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Abstract: Multiconfigurational second order perturbation theory was employed in order to describe the ground and excited states of 

. Different choices of the active spaces are discussed and the possibility to apply multiconfigurational theory to study  is 

investigated. The calculations were performed for all possible spin states (for selected charge) and show the preference of low spin 

state. The energy difference between two  and pairs -  and -  shows that the probability to create a charge 

alternation in fullerides is small. 
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1. Introduction 

Fullerene materials even 30 years after their 

discovery are under extensive theoretical study. In 

addition to interesting physical and chemical 

properties of fullerenes, such as: superconductivity [1, 

2], nonlinear optics [3], ferromagnetism [4, 5]     

and applications in solar cells [6, 7],  is an 

interesting object to study localized electronic states, 

magnetic properties and metal to insulator transitions 

[8, 9]. In ordinary solids, it is difficult to observe 

localized charged states on a long distance, but 

individual fullerenes are spatially isolated, thus a  

pair of  molecules can be used to model a system 

with two localized spins, similar to a diatomic 

molecule, but on significantly larger distance between 

centers. 

The electronic structure of crystalline fullerene is 

determined by weakly connected  molecules. The 

individual  molecules have rather separated in 

energy HOMO (highest occupied molecular orbital) 

with symmetry Hu and LUMO (lowest unoccupied 

molecular orbital) T1u with a band gap between 1.85 
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eV (in conductivity measurements [10]) and 2.3-2.7 

eV (in photoemission measurements [11]). 

Charge transfer fullerene compounds containing 

alkali atoms, fullerides, are studied much less 

comparing to neutral fullerens. It is known from 

experiment that the crystals constructed from  

molecules can be doped by alkali metals and form 

 (n = 1-6, A = Na, K, Cs) crystals. Depending 

on the composition and the crystal structure, these 

crystals can be either metals or insulators [12]. For 

example, a compound with the same composition 

 can be metallic in f.c.c. form and insulator in 

b.c.c. form [13]. 

It is known that metal to insulator transition can be 

caused by pairing (see, for example, Ref. [14]). In the 

case of fullerides such transition can correspond to the 

change in the electronic structure from fullerens with 

equivalent charge to the fullerens with alternating 

charge. 

The negatively charged fillerene molecules are, 

indeed, a good molecular model for describing of the 

electronic structure of fullerides. A simple comparison 

of ionization potential of an alkali metal and electron 

affinity of carbon suggests the complete electron 

transfer from alkali metal to a fullerene molecule.  
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Fig. 1  Energy levels for the , ,  molecules. 
 

That can be also confirmed by the results of 

electronic structure calculations of a system 

containing  and K atom at the distances typical 

for fullerides. The atomic charge on alkali metal is 

0.94-0.97e, which confirms the fully ionic bonding. 

Fig. 1 shows the diagram of energy level for , 

,  species. In  the three-fold degenerate 

LUMO orbitals are filled completely by the six 

electrons provided, for example, by the potassium ions. 

In this paper, we studied the ground and excited 

states of  by multiconfigurational self-consistent 

field method MCSCF. 

2. Computational Aspects 

All calculations presented here are carried by using 

MOLCAS 8.0 [15] software. Since the correct 

description of the spin state is essential for the current 

study, the authors employed multiconfigurational 

methods: CASSCF (complete active space) or 

RASSCF (restrictive active space) followed by the 

second order perturbation theory CASPT2 and 

RASPT2, respectively. CASPT2 method [16] applies 

the second order perturbation theory to CASSCF wave 

function, thus the resulting wave function includes 

correlation effect either in exact or in approximate 

way. Second order perturbation theory CASPT2 can 

provide so-called chemical accuracy with an error less 

than 3 kcal/mol. The basis set used in this work is 

Atomic Natural Orbital, ANO-S with double-zeta, 

VDZ, basis set (ANO-S-VDZ) [17] which has ability 

to describe not only the ground state but also the 

exited states. Increasing of the basis set to 

ANO-S-VDZP (including polarization functions) does 

not change the main trends in the calculations, but 

dramatically increases the computational costs. RI 

(resolution of identity) technique has been used for the 

computation of integrals. 

In order to avoid unphysical symmetry constrains of 

the solution for the wave function, the symmetry has 

not been enforced in our calculations. In the same time, 

the obtained solutions preserved the icosahedral 

symmetry.  

In  the highest occupied molecular orbital, 

HOMO, is a five fold degenerate: Hu, and the LUMO 

and LUMO + 1 orbitals are two three-fold degenerate 

representations: T1u and T2u. A selection of the active 

space, which in general is a rather complicated task 

[18], in case of  turns to a straight forward 

procedure. The orbitals near HOMO-LUMO gap are 

isolated by energy, and their high degeneracy does not 

leave many choices. The authors made a set of test 

calculations, varying the number of orbitals included 

into the active space in CASSCF, but the optimal (in 

terms of the total energy and the time of the 

calculation) result was obtained for 8 active orbitals 

(HOMO and LUMO) and 10 + n electrons for . 

The authors should note here that to study two  

molecules one has to double the active space. A test 

calculation of  molecule with ANO-S-VDZ basis 

set and 22 orbitals treated within RASPT2 approach 

requires a computer with at least 128 Gb RAM and at 

least 1 Tb hard drive.  is a challenging molecule 
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even for modern methods, like DMRG approach [19] 

due to the combination of the large active space and 

the large basis set located at different centers, thus the 

reduction of the computational cost due to resolution 

of identity is moderate. 

For the selection of the active space the authors 

employed RASSCF technique, selecting so-called 

RAS1 space for the orbitals with up to a maximum 

number of holes (usually made by single and double 

excitations), RAS2 space for the complete set of 

excitations, and finally RAS3 space for the orbitals 

which can be occupied by a maximum number of 

electrons (usually by single and double excitations). 

The authors will use symbol /l/m/n/ to indicate the 

number of orbitals in RAS1 (l), RAS2 (m), and RAS3 

(n). In this work RASSCF calculations are carried out 

through Hu, T1u and T2u orbitals. /5/3/3/ is a symbol 

for RASSCF calculation having 5 orbitals in the 

RAS1 space, 3 orbitals in RAS2 and 3 orbital in RAS3 

space. Two holes in RAS1 and two electrons in RAS3 

are allowed. 

3. Results and Discussion 

Because of the large number of π-electrons in , 

it has a capacity to create negatively charged 

fullerenes up to . The energetical stability of these 

anions and the spin states is the subject of this study. 

Since in the bulk fullerenes (and fullerites) the 

individual  molecules are spatially separated, 

 anion is a good model system to describe the 

properties of the crystal. 

Depending on the atomic charge on fullerene, 

different spin states are possible. Table 1 shows 

different charges and multiplicities of structures that 

are studied. Here after the authors call parallel (P) and 

antiparallel (aP) spin state for parallel and antiparallel 

spin configuration, respectively. These extra charges 

can be distributed on electron clouds around each 

carbon atom, on h-h (hexagon-hexagon bond) or h-p 

(hexagon-pentagon bond). Fig. 2 illustrates that extra 

electrons are not delocalized over all bonds. It seems 

each additional electron starts to go just on (h-p) 

bonds. Finally six additional electrons create pentagon 

clouds on each pentagon. Finally in , six extra 

electrons form pentagon clouds on each pentagon. 

 is in the most symmetrical structure where n is 0, 

-6 or -3 with quadruplet multiplicity. In Fig. 2 this 

symmetry can be seen. 

In negatively charged  the extra electrons are 

delocalized and they can be correlated by other 

electrons. Hence the basis set is very important in 

these kinds of ions. For instance Wierzbowska et al. 

calculated the IP (ionization potential) for the -1 

charged , using the 6-31 Gaussian basis set 

[6s3sp1sp]/[1s2sp]  at 0.633  eV [20] which  is 

obviously different from the experimental 2.65 ± 0.05 

eV [21]. They continued their calculations performing 

with  the  minimal  basis  set  of  order  3-21 

([6s3p]/[2s1p]), which also allowed for a (restricted 

open shell Møller-Plesset) ROMP2 calculation, to 

check the effects of the basis set and of additional 

correlations.  The  IPs  was  still  so  far  from 

experimental values. Although, Lezius et al. are not 

sure about experimental values [22], a comparison of 

previous DFT calculations on IP by Rosen and 

Wastberg in 1989 [23], de Coulon et al. in 1992 [24], 
 

Table 1  Different charges and multiplicities of  (0 ≤ n ≤ 6) and differences in energies (eV). 

Charge 0 -1 -2 -3 -4 -5 -6 

Spin state 1 2 1 3 2 4 1 3 2 1 

ΔE1
[a] 0 -2.35 -2.17 -1.79 +1.29 +1.53 +7.66 +7.73 +16.27 +27.66 

ΔE2
[b] 0 -3.22 -2.12 -1.71 +1.46 +1.86 +7.51 +7.87 +17.09 +29.03 

ΔE3 
[c] -0.22 -0.23 -0.27 -0.30 -0.40 -0.55 -0.07 -0.35 -1.04 -1.59 

[a] ΔE1 = E/0/8/0/  – E/0/8/0/ , where E/0/8/0/ is the energy that calculated for /0/8/0/ active space. 

[b] ΔE2 = E/5/3/3/  – E/5/3/3/ , where E/5/3/3/ is the energy that calculated for /5/3/3/ active space. 

[c] ΔE3 = E/0/8/0/  – E/5/3/3/ . 
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(a)                                  (b) 

Fig. 2  Differences of charge densities between (a)  and , (b)  and . 
 

Razafinjanahary et al. in 1994 [35] and Wierzbowska 

et al. in 2004 [20] have shown the importance of 

exchange-correlation function. Because of sensitivity 

to polarization and to correlations of extra electrons in 

fullerene and importance of choosing basis set, DFT 

calculations are not suitable for negatively charged 

 which are strongly correlated systems. 2 and 4 

negatively charged fullerenes have an insulating and 

diamagnetic character [26-28] while there is a metallic 

and even superconductivity character in 3 negatively 

charged fullerenes [29-31]. Despite this knowledge a 

full understanding of metallic behavior of fullerides is 

still lacking. 

To consider dynamic correlation and second order 

perturbation theory, the authors use CASPT2 and 

RASPT2 methods in our calculations. When the 

numbers of electrons increase, the relative energies go 

to positive side indicating that the addition of an 

electron decreases the stability of the anions in both 

/0/8/0/ and /5/3/3/ selected active space. Also 

differences in energies of each charge and multiplicity 

(spin) between two selected active spaces are 

represented in Table 1. As expected the species are 

more stable when /5/3/3/ active space is selected. 

These differences show the importance of choosing 

the active space. More details are shown in Table 1. 

In Table 2, to investigate the symmetry of species, 

the authors compare the energies in pairs. For instance 

the average of energies in  and  indicates 

that this average is much more than the average of 

energies in two  with spin state 2 and 4. This 

table shows more stability of two  vs.  and 

 with triplet and singlet spin state. 

Table 3 indicates the variations of energies with a 

change in spin state when the charge is the same. In 

each charge, antiparallel spin state is favorable. It is 

the same in both selected active space. Due to the 

results obtained of the model Hamiltonian which was 

reported in 29, spread of the multiplets for all 

negatively charged states of  is about 0.6 eV. The 

authors find that these energies are about 0.4 eV in 

/5/3/3/ active space as shown in Table 3. As 

mentioned in 29, weakly bound electron states in 

negative ions are not only sensitive to polarization and 

to correlation but also to basis sets.  

Experimental evidences proved this matter. Metalic 

, antiparallel state, is more stable in normal state 

than super conductive  which is face-centered 

cubic structures with three half-filled molecular 

orbitals [32]. There is a competition to occupy less 

energetic levels among the different states. 

Modeling of the bulk properties of fullerides by a 

separate fullerene molecule is an approximation. The 

distance between fullerene surfaces in the bulk 

material is close to 3 Å, so they can interact, and in 

particular the electron transfer could take place. Thus 

the ultimate test would include a calculation which 

involves two fullerenes on a short distance. Such 

calculation involves the decision about mutual 

orientation of the molecules. DFT calculations of two 

 on the distance 10 Å between the centers (which 

is very close to the experimental value) shows very 
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Table 2  Comparison of average of energies in different species of  in -1,-5 and -2,-4 and -3,-3 charge and multiplicities. 

Energies are in eV. These energies are calculated in /5/3/3/ active space. 

Species Spin state E EAv. 

 2 -61,934.51 -61,924.80 

 2 -61,915.09  

 3 -61,933.88 -61,929.09 

 3 -61,924.30  

 1 -61,934.30 -61,929.48 

 1 -61,924.66  

 2 -61930.72 -61,930.52 

 4 -61930.31  
 

Table 3  Differences of energies (eV) for  (1 ≤ n ≤ 6). 

n Δ [a] ′ [b] n Δ  ′  

-1 - - -4 + 0.08 + 0.36 

-2 + 0.38 + 0.42 -5 - - 

-3 + 0.25 + 0.40 -6 - - 

[a], [b] Δ  and ′  indicate variation of the energy due to transition of the system from an antiparallel state of charge n to a 

parallel state of charge n in /0/8/0/ and /5/3/3/ active space, respectively. 
 

small changes in the total energy dependently on 

rotation of fullerene and the direction of the bonds. As 

the authors found, the most stable structure was 

obtained when the angle between to h-h bond in two 

 was 90 degree. The energy gain for this geometry 

is 0.8 kcal/mol.  

Performing the calculation on the same level of 

theory as for  is a challenging task, since the 

active space is doubled. However, the division of the 

active space between RAS1 and RAS2 makes possible 

to use 22 active orbitals in total (with 10 RAS1/SD 

and 12 RAS2 orbitals). The total energy  in 

comparison to double value of  deviates in the 

order of 0.5 to 1.5 eV for neutral fullerenes and with 

charge -2, correspondingly. This difference suggests 

that the study of the electronic structure of  is 

desired. 

4. Conclusions 

The authors presented calculations of negatively 

charged fullerenes performed within 

multiconfigurational approach, and analyzed the total 

energies of different spin states. The active space 

which includes at least 11 active orbitals for each 

fullerene molecule is needed. For all negative charges, 

low spin configuration is preferable. Our calculations 

also demonstrate that equally distributed charge 

(between fullerenes) is energetically favorable, i.e. 

two  have lover energy comparing to any other 

pair of fullerenes with total charge -6 (  -  

and  - ). 
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