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Summary. The generalized Pauling bond order was enumerated in the Cg fullerene cage molecule
(truncated icosahedral symmetry). This index measures chemical similarity in fullerene derivatives
such as dihydrofullerene (CgoH,), anionized monohydrofullerene (CgoH ), N-substituted mono-
hydrofullerene (CsoNH), the fullerene dimer ((Cgg),), and the dianionic fullerene dimer ((C60)§7). It
is also useful in judging the chemical stability of isomers.

Keywords. Chemical similarity; Unconjugated carbon site; Cgo Fullerene derivative; Pauling bond
order; Kekulé structure counting.

Introduction

Much has been discussed about the chemistry of the Cg, fullerene molecule
(carbon cage, truncated icosahedral symmetry) [1-3]. A conjugated carbon atom
>C: of the cage can be chemically modified into an unconjugated site such

~ N e PSRN -
as __CH— (hydrogen attached), _~C"— (anionic), >N— (nitrogen exchanged), and

\lc_ (bonding between fullerene dimers). Such unconjugated sites can be found
-

in dihydrofullerene (CgoH,), anionic monohydrofullerene (CgoH ), N-substituted
monohydrofullerene (CsoNH), the fullerene dimer ((Cgp),), and the dianionic
fullerene dimer ((Cgo)3" ).

It is known that the number of conjugated sites in stable fullerene derivatives is
even. This may be understood in terms of classical valence theory, just as for
benzenoid hydrocarbons (Clar postulate) [4, 5]: A m-electron conjugated system is
chemically /thermodynamically unstable if it has no Kekulé structure. Clearly, if
the number of chemically modified sites in a fullerene derivative is odd, then the
number of conjugated sites also becomes odd, and there is no Kekulé structure.
Hence, there might be arrangements of a pair of unconjugated sites (i.e. chemically
modified sites) on each fullerene derivative cage; such a fullerene derivative has
geometrical isomers.
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It seems that in the CgoH, isomers the chemical surroundings of the hydro-
genated carbons (unconjugated sites) are similar, and that the conjugation frame of
carbon sites (conjugated sites) other than reaction sites remain unchanged after the
addition of hydrogen atoms. Hence, chemical stability/instability of the CgoH,
isomers can be determined by the degree of conjugation in the conjugation frame
[6, 7]. This view of chemical similarity among carbon sites in Cgy should render
some simple theory such as classical valence theory [8] useful to judge which
isomer of a given Cg( derivative is chemically stable.

Results and Discussion

The generalized Pauling bond order P; (M) measures the degree of conjugation in a
given conjugated molecule M with two unconjugated sites i and j [7]. This graph-
theoretical index is defined as the ratio of K(M; ;) to K(M). The denominator K(M)
is equal to the total number of Kekulé structures in M, and the numerator K(M, ) is
the number of Kekulé structures in a molecular subgraph M,; of M where the
vertices i and j (i #j) as well as all edges that meet with i and j are removed from M.
P; (Cep) 1s reduced to the Pauling bond order of bond i—;j if the vertices i and j are
adjacent. The choice of i=1 is possible with no loss of generality. The second
column of Table 1 shows the calculated P j(Cep) for j in decreasing order. The site
numbering j is shown in Fig. 1 (K(Cgo) = 12500 [10]).

It is believed that every carbon site of Cgy is sp® hybridized with a small
admixture of sp character [1]. The Cg molecule has only two symmetry-
independent bonds: a shorter one (1—-2) with P; , =0.440 and a longer one (1—6)
with Py ¢ =0.280. The Pauling bond order ranges from 0 (single bond) to 1 (double
bond). Hence, one can state that the longer bond lying in the pentagons of Cg has
partly ‘double bond’ character and therefore participates in the delocalization of
the m-electrons. Therefore, hydrogen addition occurs easily and yields the CgoH,
isomers. As can be seen from the second column of Table 1, the largest value of
Py (Cep) is 0.440 for P, »(Cep). This is consistent with the experimental fact that
the reaction of Cgg with BH; affords the 1,2-isomer rather than the 1,4- and 1,6-
isomers [11, 12]. This favourable addition of hydrogen has been clearly explained
by the degree of P, (Cep) [7].

As a second example we discuss CsoNH, where the hydrogenated (unconju-
gated) carbon is i =1 and the substituted nitrogen atom j of the fullerene cage is

Table 1. Calculated results of P; j(Cgp), AMI1 optimized heat of formation for C¢oH, and CsoNH, and
population analysis for C¢oH™ and (C60)§_

Site j ! Py, CeoHo? CsoNH? CeoH * (Ce0); >
2 0.440 0.0 0.0 —0.298 —0.251
4 0.300 18.4 24.2 —0.140 —0.108
6 0.280 78.6 68.6 —0.070 —0.030

16 0.238 67.7 68.6 —0.085 —0.084

13 0.224 104.9 84.9 —0.042 —0.042

! Numbering as in Fig. 1; 23 AM1 MacSpartan Pro, relative heat of formation in kJ/mol; 4 AMI,
Mulliken population analysis; > AM1 Gaussian 98, Mulliken population analysis
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Fig. 1. The numbering of carbon sites in a Schlegel diagram of the Cg, molecule (truncated
icosahedral symmetry; top view, projected on a plane [9])

also an unconjugated site. Note that P; (CsoNH) = P, (Cgp). The AMI optimized
energy (relative heat of formation) for each isomer is given in the fourth column of
Table 1. The calculated results suggest that the most stable isomer for CsoNH is
1,2-C59NH.

As a third example of the application of the generalized Pauling bond order
P, (Cesp) we discuss the hydride anion CegoH . The number of symmetry-
independent isomers of CgoH™ is 23 [12]. In each of the isomers there are
two unconjugated sites, hydrogenated i=1 and anionic carbon j. Note that
P, (CeoH ) = P; (Cep). Population analysis with AM1 optimization by use of
MacSpartan Pro (Wavefunction, Ltd.) gives a charge distribution as shown in the
fifth column of Table 1. The order of the first two largest values agrees with that for
P j(Cep). The chemical background is as follows: After fixing of one hydrogen-
attached site as i = 1, one anionic carbon site j, i.e. >C“—, is chemically similar to
another in the conjugated isomers, and hence the degree of conjugation determines
the electronic population of the conjugated isomers.

One could expect the same effect of hybridization of the carbon sites as in the
polymerization of Cgo [13—15]. Now consider the stability/instability of Cgq
fullerene dimers. Suppose that only one bond connects i =1 and i’ =1’ in the two
Ceo cages. We expect that this fullerene dimer is unstable because the number of
unconjugated sites in each Cgq cage is odd (Clar postulate). If two bonds between
i=1and i/ =1"and between j # 1 and j' # 1’ connect two Cg( cages, then each cage
has Kekulé structures, P, ;(Cgp) and Py j(Cey) being the same. The cycle
1—1"—j'—j—1 is a four-sided figure; the production of the dimer is called 2 +2
cycloaddition [13]. The maximum numbers of Kekulé structures divided by
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K (C(,()) are

Pi1 X Pyy = 0.440 x 0.440 = 0.194
P11 x Pyg =0.440 x 0.280 = 0.123
P171/ X P6,6’ = 0.280 x 0.280 = 0.078

Hence, classical valence theory predicts that the 242 cycloaddition reaction is
favourable to two pairs ((1,1’) and (2,2’)), and each of the two bonds in the 2 + 2
cycloaddition is a single bond. These prediction agrees well with the experimental
results.

The last example discussed here is the population analysis for (C6o)§_. The last
column of Table 1 shows the calculated results by means of AMI1 optimization
(Gaussian 98). One Cg( cage with an anionic >C“— site j is connected to the other
one with a single bond between 1 and 1’; hence, P; J/((Cm)?) = P1,j(Cep) X
Py1(Ceo). The maximum value of P;;((Cey); ) appears at the pair of sites 2 and
2'; this result agrees with the population analysis.

We can conclude that the generalized Pauling bond order P; (Cg) is a good
index for the theoretical prediction of the stability of isomers of Cgo fullerene
derivatives and that there is a chemical similarity between fullerene derivatives
such as CgoH,, CeoH™, CsoNH, (Cgg),, and (Céo)? from the stand point of
classical valence theory.
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