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The C60 ions C^4" and C ^ - are discussed comparatively on the basis of ab initio calculations. 
The basis set employed is of 3-21 G* quality. By analogy with the neutral molecule the geometry 
of the anion is icosahedral (Ih). Both Ih systems differ, however, in the bondlength alternation. 
In the neutral molecule the hexagon-hexagon bondlength exceeds the hexagon-pentagon value; 
vice versa in the anion. C ^ is of Cs symmetry with a strong intermixing in the length of the two 
types of CC bonds. Calculated geometries, total energies and net charges are adopted to evaluate 
differences in the electronic structure of C ^ and . 
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The C 6 0 soccerball exhibits a somewhat "hybr ide" 
TT electron character [1]. Al though this system has the 
topology of a polycyclic non-al ternant molecule , C 6 0 

shows the charge distribution of an alternant network 
[2]. The high icosahedral point symmetry forces iden-
tical net charges qc at any a tom. The splitting of the 
canonical molecular orbitals (CMOs) of C 6 0 , how-
ever, is characteristic for a non-al ternant molecule ; 
particle-hole symmetry is miss ing. Exper imenta l in-
vestigations have shown that C 6 0 is a strong electron 
acceptor [3 ,4] . This behaviour can be traced back 
to the presence of pentagon defec ts in an o therwise 
graphit ic structure. For an interesting theoretical anal-
ysis of this topic we refer to [5]. In a recent contri-
bution we have evaluated a second quanti ty of influ-
ence to enhance the acceptor capabil i ty of C 6 0 , i. e. 
the Tr*/a* coupl ing which is a l lowed in the spherical 
molecule [6]. In solution, C 6 0 can add reversibly up 
to six electrons [7]. The cationic counterpart of C^q 
has been detected in an isotope resolved mass spec-
t rum [8], In the "anionic" series, L i 1 2 C 6 0 has been 
identified in an electrochemical study [9], The donor-
to-acceptor charge transfer (CT) in this c o m p o u n d 
leads to a high excess charge on the soccerball . In 
the solid state, C 6 0 units approaching electron excess 
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charges of - 1 2 are wel l -known [10,11] . They occur 
in solid solut ions of alkal ine-earth-doped M X C 6 0 ma-
terials with sufficiently large x. Concerning highly 
charged cations, there is some vague evidence of 
metas table C ^ and C ^ [12]. 

^60 

Fig. 1. C60 7T electron configuration formed by 30 6-6 "dou-
ble" bonds and 60 6-5 "single" bonds (lhs.), as well as 
7T electron configuration with isolated 7r electron sextets per 
pentagon (rhs.). This distribution of the 7r electrons implies 
the formation of 30 6-6 "single" bonds and 60 6-5 bonds 
with partial "double" bond character. 

In recent investigations of the electronic properties 
of M X 6 0 -sol ids and molecular C 6 0 we have analyzed 
the modif ica t ions in the 7r electronic structure of the 
soccerbal l as a func t ion of the electron count [ 10 ,11 ]. 
Our combined solid state and molecular studies have 
shown that the 7r electronic structure of C 6 0 is changed 
dramat ical ly when going f rom the neutral system to 
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Fig. 2. Optimized bondlengths of 
C£ + (row I and II), C60 (row III) 
and C^q - (row IV) according to ab 
initio calculations in a 3-21 G* ba-
sis set. The molecular point sym-
metry of C60 and C ^ - is Ih, while 
it is reduced to Cs for The 
height of the peaks in the C]

6l+ 

system represents the multiplicity 
of the corresponding CC bonds 
(= 1 or 2). In row II we have 
displayed the mean value of the 
6-6 and 6-5 bondlengths of C ^ f . 
av symbolizes the mean value of 
the CC bondlength when averaged 
over the 90 CC bonds of the C60 
soccerball. All values are given 
in pm. 

highly charged anionic states. The it e lectronic wave 
funct ion of neutral C 6 0 can be approximated with suf-
ficient accuracy by a " resonance" structure fo rmed 
by 30 hexagon-hexagon (= 6-6) "double" bonds and 
60 hexagon-pentagon (= 6-5) "s ingle" bonds . In the 
vicinity of this graduat ion is inverted. Here the 
6-6 bonds have single bond character and the 6-5 
bonds exhibit double bond character; see Fig. 1 for a 
schematical representation of these two " re sonance" 
structures of C 6 0 and • 

This strong modif icat ion in the C 6 0 e lectronic struc-
ture as a funct ion of the electron count, on the one 
hand, and the missing particle-hole symmet ry in the 
distribution of the C M O s , on the other, has been a 
strong motivation for us to discuss comparat ively 
three C 6 0 systems, C ^ - , the neutral molecu le and 
C ^ " . By analogy with our previous ab initio stud-
ies of C 6 0 species we have adopted the G A M E S S 
program to opt imize the geometr ies of the above sys-
tems and to analyze their electronic propert ies [13]. 
The basis set we have used is of 3-21 G * quality. 
In the literature, several investigations of anionic C 6 0 

configurat ions can be found [14 ,15] . Electronic struc-
ture calculat ions of cations are quite rare [12]. In the 
icosahedral point group of C 6 0 the L U M O (= low-
est unoccupied molecular orbital) and ( L U M O + 1 ) or-
bitals of the neutral system t ransform according to 
the irreducible representat ions t l u and t, . In our re-
cent contribution we have shown that the occupat ion 
of these two M O s in conserves the icosahedral 
point symmetry [10], For a Jahn-Teller distort ion 

Fig. 3. Schematical representation of the optimized 
geometry. The molecular frame is symbolized by the CC 
bonds. 

is expected. In the point g roup Ih the three highest oc-
cupied M O s ( H O M O s ) are of g g , hg and hu symmetry. 
Partial depopula t ion of the g g (HOMO-2) orbital in 

is responsible for the Jahn-Teller distortion. Note 
that the C 6 0 H O M O and ( H O M O - 1 ) funct ions are un-
occupied inC^(

2)+. 
In Fig. 2 we have portrayed the opt imized 

bondlengths of the three C 6 0 species considered in 
the present report . The structural information of this 
d iagram is supplemented in Fig. 3, which provides 
a schematical representat ion of the geometry. 

and C 6 0 re-For a detailed discussion of the C^2 

suits we refer to [10 ,11] . The conservation of the Ih 

symmet ry of the neutral soccerball in the anion is 
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clearly seen in Figure 2. We wish to point out that the 
bondlength alternation of C 6 0 is perhaps somewhat 
overest imated in comparison to exper iment . The cal-
culated 6-6 and 6-5 bondlengths amount to 136.70 and 
145.32 pm. Experimental bondlengths cited in the lit-
erature show a rather large splitting, an observat ion 
which indicates the difficulties to derive t rustworthy 
structural parameters of fullerides. In the gas phase, 
6 -6 and 6-5 distances of 140.1 and 145.9 p m have 
been derived by electron diffract ion measurements . 
The largest bondlength alternation reported for crys-
talline C 6 0 amounts to 11.2 p m [16]. The 6 -6 and 6-5 
bondlengths reported in [16] are based on an X-ray 
investigation; they amount to 135.5 and 146.7 pm. We 
are left with experimental bondlength al ternations in 
C 6 0 within an interval between 5.7 and 11.6 pm. In 
considerat ion of this uncertainty we cannot es t imate 
the error bars of the calculated alternation parame-
ter of 8.6 pm. But it is wel l -known that bondlength 
alternations in 7r systems are somewhat overest imated 
by Hartree-Fock methods. Its correction requires cal-
culat ions beyond the single-determinantal approxi-
mat ion [16]. In the anion the bondlength alter-
nation is inverted. Here the length of the 6-6 bonds 
exceeds the 6-5 values. Figure 2 indicates that the 6-5 
length is slightly reduced in the transition f r o m C 6 0 to 

while the 6-6 bondlength is strongly enhanced . 
In [10] we have demonstrated that the Tr electronic 
properties of C ^ - can be explained by the popular 
Hückel count ing rule for annulenes [17], i.e. the dis-
crimination between stabilized "aromat ic" (4n+2) ir 
electron systems {n = 0 , 1 , 2 . . . ) and destabil ized "an-
t iaromatic" 4n rings (n = 1, 2, 3 . . . ) . In the C ^ - 7r 
electron configurat ion shown schematical ly in Fig. 1 
an electronically isolated 7r electron sextet per pen-
tagon occurs. The neutral pendant of this C ^ - " iso-
lated pen tagon" configuration would lead to a 7r elec-
tron quintet per pentagon, a rather unstable annulene 
configurat ion. In annulenes with a TT e lectron count 
of 4n and (2rc+l) (n = 1, 2, 3 . . . ) the spatial degrees 
of f r eedom of the electrons are strongly at tenuated by 
the Pauli ant isymmetry principle [18]. In neutral C 6 0 

this constraint can be suppressed by the bondorder 
alternation symbolized in Fig. 1 (= bondlength alter-
nation portrayed in Figure 2). The C ^ counterpart 
of the "isolated pentagon" TT configurat ion of C ^ " 
would yield an "ant iaromat ic" 47t electron sys tem per 
pentagon. It is self-explanatory that such a config-
uration of the corresponding cation is avoided via 

'60 

changes in the bondlengths . The ab initio geometry 
opt imizat ions of converged to the point g roup 
C s . In this low symmetry , a clear discrimination be-
tween the two types of C C bonds of the C 6 0 unit is 
no longer establ ished. Short C C bonds occur both 
in the 6-6 and 6-5 manifold . Below 140 pm ten 6-6 
and eight 6-5 bonds are predicted. Figure 3, however, 
indicates that the intermixing in the lengths of the 
6 -6 and 6-5 bonds does not lead to a strong devia-
tion f r o m an overall spherical symmetry. Deviat ions 
towards "prola te" or "oblate" arrangements occur in 
C ^ anions with excess charges exceeding 12 [11], 
T h e total number of short CC "doub le" bonds in 
is 18, a value that is expected on the basis of sim-
ple electron count ing arguments. R e m e m b e r that the 
TT configurat ion of the neutral ne twork is defined by 
30 6 -6 "doub le" bonds. 12 excess holes will reduce 
the number of " loca l ized" TT double bonds to 18. The 
label " loca l ized" has been employed to describe the 
two-center character of the corresponding bonds. In 
contrast to this localized " two-center" picture of the 
TT bonds in C 6 0 and C^j + "double bond local izat ion" 
is not possible in C ^ - . The electron count in icosahe-
dral C ^ q - is incompat ib le with the wel l -known Hund 
localization cri terion which defines the possibility to 
represent molecular orbitals in a localized two-center 
picture [19]. T h e bondlength distribution displayed in 
Fig. 2 is a clear evidence of the missing particle-hole 
symmet ry in the ion pair and C l

6l+ . The mean 
values of the 6 -6 and 6-5 bondlengths in the cation 
reproduce the graduat ion of the two bondlengths of 
the neutral system. The length of the 6-5 bonds ex-
ceeds the 6 -6 values. C ^ has an exceptional posit ion 
in the series of C 6 0 ions which is not shared by the 
corresponding hole pendant The symmetry re-
duct ion f r o m Ih to C s in C l

6l+ is accompanied by a 
sizeable charge polarization. In the f ramework of a 
Mul l iken popula t ion analysis [20] net charges qc be-
tween roughly 0 .40 and - 0 . 0 2 are predicted for the 
Jahn-Teller distorted C l

6l+ ion. In icosahedral 
the point symmet ry forces a qc value of - 0 . 2 0 at any 
a tom. 

Finally let us consider the total energies of 
and C^o+ to reemphas ize the violation of the particle-
hole symmetry of this ion pair. C^q+ is by 308.31 eV 
above the energy of the neutral molecule. The popu-
lation of "an t ibond ing" states in C H ~ does not lead 
to such a strong destabil ization as encountered for the 
depopula t ion of bonding states in C^"1". With the 
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3-21 G * basis set employed in the present study we 
p r e d i c t e d " t o b e only by 195.52 eV above the neutral 
C 6 0 molecule . The energy difference be tween the C 6 0 

particle-hole pair and amounts to 112.79 
eV. This result indicates that the "an t ibonding" char-
acter of the C 6 0 L U M O and ( L U M O + 1 ) states is less 
p ronounced than the bonding character of the highest 
filled C M O s . In [10 ,11] we have demonst ra ted that 
the L U M O and ( L U M O + 1 ) funct ions of C 6 0 are by 
no means ant ibonding. Populat ion of the correspond-
ing M O s leads to the aforement ioned change in the 
character of the 6-6 and 6-5 bonds under conserva-
tion of the net bondstrength. The destabil izat ion of 
CgQ- relative to the neutral molecule is more or less 
a bare electrostatic effect (= classical C o u l o m b repul-
sion as a result of the non-zero atomic net charges) 
which is at tenuated in doped solids (= M a d e l u n g sta-
bilization). The bonding character of all occupied 
M O s in Cgo~ explains the higher stability of C ^ -

relative to Cll+. 

In the present report we have extended our previous 
ab initio studies of the C 6 0 system to a highly charged 
part icle-hole pair. We have demonstrated a sizeable 
violation in the part icle-hole symmetry between C ^ - , 
which is exceptional in the C 6 0 series, and C^q1". The 
s imple 7T electron count ing rule of Hückel, which we 
have introduced in the case of C ^ - , can be transferred 
to the CgQ+ system. The Hückel rule is helpful to 
unders tand the electronic building principles of this 
cation. The stabilization of relative to C^"1" can 
be traced back to the format ion of "aromat ic" sextets 
in the pentagon units of the anion. "Antiaromatic" 47t 
pentagon configurat ions in are avoided by strong 
modif icat ions in the lengths of the 6-6 and 6-5 bonds 
relative to their values in the icosahedral neutral C 6 0 

molecule . 
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