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a b s t r a c t

Fullerenes (and clusters composed of them) yield a variety of promising structural, electronic, magnetic
and chemical properties, governed by their specific electronic and geometric configuration. These sys-
tems have attracted many theoretical and experimental endeavors in order to describe, explain and
predict their features. The conclusive description of some specific properties has remained a challenge
though, such as a sound physicochemical description of the stability of multiply charged fullerene
clusters, which we explore here. We show how simple models based on classical electrostatics allow one
to understand the (fragmentation) dynamics of multiply ionized fullerene aggregates without the use of
elaborate and time-consuming computational quantum chemical approaches. These models successfully
explain why the fullerene pentamer is the smallest dicationic cluster experimentally observed, despite its
thermodynamic instability. These predictions are of importance in various fields such as cluster physics,
astrochemistry, electrochemistry and solid-state chemistry.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fullerene aggregates are abundant in nature in various forms
[1]. The interaction of fullerenes with e.g. graphene is of great
importance for its potential applications in nanotechnology [2].
Especially charged systems yield promising properties for appli-
cations in molecular electronics and biomedicine [3]. Fullerene
anions and especially endohedral metallofullerenes have received
substantial consideration [4]. These species are important in
various scientific fields like biomedicine [5], organic photovoltaic
[6] or alkali metal doped fullerides [7,8]. In outer space [9], fullerene
cations are formed via photoionization in ultraviolet-light envi-
ronments such as interstellar and circumstellar nebulae [10]. They
act as seeds for the growth of carbonaceous species [11,12] and
might have implications for the origin of life [13]. Very recently a
study on the relative stability of multiply charged fullerene isomers
nicely summarized properties and applications of charged fuller-
enes [14]. Not only multiply charged monomers have received
attention, but also multiply charged clusters of fullerenes. These
species are of interest because they bridge the gap between isolated
Mauracher).
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fullerenes and fullerene crystals (fullerites) and can be used as
model systems for extended structures such as carbon nanotubes
[15,16]. Dicationic fullerene clusters have been produced via charge
transfer reactions from highly charged Xe cations [17]. Due to the
long-range interaction between neutral fullerene clusters and the
highly charged Xe cations the ionization process is very gentle and
the smallest dication observed was the fullerene pentamer. Dia-
nionic fullerene clusters have been observed in the ultra-cold
environment of superfluid helium droplets [18]. There, helium
droplets were dopedwith clusters of fullerenes and then negatively
charged via charge transfer from helium anions [19]. Although
these systems are different from the cationic systems from a
chemical point of view, also here the smallest observable dianion
was the pentamer.

In this article we present how basic considerations of electro-
statics and dispersion allow one to understand and predict the
stability of multiply charged van-der-Waals (vdW) oligomers at low
temperatures, which we exemplify for the case of doubly charged
fullerene clusters. We use two simple approaches that reduce the
complex many-body systems to their essentials. In our crudest
ansatz, the geometrical structures of the fullerenes are entirely
omitted leaving behind chargeable and polarizable point particles
located on the corners of regular polyhedra (polygons in the
simplest cases), to which we hence refer as the Point Charges on
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Polyhedra (PCP) model. In a second step, replacement of the ful-
lerenes by ideally conducting metal spheres reintroduces the
spatial extent of the cluster constituents. This second model is
referred to as the Charged Sphere (CS) model. In both models
solving the complex many-body problem of the underlying
quantum-chemical system, i.e. the electronic Schr€odinger equation,
is replaced by simple classical force field evaluations. This is done
by using a two-body potential for the vdW interactions derived
from Density Functional Theory (DFT) in combination with funda-
mental electrostatic expressions. The metallic properties of a
fullerene are in general well understood [20], although there have
been disputes in the past [21,22], to which our study also contrib-
utes to some extent. As electrostatic and dispersive forces and
associated energies are reasonably described by analytical func-
tions, there is no need for expensive electronic structure calcula-
tions in our models. Instead, just the knowledge of the cluster
geometry and simple energy evaluations are required to predict the
stability of the multiply charged clusters. For the DFT calculations,
to which we compare the PCP and CS models, we applied a
decomposition ansatz of the total energy which allowed us to
obtain very accurate results concerning both the electrostatic and
the dispersive interaction. This is a prerequisite to handle the
delicate energy balance. Details are supplied in the following sec-
tion on the used models and methods.
2. Modeling and methods

2.1. PCP and CS model

In the PCP model, the total interaction energy between the
fullerenes, which are modeled as polarizable point particles
(located on the corners of regular polyhedra or polygons for equi-
librium geometries; the term equilibrium geometries refers to the
DFT optimized neutral geometries for the remainder of this work),
is written as a sum of contributions to the total energy due to vdW
interactions, Coulomb repulsion, polarization, and dipole-dipole
interactions:

Etot ¼ EvdW þ ECoulomb þ Epolarization þ Edipole�dipole (1)

The vdW interaction energy is a sum of pairwise interaction
energies over all pairs of point particles in the respective system.
The vdW interaction energy of a pair of point particles is deter-
mined via interpolation of the potential energy surface (PES) of the
neutral C60 dimer obtained from the DFT calculations (see below
and the Supplementary information provided online).

In this model, the point charges are always located at the po-
sitions of the two furthermost point particles in the respective
system. The energy due to Coulomb repulsion between these two
point charges is simply given by Coulomb's law:

ECoulomb ¼ 1
4pε0

e2

r
; (2)

where ε0 denotes the vacuum permittivity, e denotes the elemen-
tary charge and r denotes the distance between the two point
charges.

The energy due to polarization of the point particles in the
system is given as the sum of polarization energies of all polarized
point particles in the field of the two point charges, i.e. Epolarization ¼P
i
Epolarization;i with i¼1,…,n and n denoting the number of polar-

izable point particles in the system. The energy of the i-th polar-
izable point particle in the electric field is given by
Epolarization,i ¼ �aiE

2, where E denotes the absolute value of the
electric field at the position of the polarizable point particle,
ai ¼ 67.34 Å3 for neutral point particles and ai ¼ 76.7 Å3 for point
charges. These values have been derived via DFT for the polariz-
abilities of the neutral and singly charged fullerenes, respectively.
Values from the literature vary considerably between different
(both experimental and theoretical) studies in the range of
(76.5 ± 8)Å3 to (88.9 ± 6)Å3 for neutral fullerenes [23,24] and in the
range of 83.7 Å3 to 88.1 Å3 for cationic fullerenes [25,26]. The
agreement between our calculated polarizabilities and those from
the literature can be regarded as reasonable, considering the rather
weak dependence of the resulting energetics on these parameters,
see section 3.2. The electric field due to the two point charges
reads:

E ¼ e
4pε0

 
1
r31

r1 þ
1
r32

r2

!
; (3)

where r1 and r2 denote the vectors pointing from the location of
charge 1 and charge 2, respectively, to the location of the polariz-
able point particle. For polarization of point particles at the position
of the charges, only the electric field of the other charge has been
taken into account.

Finally, the interaction between the various dipoles, induced by
the charges 1 and 2, is given by a sum of pair-wise interactions of
the form:

Edipole�dipole ¼
1

4pε0r312
½m1$m2 � 3ðm1$e12Þðm2$e12Þ�; (4)

where e12 denotes the unit vector pointing from the one induced
dipole with dipole moment m1 ¼ �a1E1 to the other induced dipole
with dipole moment m2 ¼ �a2E2 and r12 denotes the distance be-
tween the two dipoles. This term stems from the interaction be-
tween the (permanent) dipoles induced via polarization of the
point particle in the field of the external charges 1 and 2. This
interaction must not be mistaken with the induced-dipole-
induced-dipole term already included in the vdW term obtained
from the PES of the fullerene dimer evaluated at the DFT level using
Grimme's latest empirical dispersion corrections (see below)
modeling London dispersion interaction between the constituents
of the cluster (without permanent multipole moments). However,
we note that inclusion of this term yields only a very small
contribution to the resulting PESs and does not affect their overall
shape.

The energy expression for the interaction energy between two
polarizable (charged) spheres with permittivities ε1¼ ε2¼ ε used in
the CS model is given by:

Eint ¼
1

4pε0

 
qAqB
R

� ε� 1
εþ 2

q2Aa
3
B

2R2
�
R2 � a2B

�� ε� 1
εþ 2

q2Ba
3
A

2R2
�
R2 � a2A

�
!
;

(5)

where R denotes the center-center distance of the spheres,
aA ¼ aB ¼ a ¼ 8.6a0 (chosen as such in accordance with an earlier
study [20]) with a0 denoting the Bohr radius, and qA and qB denote
the charges on the spheres A and B. Please note that in Eq. (5), qA
and qB are not necessarily integers (in units of elementary charge),
and e.g. in the case of asymmetric dissociation of the (C60)N2þ cluster
forming C60þ and (C60)N�1

þ , qA ¼ e is assigned to the fullerene
monomer and qB ¼ e/(N�1) is assigned to the each of the N�1
remaining fullerenes constituting the fragment (C60)N�1

þ , see sec-
tion 3.3. For ideally conducting metallic spheres ε / ∞. In order to
explore the effect of assuming dielectric instead of ideally metallic
spheres we also applied the model using ε ¼ 5, which is considered
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to be the dielectric constant of bulk fullerite [27]. The total energy
in the CS model is obtained by adding the vdW interaction energy
as obtained in the PCP model, i.e. the first term in Eq. (1), to the
interaction energy described by Eq. (5).
2.2. Decomposition ansatz for DFT calculations

Concerning the DFT calculations, we made use of a decompo-
sition ansatz by noting that the total energy of the doubly charged
system (referring to the geometry of the corresponding neutral AB
though), denoted as AB2þ, can be written as:

Etot
�
AB2þ

�
¼ Etot

�
AB2þ

�
þ EtotðABÞ � EtotðABÞ

¼ EtotðABÞ þ
h
Etot
�
AB2þ

�
� EtotðABÞ

i
¼ EtotðABÞ þ 2VIEðABÞ; (6)

where 2VIE(AB) denotes the double vertical ionization energy of the
system AB. So far, everything is exact. However, now we approxi-
mate the total energy of the neutral system by using the density
functional that we find best suited for this task andwe approximate
the second vertical ionization energy by using the density func-
tional that we find best suited for that task. Using different density
functionals to derive the energy balance defines our decomposition
ansatz.

Furthermore, we investigate vertical ionization processes of
fullerene clusters in order to evaluate the (thermodynamic) sta-
bility of fullerene dications. Therefore, the total (electronic) en-
ergies of the cations as well as of the dications are calculated at the
equilibrium geometries of the respective neutral systems. The
thermodynamic stability of a dicationic system with respect to
Coulomb explosion into two singly charged (fullerene cluster)
fragments can be determined from

DE ¼ E
�
ðC60ÞþX

�
þ E
�
ðC60ÞþY

�
� E
�
ðC60Þ2þN

�
; for X þ Y ¼ N:

(7)

In the case of DE < 0, the dicationic system is thermodynami-
cally unstable or metastable, in the case of DE > 0 the dicationic
system is thermodynamically stable.

Since we consider vertical ionization processes, Eq. (7) can be
written as

DE ¼ E
�ðC60ÞX�þ E

�ðC60ÞY�� E
�ðC60ÞN�þ VIE

�ðC60ÞX�
þ VIE

�ðC60ÞY�� 2VIE
�ðC60ÞN�

¼ DBE þ DIE; (8)

where 2VIE((C60)N) is the double vertical ionization energy, i.e.

2VIE
�ðC60ÞN� ¼ E

�
ðC60Þ2þN

�
� E
�ðC60ÞN�; (9)

DBE ¼ E
�ðC60ÞX�þ E

�ðC60ÞY�� E
�ðC60ÞN� (10)

DIE ¼ VIE
�ðC60ÞX�þ VIE

�ðC60ÞY�� 2VIE
�ðC60ÞN� (11)

Using now our decomposition ansatz, as introduced when discus-
sing Eq. (6), allows us, again, to choose different density functionals
for computing individually the terms DBE and DIE in Eq. (8). These
density functionals should most accurately reproduce adequate
experimental values, in this study the neutral binding energy of the
fullerene dimer and the single as well as the second ionization
energies of the fullerene monomer. Hence, we optimized the
neutral fullerene dimer with various density functionals adding the
D3 version of Grimme's dispersion with Becke-Johnson damping
[28] where applicable and corrected for the basis set superposition
error using the method of Boys and Bernardi [29]. The results are
summarized in the Supplementary information provided online in
Table S1. The density functionals PBE0 [30] and CAM-B3LYP [31] in
conjunction with Pople's 6-31G(d) basis set [32] lead to a binding
energy of 0.280 eV and 0.283 eV, which are closest to the experi-
mental value of (0.275 ± 0.08) eV reported by Branz et al. [33]. We
choose the PBE0 functional for the optimization of the fullerene
monomer to the fullerene heptamer, because the performance of
PBE0 is better than that of CAM-B3LYP with respect to the
convergence behavior in the involved iterative self-consistent en-
ergy computations. The Cartesian coordinates of the optimized
fullerene clusters can be found also in the Supplementary
information accompanying this article and provided online. All
calculations were performed with the Gaussian 09 suite of pro-
grams [34].

3. Results and discussion

3.1. Charge distributions upon vertical ionization

The key point here is to note the unequal charge distribution for
the considered cluster sizes upon vertical ionization. Especially for
clusters larger than the tetramer the two fullerenes that are farthest
apart yield a substantial excess charge compared to the others, see
Fig. 1. In Fig. 1, we depict the optimized geometries of cluster sizes
from the neutral dimer up to the neutral heptamer as obtained by
our DFT calculations. The structures in Fig. 1 also indicate the
Mulliken charge distribution for the vertically doubly ionized sys-
tems. In particular, the results obtained for the larger oligomers
suggest the following approach for the construction of our heuristic
PCP model: Each respective fullerene's center-of-mass forms a
corner on a regular polyhedron in agreement with an earlier
investigation [35]. To each of these positions a polarizable point
mass with the mass of a fullerene is assigned and two elementary
charges are allocated to the two farthest separated corners of the
underlying regular polyhedron. In the CS model, the point masses
are replaced by (charged) dielectric spheres. Here we assume that
upon Coulomb explosion each fragment carries one elementary
charge which is equally distributed over the respective fullerenes.
In Ref. [17] it was shown that in such systems charge communi-
cation is high which is consistent with the present DFT results
discussed below.

3.2. Total energy balance

Application of the energy expressions according to the PCP and
CS model (see method section) allows the straightforward deter-
mination of total reaction energies for all fragmentation reactions
of the following kind:

ðC60Þ2þN /ðC60ÞþX þ ðC60ÞþY ; 2 � N � 7; X þ Y ¼ N (12)

In Fig. 2, we compare the results from our two heuristic models
with the DFT results. Altogether the two models yield a good
qualitative agreement with each other and with DFT. By inspection
of Fig. 2, it can be directly seen that oligomers smaller than the
pentamer are thermodynamically unstable upon double vertical
ionization. In general, it is well-established that Coulomb explo-
sions are dominated by asymmetric fragmentation processes [36].
Moreover, in Ref. [35] the stability and decay channels of multiply
charged fullerene clusters were investigated in particular by means
of a contact sphere model. It was found that emission of a singly



Fig. 1. Illustrations of the structures used in DFT and the PCP and CS models. Left panels: Geometries of the neutral fullerene clusters fully optimized at the PBE0/6-31G(d) level of
theory including Grimme's latest empirical dispersion correction and correction for the basis set superposition error for the dimer up to the heptamer, aef. Mulliken charges for the
doubly vertically ionized clusters are indicated by color-coding (blue: positive, yellow: negative). Middle panels: Schematics for the structures used in the PCP model, in which the
fullerenes are replaced by polarizable point particles. The locations of the point charges are indicated by red plus signs. The equilibrium distance of the neutral dimer is given also in
a. Right panels: Schematics of the clusters of polarizable spheres with radius 8.6a0 replacing the fullerenes according to the CS model. (A color version of this figure can be viewed
online.)
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charged fullerene monomer is the energetically preferred frag-
mentation pathway. Indeed, we find that dissociation pathways
that are associated with the emission of monomer cations are
Fig. 2. Reaction energies, DE, for all considered fragmentation reactions,
ðC60Þ2þN /ðC60ÞþX þ ðC60ÞþY ; 2 � N � 7; X þ Y ¼ N, computed via DFT (black, crossed
hexagons), the PCP (red triangles) and the CS(ε ¼ ∞) (violet circles) models. Ther-
modynamic stability/metastability is indicated also via red/blue tick labels. This is
reflected also by upper/lower half-planes shaded in red/blue, for convenience. Please
note that the reaction energies do not take into account geometrical relaxation of the
products; thus they actually yield lower limits for the reaction energies. (A color
version of this figure can be viewed online.)
generally more exothermic than others. In contrast, oligomers
larger than the pentamer are thermodynamically stable upon
double ionization for all considered dissociation channels. How-
ever, the situation is not clear merely from an energetic point of
view in case of the pentamer itself. In this case all results yield
slightly negative reaction energies, i.e. they predict that the pen-
tamers are unstable and should dissociate. It has to be noted that
the geometries of the fragments for the reaction energies illus-
trated in Fig. 2 were obtained by sharp cuts of the optimized neutral
fullerene oligomers, i.e. the fragments have been rigid. Thus, the
stabilization of products on the right hand side of Eq. (12) is
underestimated due to neglected geometrical relaxation, while the
left hand side refers to vertical double ionization processes as they
are experimentally explored [37]. Hence, our reaction energies
represent a lower limit, i.e. reaction energies including geometrical
relaxation shall provide higher binding energies. Nevertheless, a
negative reaction energy is a necessary requirement for the frag-
mentation to occur, but is on its own not a sufficient measure. It is
essential to investigate the kinetic stabilities of the clusters by
inspecting the fragmentation pathways to disclose barriers that
might prevent Coulomb explosions.

3.3. Fragmentation pathways

In order to further investigate the different dissociation path-
ways, we explore parts of the PESs stemming from the different
methods and models. Since the most asymmetric fragmentation
reactions, i.e. ðC60Þ2þN /ðC60ÞþN�1 þ Cþ

60, have the lowest dissociation
energies for the dicationic systems, we restrict our investigations to
these specific cases. In principle, there exists an infinite number of
possible pathways on the PES resulting in (such an asymmetric)
fragmentation. In the following, we refer to those pathways that are
expected to exhibit the lowest barriers. In particular, in our
sequential bond breaking approach, we consider the rotations and



Fig. 3. a: Polar plot of the potential energy surface for the fullerene C as a function of the distance between the centers-of mass of the fullerenes C and B and the angle between the
centers-of-mass of the fullerenes A, B and C, while the fullerenes A and B are kept fixed in space. The energy values are derived from the CS(ε ¼ ∞) model. b: Total charges of the
fullerenes A, B and C along the minimum energy pathway. c: Total charges of fullerenes A, B and C for the simple translation pathway described in the text and illustrated in Fig. 4a ii.
(A color version of this figure can be viewed online.)
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translations of one fullerene with respect to the fixed geometry of
the remaining ones so that all but one of all vdW-“bonds” (for
convenience we omit the quotation marks in the following) remain
unchanged for any given action. For example in the case of the
trimer we denote the three fullerenes as A, B, and C, see also Fig. 3a.

In the equilibrium geometry there exist three vdW-bonds AeB,
BeC, CeA. Upon the first step of sequential bond breaking, the
fullerenes A and B are kept fixed, while the fullerene C is rotated in
the plane of the triangle around fullerene B with a fixed BeC bond
length until a linear geometry is reached. Thereby the vdW-bond
CeA is broken (i.e. significantly elongated) while the other two
remain intact (i.e. at the equilibrium distances). In the second step,
the fullerene C is translated along the axis formed by the linear
AeBeC complex, resulting in breakage of the vdW-bond BeC. Up to
the pentamer it is possible to follow this approach. However, due to
the quadratic double pyramid shaped geometry of the hexamer, it is
not possible to remove an individual fullerene without breaking at
least two vdW-bonds at a time. Our approach is thus adapted such
that the fewest possible vdW-bonds are broken simultaneously in
one step. The rationale of the sequential bond breaking approach
relies on the fact that the vdW interactions are of shortest range
(following an r�6 dependence) among the forces present in the
system. For illustration, we show in Fig. 3a a polar plot of the PES
obtained with the CS model for the dissociation of the doubly
charged trimer into a singly chargedmonomer and a singly charged
dimer. Indeed, it can be seen that our above described fragmenta-
tion path is actually the lowest energy pathway. In Fig. 4a, we show
schematics illustrating analogue pathways obtained via sequential
bond breaking for all considered fullerene clusters, i.e. the dimer up
to the pentamer (the hexamer is the first thermodynamically stable



Fig. 4. a: Illustrations of all fragmentation pathways of the doubly charged fullerene dimer (i) to the pentamer (vii, viii) considered in this work. For a better differentiation between
the different sequences in the respective fragmentation pathway, colored backgrounds are employed like follows: translational movements, first rotations, and second rotations are
highlighted with a light yellow, light green, and light purple background, respectively. b: Potential energy scans of all fragmentation pathways considered here. Shown are energies
derived via DFT (black, crossed hexagons, the black line is a guide to the eye), the PCP model (red line), and the CS model with ε ¼ 5 (violet dashed line) and with ε ¼ ∞ (violet solid
line). (A color version of this figure can be viewed online.)
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dication and therefore does not need to be investigated regarding
kinetic stabilization). In these illustrations the individual sequences
referring to sequential bond breaking are color-coded. In addition,
we also explored alternative pathways (for which several vdW-
bonds are broken simultaneously, such as a simple translation of
a fullerene).

In Fig. 4a, the grey spheres correspond to the centers-of-mass of
the individual fullerenes and the black circles indicate positions for
which the energy of the system was evaluated with DFT along the
illustrated fragmentation pathway.

In Fig. 4b, PESs are shown for all considered fragmentation
pathways derived from DFT calculations and the PCP and CS
models. The positions of the charges in the equilibrium structure
are indicated in Fig. 4a as red plus signs (in parenthesis). One of
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these point charges is then moved along the indicated path. The
distance D between the two charges used as variable for the PES is
also indicated in Fig. 4a. In the CS model the grey spheres in Fig. 4a
correspond to the centers-of-mass of the metallic spheres by
which the fullerenes are replaced in this model. To yield ideally
conducting spheres, the permittivity ε was chosen to be infinite
and the radius of the spheres corresponds to 8.6a0. It has previ-
ously been shown, that this choice of parameters can be used to
successfully describe C60 [20]. However, there has been some
controversy concerning the permittivity of individual fullerenes
due to the fact that bulk fullerite yields a permittivity of up to 5
[27]. For this reason, we plot in Fig. 4b also the PESs that would be
obtained by applying the CS model to fullerenes with ε ¼ 5. Based
on our DFT calculations, we note that the Mulliken charge distri-
bution for small deviations from the equilibrium structures results
in a reallocation of the charges with approximately one elemen-
tary charge on each of the expected fragments, i.e. C60þ and
(C60)N�1

þ for the considered asymmetric fragmentation channels. In
case of the trimer, the summed Mulliken charges of each indi-
vidual fullerene as well as the respective fragments, i.e. a singly
charged dimer and a singly charged monomer, are shown in
Fig. 3b, along the considered fragmentation path. We note also
that the charge on the larger fragment is approximately equally
distributed on the fullerene constituents. This is consistent with
the observed high charge communication within such systems
[17,38]. Therefore, we assign for asymmetric dissociation of the
(C60)N2þ cluster one elementary charge to the displaced fullerene
monomer and e/(N�1) to the each of the N-1 remaining fullerenes
in the CS model.

Concerning the fragmentation pathways shown in Fig. 4b, we
first note that they all exhibit barriers that scale with both (a) the
cluster size and (b) the number of vdW-bonds that are simulta-
neously broken in the respective dissociation process. Concerning
(a), focusing for convenience now only on simple translation
fragmentation processes, we find barrier heights of 0.25 eV,
0.27 eV, 0.61 eV, and 0.68 eV for dimer, trimer, tetramer, and
pentamer, respectively, obtained from the DFT calculations. The
given barrier heights refer to the differences between the
respective barrier maxima and the local minima right in front of
them. In order to exemplify point (b) we choose the case of the
dicationic tetramer (Fig. 4a and b, iv-vi). The simple translation of
a fullerene orthogonal to the base plane (Fig. 4a iv) results in one
barrier of height 0.61 eV (Fig. 4b iv). Fig. 4b v corresponds to a
two-step dissociation pathway. First a fullerene is rotated like
illustrated in Fig. 4a v, which corresponds to the breakage of two
vdW-bonds simultaneously yielding a barrier of 0.40 eV. Upon
reaching a planar arrangement, the previously rotated fullerene is
translated as shown in Fig. 4a v yielding a barrier of 0.19 eV. The
overall barrier, i.e. the difference in energy of the highest barrier
and the minimum corresponding to the (vertically) doubly ionized
cluster in the equilibrium geometry of the neutral system (the
leftmost minimum visible in the PESs depicted in Fig. 4b), corre-
sponds to 0.40 eV. Finally, Fig. 4b vi corresponds to a three-step
mechanism. In this case the fullerene is first rotated twice and
then translated as shown in Fig. 4a vi. Each of these single steps
corresponds to the breaking of a single vdW-bond, which corre-
sponds to barriers of 0.16 eV, 0.21 eV, and 0.17 eV, respectively (see
Fig. 4b vi). The overall barrier in this case is 0.39 eV. It is inter-
esting to note that the overall barriers are decreasing with
decreasing number of vdW-bonds broken simultaneously. This
also justifies the choice of fragmentation pathways based on the
sequential bond-breaking scheme. For symmetry reasons and due
to the smoothness of the PESs, other fragmentation pathways are
energetically between the limiting cases of the simple translation
and the pathway corresponding to sequential bond breaking. The
geometrical interpretation of the reduced barrier heights in the
case of the latter is that before breaking all short ranged vdW-
bonds, energy can be gained by adopting a better geometry with
respect to the charge distribution. The simpler PCP model also
illustrates this. Along the chosen lowest energy pathways, the
repulsive Coulomb contribution to the energy can be significantly
reduced via the involved rotations due to the increased distance
between the two point charges, while at the same time the
maximum contribution from the shorter-ranged attractive forces
is ensured. The overall barriers obtained from DFT for the lowest
energy pathways are 0.25 eV, 0.05 eV, 0.39 eV, and 0.55 eV for the
dimer, trimer, tetramer, and pentamer, respectively. The key point
concerning the experimentally observed stability of the dicationic
pentamer is now to note that the shown PESs do not take into
account geometrical relaxation of the charged systems (vertical
ionization). The lower limit of the relaxation energy can be
approximated as being the energy gained by the two vertical
ionized fullerenes relaxing into their cationic equilibrium geom-
etries. Thus, this energy is estimated to be (0.47 ± 0.08) eV, which
exceeds the overall barriers for dimer, trimer, and tetramer, but is
lower than the overall barrier for the pentamer. Hence, the pen-
tamer dication is kinetically stabilized when formed by vertical
ionization.

3.4. Comparison of methods

The qualitative agreement between the different simple models
and DFT is excellent, see Fig. 4b. Both of the simple models capture
the features described above. Differences can be found in the
relative barrier heights and depths of the local minima. The best
agreement with the DFT results can be found with the CS(ε ¼ ∞)
model. This puts emphasis on the metallic character of the indi-
vidual fullerene molecules in the cluster which was a matter of
controversy in earlier studies [20e22]. The excellent agreement
between the CSmodel and DFT is obtained by assuming that each of
the two charges is evenly distributed over the respective frag-
mentation products. Given the simplicity of the PCP model, i.e. the
reduction of the extended system to point particles, indicates nicely
that these systems are dominated by basic electrostatics and
dispersive interactions. For both models, the only necessary
ingredient derived from DFT is the PES of the neutral dimer and the
equilibrium geometries of larger neutral clusters, which could be
obtained also from calculations employing accurate parametrized
force fields. Both methods are simple to use and come with a
negligible computational cost, yet deliver an excellent description
of the considered systems.

3.5. Conclusion

We have shown that the analysis of the stability of doubly
charged fullerene clusters can be effectively cut down to the
interplay between classical electrostatics and dispersion in-
teractions. The development and application of the heuristic PCP
and CS approaches results in excellent agreement with DFT calcu-
lations. Based on these results, we can explain why the pentamer is
the smallest doubly charged fullerene cluster ever observed [17,39].
This can be regarded as an improvement over models previously
employed, such as the liquid drop model [40,41] or the contact
sphere model [36], which resulted in appearance sizes of 9 and 7,
respectively. Moreover, the existence of kinetic barriers also for
smaller systemsmay in principle stabilize doubly charged fullerene
clusters down to the dimer. However, for cluster sizes below the
pentamer this would require highly efficient means of active
cooling. The comparison of CS models employing different values
for the permittivity of individual fullerenes puts further emphasis
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on their metallic character. Together with recent work on the
relative stability of multiply charged fullerene isomers [14], our
findings open up perspectives for the systematic design and syn-
thesis of advanced materials like man-made fullerides based on a
diverse space of multiply charged fullerene cluster building blocks.
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