lithium atoms must lie on the normal vector at the corresponding interaction energy are concerned, a BSSE for the
center of a hexagon (six-membered ring); if not, that of a investigated clusters is not detect&d.
pentagon (five-membered ring) is the next priority (it is fotthd It was found in our previous wofRthat the binding of Li to
that the complexation energy when a lithium atom lies on the the hexagonal site leads to a longeg-€Li distance than binding
normal vector at the center of a hexagon is more negative thanto the pentagon due to the higher electron density of the six-
membered ring, and hence the highego€Li repulsion.
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. Consequently, the increasemfrom 1 to 2 and from 3to 5 (or
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TABLE 1: Characteristics of the Li ,Csg Complexes Calculated Using STO-3G (Normal Type) and 6-31G (Bold Type) Basis
Sets: Ratio ofnLi Situated at Centers of the Pentagons and at Centers of the Hexagons (C5:C6), Distance between the Center
of Ceo and Li (r); Total Energy (E); Stabilization Energy per Li Atom ( AE/n); and HOMO —LUMO Energy Gap (Eg)

characteristics

molecule  C5:C6 symmetry valence orbitals  spinstate () C=C(A) C-C(A) E (hartrees) AE/n(eV) Ey(eV)
Ceo Ih closed shell singlet 1.375 1.458 —2244.2212 8.6518
1.370 1.448  —2270.9711 7.5562
LiCeo 0:1 Cs, a doublet 5.24 1.376 1463 —2251.5674 —0.8350 6.2417
7.38 1.375 1452 —2278.4080 —0.4923 4.8512
Li>Ceo 0:2 Dsq € triplet 5.47 1.377 1.462 —2258.9309 —1.0884 5.8412
7.51 1.376 1.452 —2285.8802 —0.8012 4.3624
Li3sCeo 3.0 Cs, ae’ quartet 551 1.376 1.462 —2266.3199 —1.3914 5.3341
7.55 1.375 1.452 —2293.3654 —1.0254 41212
Li4Ceo 31 Ca, ae? triplet 5.60 1.379 1461 —2273.7447 —1.7868 5.7278
7.62 1.374 1.452 —2300.8771 —1.3168 4.3007
LisCeo 3:2 Ca, ae’ay quartet 5.73 1.378 1.463 —2281.1774 —2.0672 6.0778
7.88 1.375 1.452 —2308.1707 —1.5235 4.6518
LisCso 0:6 (O a%eza;ez heptet 5.82 1.378 1.462 —2288.8652 —2.4450 6.3047
7.95 1.374 1451 —2315.9434 —1.8019 4.7666
Li12Ce0 12:0 Ih closed shell singlet 5.66 1.379 1.463 —2333.9345 —4.3714 5.4427
7.64 1.373 1452 —2361.5544 —3.2216 4.2992
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Figure 1. Cgo—Li distance (from the center ofggcage) as a function

of n for the LinCso complexes.
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Figure 2. Calculated CG-C and G=C bond lengths of the & as a
function of n for the Li,Ceo cOmplexes.
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Figure 3. Binding energy per Li AE/n) as a function ofn for the
LinCso cOmplexes.

In Figure 2, a slight change in the—<C and G=C bond
lengths in the LiCgso complexes can be detected, relative to those
of free ligands. Swell of the &g structures for all cases can be
understood by the JakTeller distortion?* Here, the LUMO
(tay orbital) of Gy is filled since each lithium atom brings one
electron to the complex, leading to a lower symmetry and a
higher stability of the &. This molecular orientational
disordef® is known to exist in solid state crystals and plays an
important role in controlling the electronic properties of the
molecule€® In terms of the interaction energAE), a linear
decrease ofAE/n for the LiCgo complexes has been found
(Figure 3).

B. Electronic Structure of the Li,C60 Complexes. The
electronic structures, resulting from the calculations using both
STO-3G and 6-31G basis sets, have been analyzed and displayed
in terms of energy level diagram (Figure 4). Changes of
HOMO-LUMO energy gaps as a function of the number of
lithium atoms have been plotted in Figure 5.

In Figure 4a, MO diagrams from the STO-3G and the 6-31G
basis sets for g in its optimal form display energy gaps of
8.65 and 7.56 eV, respectively. These are about 2 times higher

even to 6) when one more Li is added to a hexagonal site (seethan that of 4.91 eV obtained experiment&fly.When one

the ratio C5:C6 in Table 1) yields a higher slope of the plot
(Figure 1) than those of the other ranges. Decrease ofdfie C
Li separation forn = 12 where all lithium atoms are at the
center of pentagons can be also understood by this fact.

lithium atom is added to form the Ligcomplex, a 2s electron

of the lithium atom is transferred tg, of the G, splitting t;,

into & and e orbitals. In addition, the energy gap per lithium
atom decreases to 6.24 and 4.85 eV for the STO-3G and the
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Figure 4. Molecular orbital diagram near the frontier of thgo@nd the LiCso complexes where = 1, 2, 3, 6, and 12, calculated using the
STO-3G (left) and the 6-31G (right) basis sets.

6-31G basis sets, respectively. For thgdsh complex, the two 9 —r—— 17—
electrons from the two lithium atoms occupy ajoebital, and *
the spin state of the complex is a triplet state. The energy gap
per lithium atom for the STO-3G is 5.84 eV and for the 6-31G
is 4.32 eV. In the case of tCsp, the symmetry of the complex
is still Cg, and the valence-electron configuration éézais in
a quartet state. Furthermore, the energy gap of this complex
was reduced to 5.33 eV (STO-3G) or 4.16 eV (6-31G). When
one more Li is added, the IGCso complex Cs, symmetry)
displays an electron configuration cﬂ‘eéin a triplet state. Its
energy gap of 6.08 eV by the STO-3G and 4.65 eV by the 6-31G
are higher than those of 4Gs0. Including one more Li, the
LisCso complex retainsCs, symmetry and the energy gap
increases. In the kCgo complex, the six electrons of lithium
atoms split theqt, and tg4 orbitals of the G to 2(at-e) and fill
up these orbitals. This complex shows a higher HOMO
LUMO energy gap than those fon = 1-5. The last
composition that is considered in this study is0eo. Its 4 e
symmetry remains that of the original symmetry of thg, Ce.,
In. All electrons from lithium atoms fully occupy thejtand 0 > 4 P s 10 12
t1g orbitals, leading to a decrease of the energy gap (Figure 4f). .

It is interesting to note that thg,, which plays a direct role Number of Li atoms
in determination of metallic behavior of the dso complex, Figure 5. Calculated HOMG-LUMO energy gaps of € and LiCeo
depends on the number of lithium atoms. Although Bydor complexes, plotted versus
the Gy free ligand obtained from this study is about 2 times Egplot shown in Figure 5. In addition, a bigger basis set would
higher than that from experimental datahe size of the system lead to a slight decrease in the energy gap, as it is known that
under consideration obviously did not allow the use of a more the energy difference between the conduction and the valence
extended basis set because of the unreasonable computationdlands of an insulator is higher than 1 &/ Therefore, the lack
time that would have been required. However, basis set of metallic character in the Li-dopeds§&*° can be understood
dependence of thEy in relative terms should be only a minor  clearly from this fact, as the correspondiig for all cases
methodological problem and should not alter the trend of the (Figure 5) is above 4 eV.

STO-3G

HOMO-LUMO energy gap (eV)
I
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