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Abstract

Using B3LYP density functional theory, first and second ionization potentials as well as dissociation energies for neutral, singly and doubly
charged fullerenes with sizes between 20 and 70 atoms have been evaluated. Comparison with available experimental data is good except for
the doubly charged species. The results show that neutral fullerenes with a magic number of atoms, namely Cj;, Cso, Cgo and C;, have the
largest stability against ionization and C, evaporation. A similar large stability is observed for the corresponding singly and doubly charged magic
fullerenes, except for C3,* and C3,%*. Neutral and positively charged Cg; is found to be rather unstable. Also, C,* emission is shown to become
competitive with C, emission for sufficiently small doubly charged fullerenes. The origin of these and other properties is discussed in detail.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A large number of experimental and theoretical works have
been devoted to understand the stability of the Cgq fullerene in a
variety of collision reactions (see Refs. [1,2] for recent reviews
on the subject). Hot neutral Cgo produced in these collisions can
cool down by different competitive processes including emis-
sion of photons (radiative decay), electron emission (delayed
ionization or thermionic emission) and evaporation of neutral
fragments (dissociative decay) [3]:

Ceo* — Ceo+hv )
Ceo* — Ceot +e” ()
Ceo* — Csg+C 3)

The first process (1) consists in a cluster cooling through opti-
cal emission similar to the black-body radiation. The electron
emission (2) can occur when the ionization potential is lower
than the dissociation energy required to evaporate C;. In this
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case, three different mechanisms have been observed: (i) direct
ionization (without any relaxation time after the collision), (ii)
statistical ionization resulting from a multiply excited electronic
state and (iii) statistical ionization that is produced when the
excess energy is relaxed into the vibrational modes [4]. The
corresponding ionization timescales and the statistical electron
emission problems have been recently reviewed [5,6].

The third competitive process is the evaporation of neutral
carbon dimers. In this context, it is commonly accepted that
the dominant fragmentation channel of excited Cgg (or Cgo*)
involves sequential emission of C units [7]. Experimentally, the
dissociation energy of Cgp into Csg and C, is determined from
that of Cgo* by using the difference in the ionization potentials
of Cgp and Csg (0.54eV) [8,9]. The value of this dissociation
energy has been the subject of intense controversy and debate
for almost a decade (see Refs. [7,10] for reviews and a historical
perspective on this subject). Until 1997 [11], most experimen-
talists believed that the dissociation energy of Cgp was around
7-8 eV, while theoretical investigations predicted a value around
12 eV (see Ref. [12] and references therein). An explanation for
this discrepancy has only been found in 2001 when researchers
realized that the value of the Gspann parameter used in earlier
experiments was too low [10]. The most recent experimental
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determinations and the old ones corrected by using a more accu-
rate value of the Gspann factor now agree with ab initio (MP2)
and density functional theory (DFT) calculations in a value of
the dissociation energy around 10-12 eV. Nevertheless, there are
still some uncertainties associated with the value of the Gspann
factor [13] and, in particular, whether or not the value of the
factor deduced for Cg is valid for smaller fullerenes.

For multiply charged Cg?* fullerenes, the dominant decay
channel is fragmentation. In this case, the fragmentation patterns
extremely depend on the initial charge state g, and not only on
their excitation energy E” (see, e.g., [14—16]). Variations in these
quantities (¢ and E”) lead to very different decay channels: (i)
succesive emission of neutral C, molecules, (ii) fragmentation
into one or more light charged clusters and (iii) fragmentation
in several singly charged fragments with small masses:

Ceo?™ — Csg?m +C, 4
Ceot* — Coom ™t +Cp"* ()
Coo?™ > Cpt+C, T +Cp + -+ (6)

These three processes are, respectively, known as sequential
evaporation (4), asymmetric fission (5) and multifragmenta-
tion (6). In order to understand such decay processes, multiply
charged fullerenes have been produced in collisions of Cgg and
C70 with fast highly charged ions [15-37], electrons [38—49] and
intense laser pulses [50-55]. In these experiments, the knowl-
edge of the dissociation energies and ionization potentials of
all fragments is essential to analyze the observed fragmentation
patterns. A fairly large number of theoretical works have been
devoted to obtain such information for small carbon clusters
(typically, with less than 10 atoms; see, e.g., [56] and refer-
ences therein). However, only a few theoretical works have been
reported for multiply charged fullerenes, and most of them have
exclusively focused on Cgp?* [57-62]. In the latter case, an inter-
esting theoretical conclusion is that g = 14 is the largest charge
a Cgp fullerene can sustain against Coulomb explosion [61,62],
which is consistent with the highest charge ever observed exper-
imentally (g =12, see Ref. [55]).

There have been some experimental attempts to determine
dissociation energies and ionization potentials of fullerenes
smaller or larger than Cgg, either neutral or positively charged
[39,40,63-66]. Very recently, the C; dissociation energy of C,,*
fullerenes (42 <n <70) have been measured by Concina et al.
using a three-sector-field mass spectrometer [67]. From the the-
oretical side, the most complete calculations of dissociation
energies for fullerenes other than Cgp have been reported by
Zhang et al. [68,69], Diaz-Tendero et al. [70] and Sanchez et
al. [71]. In the early work of Refs. [68,69], only neutral species
were considered. Dissociation energies for fullerenes as small as
Cy were determined by using a tight-binding model combined
with a scheme to generate energetically favorable structures. In
Ref. [70], the structure of neutral, singly and doubly charged C,,
fullerenes with 50 < n < 60 was determined by performing geom-
etry optimizations using B3LYP density functional theory. From
the optimized geometries, dissociation energies and ionization
potentials were obtained for the most stable fullerene isomers.

The work of Ref. [71] extended the above calculations to the
size range 40 <n <70, but only for neutral and singly charged
species. Neutral fullerenes in the range 20 <n <36 have been
recently studied at different levels of theory [72]; however, no
information is available for the corresponding singly and multi-
ply charged species. The available structural properties and the
reactivity of fullerenes with sizes between 20 and 60 have been
recently reviewed in Ref. [73].

In this work, we have further extended the calculations
reported in Refs. [70] and [71] to provide ionization potentials
and dissociation energies for neutral, singly and doubly charged
C, fullerenes for sizes ranging from n=20 to 70. This range
covers all known fullerenes smaller than C7q. In addition to C,
emission, we have also considered emission of Co*, which may
be a competitive process for the smaller fullerenes. As in Refs.
[70] and [71], we have performed high level B3LYP density
functional theory calculations to determine the geometry and
the electronic energy of the most stable isomer for each size.
The paper is organized as follows. In the next section, we briefly
describe the theoretical methods used in this work. Our results on
ionization potentials and dissociation energies are given and dis-
cussed in Section 3. Comparison with the available experimental
measurements is also shown. We end with some conclusions in
Section 4.

2. Computational details

We have employed in our calculations the density functional
theory (DFT) with the B3LYP functional for exchange and cor-
relation. This functional combines the Becke’s three parameter
non-local hybrid exchange potential [74] with the non-local cor-
relation functional of Lee et al. [75]. The geometries of all the
structures have been optimized by using the 6-31G(d) basis set.
The B3LYP functional has been proved to be good a choice
for the description of carbon clusters [70]. In the case of small
carbon clusters, the calculated geometries and the vibrational
frequencies are very close to those obtained at higher levels of
theory [76,77,56]. The calculations have been carried out with
the Gaussian 98 program [78]. The starting geometry of the clas-
sical structures investigated have been obtained with the help of
the CaGe program [79].

3. Results and discussion
3.1. Isomer selection

The cage of a classical fullerene only contains pentagonal
and hexagonal faces. According to Euler’s theorem of polyhe-
dra, each fullerene should have exactly 12 pentagons and an
arbitrary number of hexagons. For a given size (i.e., for a given
number of hexagons), there are many possible arrangements of
pentagons and hexagons [80,81]. Therefore, the selection of the
appropriate arrangement is actually the first difficulty one meets
in the search for the most stable isomer. The relative position
of the pentagonal faces determines the ring strain in the cage
and, therefore, its stability. In general, the larger the number of
adjacent pentagons (AP), the larger the strain. Thus, the most
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stable fullerenes have all pentagons isolated, which is known as
the isolated pentagon rule (IPR) [82]. Only Cgg and fullerenes
with a number of atoms equal or greater than 70 present iso-
mers that follow the IPR. For other fullerenes, it is impossible
to have all pentagons isolated. In this case, the most stable iso-
mer is expected to have the lowest number of APs [8§3—85]. This
second rule is known as the pentagon adjacency penalty rule
(PAPR) or minimum pentagon-adjacency rule [82,85-88].

The fullerene Cyg is the smallest classical structure one can
construct, presenting 12 pentagons and no hexagons. Previous
studies have evaluated the relative stability of this isomer with
respect to other possible arrangements (e.g., ring and bowl)
[89-93]. Here, we are interested in fullerenes and the other pro-
posed structures for Cpo are beyond the scope of the present
work. It is not possible to construct a classical fullerene (with
pentagons and hexagons) with 22 vertex (carbon atoms). Thus,
the next fullerenes in the series are C4 and Cpg (with only one
classical isomer), Cog, C3, etc.

In this work, we have followed a systematic procedure to
find the most stable classical isomers for a given fullerene size.
For sizes from n=20 to 34, we have considered all possible
classical structures made of pentagons and hexagons (the only
exceptions are C3»* and C3,%*, for which only structures with the
lowest number of APs have been considered). For larger sizes,
we have considered all structures with the minimum number of
APs but also some other classical structures with a larger number
of APs and a few non-classical structures containing heptagons
and/or squares that result from extraction or addition of C; units
from the most stable isomers of neighboring size. Details of the
criteria used to select the structures and specific examples in the
range n = 52-60 can be found in Ref. [70].

Some exceptions to the PAPR have been found for both
neutral and positively charged fullerenes [94-98]. In particu-
lar, Diaz-Tendero et al. [94] have shown using MP2 theory
that Csg does not follow the PAPR (see also [95,96,98]): the
isomer Csg(D3) containing 6 APs is 21.4 kcal/mol more stable
than the isomer Cs¢(Dsp) containing 5 APs. At the B3LYP/6-
31G(d) level of theory used in this work, Cs50(D3) is only
2.3 kcal/mol more stable, in agreement with [94-96,98]. For
positively charged species, the situation is the opposite. For
instance, for the singly charged Cso™ fullerene, the Dsy iso-
mer is 9.5 kcal/mol more stable than the D3 one and, therefore,
the PAPR is fulfilled. A second example of fullerene that does
not follow the PAPR is Cs;2* [97]. In this case, the calculations
show again that, although there exists an isomer with 5 APs,
the most stable structure present 6 APs [97]. In the neutral and
singly charged Cs,, the PAPR is fulfilled. These two exceptions
have been explained in Refs. [97,94] as resulting from the larger
sphericity of the isomer containing 6 APs. Indeed, both Cs( and
Csy2* fullerenes have 50w electrons. In a spherical electronic
model of fullerenes, Csy and Cs,2* have a closed electronic
shell with 2(1 + 1)2 a electrons (/ =4), which results in spherical
aromaticity and, therefore, in additional stability [99,94]. This
surplus of stability can compensate the additional strain due to a
larger number of adjacent pentagons. In summary, for fullerenes
satisfying the 2(/+ 1)? rule, the larger the sphericity, the more
stable the corresponding isomer. Other fullerenes that follow the

2(I+1)? rule in the size range investigated in this work are C3,
and C342* (I=3). However, no exception to the PAPR has been
found in these cases because the most spherical shapes always
correspond to the isomers with the minimum number of APs.

For Cgp, Sanchez et al. have shown that two non-classical
structures are more stable than the classical ones [71]. In par-
ticular, an isomer of Cp, symmetry containing a square ring is
~10.4 kcal/mol more stable than the most stable classical iso-
mer. The structure containing the square ring has been proposed
in Ref. [100] and it has been recently synthesized [101]. We
have also found that a second non-classical isomer proposed by
Ayuela et al. [87] containing a heptagon is even more stable: it
has Cs symmetry and its energy is ~13.5 kcal/mol lower than
that of the most stable classical fullerene. In the case of the
positively charged species, the latter isomer is even more stable:
10.2 and 17.7 kcal/mol, respectively. It is worth mentioning, that
only extraction of C, dimers from the non-classical structures
containing either the square or the heptagon leads to the well
known icosahedral isomer of Cgg; extraction of C, from classi-
cal Cg isomers lead to Cgp isomers containing either adjacent
pentagons or non-classical rings.

We present in Fig. 1 the two-dimensional projections of the
most stable isomers found at the B3LYP/6-31G(d) level of the-
ory for each fullerene size. For the sake of clarity we have filled
with different patterns the adjacent and the isolated pentagons,
as well as the non-classical rings. In the same figure, we have
included the symmetry as provided by the CaGe program. This
is the fullerene symmetry before geometry optimization is per-
formed. For a few positively charged fullerenes, the most stable
isomer is not the same as for neutrals (n =48, 50, 52, 66 and 68).
For these exceptions, we have also included in the bottom of
the figure the projections of the corresponding C,,* and/or C,,>*
isomers. Isomers with the same number of APs can be nearly
degenerate. In this case, one can expect inversions in energy
when different theoretical methods are used. These special cases
have been recently reviewed by Lu and Chen [73]. A summary
of the structure information of all fullerenes is given in the first
four columns of Table 1.

A visual inspection of Fig. 1 and Table 1 shows that the num-
ber of adjacent pentagons decreases with fullerene size. We can
also see that, when possible, the adjacent pentagons are prefer-
entially arranged in chains. In order to minimize the ring strain
these chains are as small as possible. A more detailed analysis
of the structure of the different isomers studied in this work will
be presented elsewhere [102].

3.2. Ionization potentials

We have used the absolute electronic energies of the most sta-
ble isomers to evaluate the first and second adiabatic ionization
potentials (IP) of C,, fullerenes. The ionization potentials have
been obtained by substracting the absolute energies of C,* and
C,.2* (for the first IP) and those of C,,* and C,,2* (for the second
IP) in their optimum geometries. In all cases but five, C,,, C,,* and
C,,2* have the same isomeric form (see Fig. 1 and Table 1) and,
therefore, there is no ambiguity. For Csg, Csg, Cs2, Cg6 and Ceg
the isomeric form of the neutral species differs from that of the
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Fig. 1. Two-dimensional projections of the most stable isomers of C,9* fullerenes. Isolated and adjacent pentagons have been filled using different patterns. An
heptagonal ring in Cep has been also filled. The symmetry as given by the CaGe program [79] is also shown (i.e., before geometry optimization). As a general trend,
the most stable isomer of the charged species is same as for neutrals. Exceptions are shown in the last row.

charged one. In these five cases, we have used, for the positively
charged species, the energies of the isomeric forms that have the
same atomic arrangement as the neutral species. This implies
that no bond breaking is allowed during the ionization process,
but bond relaxation is always included. Therefore, the calculated
ionization potentials should be considered as adiabatic.

Table 1 and Fig. 2 show our results for the first and second
ionization potentials of C, fullerenes as functions of cluster size.
Fig. 2 also includes the experimental data of Refs. [103,107] for
the first and second IPs. Our results are in good agreement with
the experimental data, except for a constant downward shift of
~(.5eV in the case of the first IP. The first IP exhibits maxima
for the magic number fullerenes Csz,, Csg, Cgp and C7o. These
fullerenes are significantly more stable than their neighbors. The
large stability of Cgo and C7g is due to the absence of adjacent
pentagons in the cage, which implies low ring strain (fullerenes

between Cgp and C7g always have APs). In addition, Cg is nearly
spherical (I, symmetry), which provides a surplus of stability.
Cs is the smallest fullerene in which pentagons can be arranged
in pairs of APs (smaller fullerenes always have chains of three
or more adjacent pentagons). In addition, as explained above, it
follows the 2(I + 1)2 rule and, therefore, has spherical aromatic-
ity. The latter effect also explains the large stability of C3,. The
larger stability of C3, with respect to other sizes has been also
predicted by Kietzmann et al. [108].

The case of Csq deserves a more extended analysis. As men-
tioned above and discussed in [94], the most stable Csq isomer
has D3 symmetry and does not follow the PAPR. Therefore,
the theoretical value given in Fig. 2 (and Table 1) corresponds
to the Cs0(D3) — Cso*(D3)+e~ ionization process. However,
if we consider the ionization energy of the other isomer, i.e.,
Cs0(Dsn) — Csp™(Dsn) +€e~, one obtains a value of 6.75eV
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Table 1

Symmetry (before geometry optimization), structure (namely ring structures different from hexagons and isolated pentagons), number of adjacent pentagons (NAP),
first and second adiabatic ionization potentials (IP) in eV for the most stable fullerenes at the B3LYP/6-31G(d) level of theory

C, Symmetry Structure NAP First IP (eV) Second IP (e V)
Cro Dsn - 0 7.02 10.00
Ces Cy (Cy)H? 2-2AP (2-2AP)H%* 2" () 6.87 10.04
Ces C, (Cay)H2* 1-C3AP (2-2AP)H2* 2" ()" 6.86 9.98
Ces D> 2-2AP 2" 6.78 9.94
Cez Cs IHp + 1-C4AP 3+Hp" 6.36 9.90
Ceo I - 0 7.14 10.37
Csg Cs 3-2AP 3 6.41 9.91
Cse D> 4-2AP 4 6.65 10.01
Css Coy 2-C3AP 4 6.61 10.13
Cso C, (T)?* 2-C3AP + 1-2AP (6-2AP)** 5 (6)*" 6.54 10.10
Cso D3 (Dsp) ™2+ 6-2AP (5-2AP)*2+ 6" (5)"2+ 7.26 10.86
Cag Cy (CD* 1-C4AP +2-C3AP (1-AP +3-C3AP)** 7 (T 6.85 10.49
Cus C 2-C4AP +2-2AP 8" 7.04 10.74
Cus D> 2-C4AP +2-2AP 8" 7.15 10.90
Cs D3 3-C4AP 9 7.13 10.88
Cao D, 2-C6AP 10" 7.01 10.82
Csg C 1-C11AP 11 6.79 10.78
Css Dyg 2-C4AH 12" 6.40 10.47
Cas C 1-C3AH + 1-C4AH 14 6.70 10.80
Cx Ds 3-2AH 15 7.62 10.70
Cso Coy 2-2AH 17 7.16 11.59
Cog Ty 3-H 18 6.57 11.73
Cas Dan 2-1H 21 6.80 12.08
Cos Dgd 1-IH 24 7.15 11.53
Cao I 0-IH 30 6.59 11.46

Structures of neutral and singly charged species are generally the same; when they differ, those of the singly or doubly charged species are given within parenthesis
with a superscript indicating the charge. Notations: 2AP, two adjacent pentagons; C3AP, a chain of three adjacent pentagons; 1Hp, a heptagon; C4AP, a chain of four
adjacent pentagons; C6AP, a chain of six adjacent pentagons; C11AP, a chain of eleven adjacent pentagons. For fullerenes smaller than Cag, the notation refers to the
number of hexagons (because they are fewer and most pentagons touch through multiple connections): AH, adjacent hexagon; IH, isolated hexagon. The asterisks
(*) indicate that there are more isomers with the same number of adjacent pentagons (although their energy is higher).

(empty circle in Fig. 2), which is far away from the experimental
value of Zimmerman et al. [103] and would not lead to a maxi-
mum in the IP curve. This comparison with experiment indicates
that the D3 isomer is indeed the one observed experimentally.

10 -

9+ -

lonization potential (eV)

YR [T YR (YR (SN U ST [T NI ST T ST

20 24 28 32 36 40 4 48 52

Cluster size n

56 60 64 68

Fig.2. Comparison between calculated and experimental first and second ioniza-
tion potentials as functions of cluster size. Full circles, this work. Experimental
values: diamonds, Zimmerman et al. [103]; squares, McElvany et al. [104], tri-
angle up, Baba et al. [105]; triangle down, Muig et al. [106]; cross, Steger et al.
[107]. Empty circle: result obtained for a Csq fullerene of Ds, symmetry (see
text).

The second ionization potential roughly decreases with
fullerene size. This is similar to what has been observed for
small carbon clusters [56]. As expected, the corresponding curve
presents maxima at n=60, 50 and 32. However, an additional
peak appears at n = 26. This peak can also be understood in terms
of electronic structure. Indeed, Cy* has 25 electrons. Using
again the spherical electron gas model, the fourth shell (I=4) is
half filled, which, according to Hund’s rule, provides an extra
stability.

3.3. Dissociation energies

C; and C,* dissociation energies of neutral, singly and dou-
bly charged fullerenes have been evaluated using the electronic
energies of the most stable isomers. The results are given in
Table 2. For the calculation of C; dissociation energies, we have
used the absolute energy of C, obtained at the same level of
theory and corrected as explained in [70].

C, dissociation energies are very similar for neutral and pos-
itively charged species except in the size intervals n = 58-64 and
30-38. Thus, similar qualitative trends are observed concerning
their variation with cluster size.

Fig. 3 shows the C; dissociation energy of neutral fullerenes
as a function of cluster size. Our results agree reasonably well
with those of Zhang et al. [109,69]. The maximum dissociation
energies correspond again to magic number fullerenes: Cs2, Cso,
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Table 2
Dissociation energies (in eV) at the B3LYP/6-31G(d) level of theory

n Cal(Cp2+C) Gt l(Cpa™ +C2) CP*(Cpa® +Co)(Cpn® +Co)
Cro 10.36 10.1 9.44 11.96
Coes 8.36 8.29 8.60 10.82
Ces 7.88 7.97 8.26 10.18
Cos 8.99 8.57 8.53 10.49
Ce2 5.53 6.31 6.77 8.27
Coo 11.37 10.64 10.18 12.13
Csg 8.11 8.35 8.45 10.30
Cse 8.47 8.43 8.54 10.27
Css 8.44 8.37 7.96 10.10
Csy 7.79 8.10 8.56 10.24
Cso 9.63 9.63 9.92 11.31
Cag 8.60 8.79 8.84 10.18
Cae 7.79 7.90 8.11 9.24
Cas 8.61 8.59 8.64 9.72
Ca 8.50 8.38 8.42 9.46
Cao 8.41 8.19 8.15 9.23
Cag 8.41 8.02 7.71 9.10
Cse 8.44 8.73 9.07 10.12
Cay 7.41 8.33 9.23 9.38
Cx 9.60 9.14 9.02 9.29
Cao 8.94 8.36 8.50 8.62
Cag 8.78 9.02 9.36 9.14
Coe 8.01 8.35 7.81 8.13

Ceo and C7g. The lowest dissociation energy corresponds to Cg».
In this case, the product of dissociation is the icosahedral Cgg
fullerene. Therefore, it is not surprising that the energy required
is smaller than for the other fullerenes.

Fig. 4 shows the dissociation energy for C; and C;* emission
from singly charged C,,* as a function of fullerene size. Absolute
experimental values for C, emission [66,67,65] are also shown
for comparison. Since the data of Barran et al. [63] were obtained
in arbitrary units, they have been represented after renormaliza-
tion to the value calculated for Cs4*. Our results show the same
trends as the experimental values, in particular the pronounced
peaks observed in the vicinity of Csg*, Cgo* and C7p*, and the
pronounced minimum for Cgp*. For fullerenes with sizes n < 38,
the C, dissociation energies oscillate with size. Also the maxi-
mum for C3;* is not as pronounced as for the other magic sizes,
which must be the consequence of the lack of spherical aro-

7T T T T 71T T 71T T T T T T T T T T T

11

Dissociation energy (eV)

28 32 36 40 44 48 52 56 60 64 68
Cluster size n

Fig. 3. C, dissociation energy as a function of cluster size for neutral fullerenes.

maticity since C3™ has only 31 electrons instead of 32. The
oscillations for n < 38 are less pronounced in the C,* dissoci-
ation energy, except for the deep minimum observed for Cs4™.
The origin of this minimum is the high stability of the resulting
product C3; (after emission of C,*) compared to the less stable
dissociation products of the neighbors. A similar effect, although
much less pronounced, is observed for Csy*. As in the neutral
case, the lowest dissociation energies correspond again to Cep* If
one takes the most stable classical isomer of Cgp* instead of that
containing the heptagonal ring, one obtains dissociation ener-
gies for Ce4™ and Cep* that are, respectively, ~1 eV larger and
smaller than those shown in Fig. 4. This would deteriorate the

Dissociation energy (eV)

28 32 36 40 44 48 52 56 60 64 68
Cluster size n

Fig.4. C; (circles, full line) and C,* (squares, dashed line) dissociation energies
as functions of fullerene size. Circles: this work. Experimental values for C;
dissociation energies: squares, Barran et al. (Ref. [63]) scaled to Cs4*; triangles
up, Laskin et al. (Ref. [65]); triangles left, Tomita et al. (Ref. [66]); triangles
right, Concina et al. (Ref. [67]).
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Dissociation energy (eV)

28 32 36 40 44 48 52 56 60 64 68
Cluster size n

Fig.5. C; (circles, full line) and C,* (squares, dashed line) dissociation energies
as functions of cluster size for doubly charged fullerenes. The experimental
results for C; dissociation energies (diamonds) have been taken from Ref. [38].

agreement with experiment, which proves that the Cg, " fullerene
obtained in the experiments is indeed a non-classical structure
as that considered in the present work.

Fig. 5 shows C; and C,* dissociation energies for the doubly
charged fullerenes. The C»2* dissociation energy is always much
larger than the C; or C;* ones (~25-30¢eV) and, for this reason,
they are not shown in the figure. The comparison with the only
available experimental data [38] is not good for n < 60. Again
maxima are observed for n=50, 60 and 70. However, in this
case, the fluctuations with size are less pronounced than in singly
charged and neutral fullerenes. We can also see that the C,™ dis-
sociation energy is close to the C, one for the smaller fullerenes
(n < 34). The sudden decrease of the C,* dissociation energy for
n < 34 can be explained by the fact that it is more convenient to
split the charge between two small fragments than locating it in
a single small fragment. This implies that, for small fullerenes,
one can expect asymmetric fission (C,2* — C,_,"+C2") to
compete with C, evaporation (C,>* — C,_»>* +C,) even for
relatively cold C,>* ions. It is worth noticing the presence of a
small maximum in the C; dissociation energy at n =34 and not
at n =32 as for the neutral and singly charged fullerenes. This is
because C34%* has the right number of electrons (namely, 32) to
exhibit spherical aromaticity.

Such an effect is not observed in the case of Co* emission
because it is hidden by the sudden decrease in the corresponding
dissociation energy. In the case of Csy2*, which also exhibits
spherical aromaticity, no singular behavior is observed either.

4. Conclusions

We have evaluated the electronic energies of neutral, singly
and doubly charged fullerenes from Cyp to C79 using B3LYP
density functional theory at the 6-31G(d) level. The geome-
tries of the most stable species have been fully optimized at
the same level of theory. From these results, we have evaluated
first and second ionization potentials of neutral fullerenes as well
as dissociation energies of neutral, singly and doubly charged
fullerenes. Comparison with the available experimental data is
fairly good except for doubly charged species. We have found

that neutral fullerenes with a magic number of atoms, namely
Cs32, Cs0, Cgp and Cyg, have the largest stability against ion-
ization and C, evaporation. For the former two, the stability is
partly due to spherical aromaticity, while, for the other two, it is
mainly due to the absence of adjacent pentagons in the fullerene
cage. We have found a similar large stability for the correspond-
ing singly and doubly charged magic fullerenes, except for C3p*
and C3°* due to the loss of spherical aromaticity. Although
spherical aromaticity is also lost in Cso* and C502+, these ionic
species are still very stable because all pentagons in the fullerene
cages are distributed in pairs of adjacent pentagons isolated from
each other. We have also found that C3,2" is rather stable because
it presents spherical aromaticity. The results show that neutral
and positively charged Cg; is significantly more unstable than
its neighbors. This is because emission of a carbon dimer leads
to the very stable Cgp fullerene in its almost perfect spherical
shape. Similarly, C34% is rather unstable against C,* emission
because the latter process leads to a very stable C3; fragment
with spherical aromaticity. Finally, we have found that asymmet-
ric fission of small doubly charged fullerenes (i.e., Co* emission)
efficiently competes with C, evaporation.

The optimized geometries and electronic energies of all
the fullerenes considered in this work are available through
the web at http://www.uam.es/departamentos/ciencias/quimica/
spline/fullerenes/.
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