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Abstract:

We investigate the absorption spectra of alkali-doped Ceo nanoclusters, namely CeoNan, CeoKn,
and CeoLin, with n=1, 2, 6, 12, in the framework of the Time-Dependent Density-Functional
Theory (TDDFT). We study the dependence of the absorption spectra on the nature of the alkali.
We show that in few cases the absorption spectra depend on the arrangement of the alkali atoms
over the fullerene, though sometimes the absorption spectra do not allow to distinguish between
different configurations. When only one or two alkali atoms are adsorbed on the fullerene, the
optical response of alkali-doped Ceo is similar to that of the anion Cso” with a strong response
in the UV domain. In contrast, for higher concentration of alkali, a strong optical response is
predicted in the visible range, particularly when metal-metal bonds are formed. The weak

optical response of the /,-symmetry CeoLi12 1s proposed to be used as a signature of its structure.
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1. Introduction

The discovery of Ceo by Smalley and co-workers [1] gave birth to new fields of research
ranging from molecular chemistry to materials and condensed matter physics. In particular, the
interaction between fullerenes and alkali atoms has attracted a lot of attention since the
discovery of superconductivity in the potassium-Ceo [2] and rubidium-Ceo [3] fullerides. More
recently, the doping of alkali metal atoms on fullerenes was shown to cause a remarkable
enhancement in the hydrogen adsorption capacity and was suggested as a possible route toward
hydrogen storage materials [4-11]. The charge transfer from the alkali atom to the fullerene
cage leaves the alkali atom in a cationic state which can then bind H> molecules due to
polarization forces. However, when several alkali atoms lie a fullerene, the hydrogen adsorption
capacity greatly depends on the wetting or nonwetting of the fullerene surface with alkali atoms:
an homogenous coating of the fullerene by the alkali atoms is expected to be much more
efficient than the growth of a metallic droplet not wetting the fullerene surface which could
drastically limit the amount of stored hydrogen.

Many experimental and theoretical studies have been devoted to the electronic and
structural properties of CeoMn clusters, with M=Li, Na, K [12-28]. Very early, the strong
stability of CeoL112 was interpreted as a signature of a homogeneous coating of the fullerene by
all lithium atoms above the twelves pentagonal faces of the Cgo molecule resulting in an
icosahedral arrangement [12-14]. In contrast, coating the fullerene with sodium or potassium
atoms led to an even - odd alternation in the mass spectra, suggesting the onset of metallic
bonding. Following previous theoretical studies [13,17,19-22] achieved with some limitations
or constraints (for examples, use of a many-body force field without explicit electronic structure
or first principles calculations assuming a rigid Ceo cage), we have recently performed geometry
optimizations in the framework of the density-functional theory (DFT), without any constraint,
of selected initial configurations ranging from homogeneous covering of the fullerene to
complete segregation in which alkali atoms form a droplet not wetting the fullerene surface,
and also intermediate situations [24-25]. The structures of Lin-, Nay- and K, - coated Ceo
fullerene with n=1, 2, 6, 12 were investigated. The optimization process involved the fullerene
structure. Our calculations have confirmed that lithium atoms coat homogeneously the fullerene
on the Ceo surface via pentagonal sites (at least up to 12 alkali atoms), contrary to sodium and

potassium atoms which prefer to form 4-atom islands on the surface [24, 25]. However, in some



cases, several configurations were found to compete for the lowest-energy isomers and to be
degenerate. The degeneracy of the most stable structures were found to result from a balance
between the electrostatic repulsion, due to the electronic charge transfer from the metal atoms
to Ceo versus the residual metallic bonding.

The goal of the present study is to characterize the absorption spectra of the most stable
configurations of Ceo—alkali complexes. We will show that in few cases the absorption spectra
depend on the nature of alkali and also on the arrangement of the alkali atoms over the fullerene,
though sometimes the absorption spectra do not allow to distinguish between different
configurations. Complexes investigated here include CsoM, with M = Li, Na, K, and n =1, 2,
6, 12. In the following section, we give some details of calculations, and then we will present

our results.

2. Computational details

The cluster geometries were taken from our previous works [24, 25]. They were optimized
by use of the hybrid B3LYP functional [29, 30] with Gaussian basis sets of double zeta valence
quality. In the optimization process of cluster geometries, a number of structures were tested
for each size. Only selected initial geometries in which alkali atoms in contact with Ceo are
above either the center of a pentagonal ring or a hexagonal ring were considered, since the top-
or bridge-site type were previously shown to be unfavorable. Of course all the possible
configurations had not been explored due to the prohibitive cost of calculations. However, the
studied configurations were selected in order to provide different situations ranging from the
homogeneous covering of the fullerene to complete segregation and also intermediate
situations. All optimizations were carried out without symmetry constraints (Ci point group).
In the present work, we have only considered the most representative configurations among the
lowest-energy isomers for each complex. The relative energies of each isomer are given in
Table 1, and the structures are showed in the figures below.

Absorption spectra were calculated with the GAUSSIANO9 program package [31] in the
framework of the time-dependent density-functional theory [32-34] (TDDFT). To give an
accurate description of the charge-transfer excited states [35], we have used a long-range
corrected hybrid functional namely CAM-B3LYP [36]. Calculations were achieved in the linear

combination of atomic orbitals scheme. All atoms were described with the 6-31G(d) basis sets
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[37-39]. The absorption spectra showed in the next section give the oscillator strength as a
function of the excitation energy together with a curve obtained by a Lorentzian broadening
with a full width at half maximum (fwhm) of 0.05 eV. For each species, we present spectra
including calculated excitation energies up to the vertical ionization potential (IP) of the lowest-
energy isomer. IPs, given in Table 1, are calculated at CAM-B3LYP/6-31G(d) level. The
performance of the present level of calculation was evaluated with several tests (see
Supplementary information). Spectra of CsoLi> and CsoNaz calculated with a basis set enriched
by more diffuse functions, namely 6-31+G(d), are found to be very similar to those obtained
with the 6-31G(d) basis set. Several exchange and correlation functionals have been tested
including the hybrid B3LYP and PBEO [40], and the long-range-corrected ones wB97x [41],
LC-MO6L(®0=0.33) [42,43,35], LC-0oPBE(®=0.40) [44]. Spectra of CsoNaz and CsoNag are
given in Supplementary information. They are somewhat similar to those calculated using
CAM-B3LYP, but the main band obtained at B3LYP and PBEO levels is slightly redshifted,
while it is blueshifted by 0.3-0.4 eV at ©®B97x, LC-M0O6L, LC-oPBE levels. Pre- and
postprocessing operations were performed with the graphical interface GABEDIT [45].

The present level of calculation is a good compromise between accuracy and cost. To
obtain a good description of the ionic bonding between alkali atoms and Cso fullerene, we
should have correct values of ionization potential of alkali atoms and electron affinity of Ceo.
Present IPs are calculated at 5.59, 5.36, and 4.43 eV for Li, Na, and K atoms respectively, in
good agreement with the experimental data of 5.39 [46], 5.14 [47], and 4.34 [48] eV
respectively. The electroaffinity of Ceo fullerene is calculated at 1.87 eV while the experimental
value ranges from 1.62 to 2.68 eV [49, 50]. Otherwise, the vertical IP of Ce is calculated at
7.60 eV, it is exactly the experimental value [51]. To our knowledge, the only available
experimental IP of Ceo-alkali concerns that of CsoK for which the value would be in the 5.0-6.4

eV range [51]; the present calculated value is 4.64 eV.

3. Results and discussions

3.1 Absorption Spectra of Ceo and Ceo”

Calculated absorption spectra of both neutral Cgo and anionic Ceo™ fullerenes are given

in Figure 1. The absorption spectra of neutral Ceo is calculated up to 7 eV, but we also show the



spectrum in the 0-5 eV range to facilitate the comparison with spectra of metal-Cso presented
below in the 0-5 eV range. Due to the high symmetry of Ceo and the closed-shell electronic
structure, only few transitions are allowed. All dipole-allowed transitions are triply degenerate.
They are calculated respectively at 4.28, 4.66, 5.63, 6.31 and 6.70 eV, the more intense peaks
being found at 5.63 eV. Present results are in line with previous theoretical ones [52].
Comparison of the present calculated spectrum on isolated Ceo with experimental data is
difficult since the experimental measurements have been performed either in hot gas phase [53]
or embedded in a condensed medium [52, 53-56]. For examples, the experimental spectrum of
Ceo in n-hexane solution at room temperature shows three wide strong bands with maximum at
3.78,4.84 and 5.88 eV, and less intense peaks at 4.35, 5.46, 6.36 eV [54,55], while the spectrum
of Ceo molecule in cryogenic parahydrogen solids gives main bands at 3.71, 4.82 and 5.88 eV
[56]. A good discussion about the comparison experiment-theory can be found in Ref [52]. It
is not the goal of the present study to describe the experimental spectrum of Ceo. We will focus
on the effects of adsorption of alkali metals on the spectrum.

In previous works [24, 25], the CsoM clusters were described as Ceo” + M" since the
valence electron of the alkali atom was completely transferred to the fullerene. Then, it could
be interesting to compare the spectra of CsoM clusters to that of the anion Ceo™. That is why we
have also calculated the spectrum of the negatively charged Ceo. In Figure 1, we give the
absorption spectrum of the anion at the /;-symmetry structure of the neutral fullerene. In the
present work, the relaxed structure of Ceo™ is of D3s symmetry, but it presents a very similar
absorption spectrum to that of the /,-symmetry structure. The spectrum of the anion is
somewhat similar to that of neutral Ceo, but it contains more transitions than that of the neutral
specie since the extra electron modifies the electronic structure. Indeed, the degeneracies found
in neutral Ceo of both the 5-fold degenerated HOMO (highest occupied molecular orbital) and
the 3-fold degenerated LUMO (lowest unoccupied MO) are lifted up in the anion [57], leading
to a broadening of the absorption band in the 4-5 eV range. Also, while the neutral Ceo has no
dipole-allowed excitation in the infrared and visible range of the spectrum, the spectrum of Ceo”
presents some weak peaks at low energy: a doubly degenerated transition at 1.14 eV associated
to the singly occupied molecular orbital SOMO — LUMO + 1 excitation, and some

insignificant peaks near 2.4 and 2.8 eV.

3.2 Absorption Spectra of CeoLi, CoNa and CeoK



In Figure 2, we show the absorption spectra of CeoLi, CsoNa, and CeoK clusters for the
two lowest-energy configurations. We label % the adsorption site located above the center of a
hexagonal site, and p the site above a pentagon. For C¢oNa and CsoK, the # geometry is the most
stable while /# and p configurations are degenerate for CsoLi (Table 1). The absorption spectra
are very similar for 4 and p configurations (Figure 2). Besides, the absorption spectra do not
depend on the nature of the alkali atom. For three alkali, the absorption spectrum is very similar
to that of the anion Ceo” with an absorption band in the 4-5 eV range and a weak peak near 1.4
eV. For & configuration, the main band presents two maxima centered at 4.15 and 4.60 eV
respectively. The weak peak in the visible range is due to two excited states for which the exact
position slightly changed with the alkali: 1.41 and 1.46 eV for CsoNa, 1.36 and 1.40 eV for
CsoK, 1.45 and 1.51 eV for CeoLi. In all cases, the peaks are blueshifted by about 0.3 eV with
respect to the doubly degenerated peak of Ceo™ at 1.14 eV, and the presence of an alkali atom
lifts the degeneracy.

To characterize the electronic excitations, we show in Figure 3 a plot of the electron
density difference between the excited and the ground states for some representative main
peaks. Red colored regions correspond to depletion of the electron density during the transition,
while blue regions correspond to an increase of the electron density. In Figure 3, we only
considered CeoK, with the 4 geometry, but analyses are similar for CsoNa and CeoLi. The peaks
at low energy, 1.36 and 1.40 eV for CeoK, are due to excitations of the extra electron transferred
from the alkali atom to the fullerene. They correspond to SOMO — LUMO + 4 and SOMO —
LUMO + 5 transitions, and imply carbon atoms without any participation of the alkali atom.
The main band in the 4-5 eV range is due to excitations from carbon orbitals to either
unoccupied orbitals of Ceo or to alkali atoms (in Figure 3 the plots for peaks at 4.14 and 4.46

eV illustrate both cases).

3.3 Absorption Spectra of CeoLi2 and CeoNa2

We consider now the absorption of two lithium or sodium atoms on Ceo, the adsorption
of two K is not investigated since it was not considered in the previous study on structural
properties [25]. We present only spectra for three of the lowest-energy isomers labeled

respectively hhc, hhd, hhe for CeoNaz, and hpc, ppa, ppc for CeoLiz (see Figure 4). These labels



are taken from our previous work [24] in which we had considered all of the possible
configurations in which the two alkali atoms are on / or p sites. The five configurations in
which the two alkali atoms are both on /4 sites are labeled /44 followed by a letter a,b,c,d, e, going
from a for the adjacent sites to e for the opposite sites. Similarly, the three configurations in
which the two alkali atoms are on p sites are labeled pp, while the configurations in which one
h and one p sites are occupied are labeled /p. For CsoNay, the configurations hhc, hhd, hhe,
which only differ by the relative position of two Na atoms, were found to be degenerate (Table
1). For CsoLi2, hpc was found to lie 0.03 eV below ppa and ppc configurations.

For CgoNaz, the absorption spectra are composed of a main band in the energy range of
4-4.5 eV, redshifted by about 0.2 eV with respect to the band of CsoNa, and two less intense
peaks near 1.5 eV (Figure 4). The energy gap between the latter two peaks is much larger than
in the CsoNa case, since it increases from 0.2 to 0.3 eV for hhc and hhe geometries respectively,
to be compared with the value of 0.05 eV for CsoNa. One can also see the emergence of some
weak transitions in the 3 — 4 eV range. The spectra for the three isomers are almost identical
and do not allow to distinguish between isomers. For CeoLi2, the situation is slightly different.
The spectra have a main band centered at 4.0 eV and two weak peaks below 2 eV for which
both the exact positions and the energy gap depend on the configuration. The energy gap
between two peaks increases when the relative distance between Li atoms increases. The
excited states are quasi degenerate in ppa configuration (1.97 and 2.0 eV), and well separated
in Apc (1.61 and 1.88 eV) and ppc (1.22 and 1.79 eV) geometries. Therefore the ppa

configuration can be distinguished from other.

3.4 Absorption Spectra of CeoLis, Cé0Nas and CeoKe

Previous DFT calculations have shown that the adsorption of six alkali atoms on the Ceo
molecule favor a relatively large distance with no strong metallic bonding nor a formation of a
metallic droplet [17, 24,25]. Here we have selected four structures in which the metal atoms are
all placed above a ring (see Figure 5). In the first one, labeled 243, three alkali atoms are located
above three hexagonal rings located in contact with a same hexagonal site, while the three
others metal atoms are located at the opposite positions of Ceo. In the 46 configuration, the alkali
atoms are placed above hexagonal rings on close but not adjacent sites. In the 2p3 configuration,

the first three alkali atoms are placed above three pentagonal rings located in contact with a



same hexagon, the three others alkali atoms are placed at the opposite positions of Ceo. In the
last structure, labeled p6, the metal atoms are located above a pentagonal ring of which the
positions are as close to one another as possible. The most stable structure was found to be 243
for CeoNas and CesoKs, while it was p6 for CeoLis (Table 1). They result from a balance between
the electrostatic repulsion between the positively charged alkali atoms, due to the electronic
charge transfer from the metal atoms to the Cso cage, versus the metallic bonding. Na and K
atoms tend to stay as far as possible from each other in order to minimize Coulomb repulsion
between the positively charged alkali atoms, while the lithium atoms tend to stay together.

The calculated absorption spectra are given in Figure 5. They are somewhat similar
whatever the arrangement of the alkali atoms over the fullerene. So the absorption spectra do
not allow to distinguish between different configurations. But the spectra strongly depend on
the nature of the alkali. In particular, the spectra of lithium-doped Ceso, with a main band in the
energy range of 3.5-4.0 eV, differ from those of sodium-doped Ceo, which present a band in
the 0.5-1.5 eV range, and those of potassium-doped Cgo, with a response in the 0.2-1.7 eV
range. In more details, the main peaks for CeoLis p6 are calculated at 1.76, 3.64 and 3.97 eV,
the main peaks for CsoNag 243 1s located at 1.30 and 1.37 eV, those of CsoKs 243 is located at
0.21, 0.35 and 1.61 eV. The electronic structures of C¢oNag and CeoKe differ from that of CeoLis.
The HOMO-LUMO gap are low: 0.06715 and 0.03694 Hartree for CeNas and CeoKse
respectively versus 0.12214 Hartree for CeoLis. The ionization potential are found to be very
low for CgoNag and CsoKe (2.73 and 1.97 eV respectively) while it is calculated at 4.24 eV for
CeoLis (Table 1). Furthermore the nature of the LUMOs is different: the first six LUMOs
(LUMO to LUMO + 5) are located on alkali atoms in cases of sodium- and potassium-doped
Ceo, while they are a mixing of atomic orbitals localized on lithium atoms and orbitals from the
Cso molecule in the case of CeoLis.

In Figure 6, we show a plot of the electron density difference between the excited
and the ground states for some representative main peaks for CsoNag and CeoLis. For CeoNag
and CeoKs the peaks at low energies are due to transitions from orbitals localized on Ceo
(HOMO, HOMO-1, and HOMO-2) to orbitals on alkali atoms (LUMO, LUMO+1, LUMO+2,
LUMO+3), as illustrated in Figure 6 with transitions at 0.53 and 0.84 eV. The transitions
beyond 1 eV are associated to excitations on the fullerene with a weak participation of metal
atoms. For CeoLis, all significant peaks are due to transitions from orbitals localized on carbon

to orbitals on both lithium and carbon atoms. For a given excitation, we have evaluated the



spatial overlap between the occupied and virtual orbitals using the A diagnostic test proposed
by Tozer [58]. The value of A, which is in the interval [0,1], can be helpful to distinguish the
local excitations, the Rydberg excitations and the charge-transfer excitations. A local excitation
is expected to give a relatively large value while Rydberg and charge-transfer excitations are
expected to be characterized by a relatively small value. In the case of CeoNag, our calculated
values, given in Figure 6, are in the range of 0.26-0.43 for transitions associated to a charge-
transfer from the Ceo fullerene to Na atoms, and in the 0.73-0.81 range for valence excitations

located on Ceyo.

3.5 Absorption Spectra of CeoLii12, CeoNa12 and CeoKi2

For higher concentration of alkali (12 alkali atoms), the behavior of sodium and potassium
atoms differs from that of lithium atoms since lithium atoms homogeneously cover the surface
of the Cgo with twelve atoms on the twelve pentagonal sites, while sodium and potassium
atoms prefer to form 4-atom islands [24, 25]. In the present work, we have considered the most
representative isomers optimized in previous works [24, 25, 26] with a selection of initial
configurations ranging from homogeneous covering of the fullerene to complete segregation
with a metallic droplet, but also intermediate situations. The geometries can be seen in Figure
7. The 34-1 and 34-2 structures are made of three islands of four atoms. For each tetramer, three
atoms are in contact with the Ceo, two via a pentagonal ring and one via an adjacent hexagonal
ring, while the fourth atom is capped over the other metal atoms. In the 34-/ geometry, the three
small metallic islands are very close from each other, while in 34-2 they are as distant as
possible. The 34-3 isomer is similar but the alkali atoms are in contact with the fullerene via
two adjacent hexagonal ring and one pentagonal ring. This structure was found to be the lowest-
energy isomer for sodium-decorated Ceo by Karamanis [26]. The structure labeled m /2 consists
of a metallic droplet adsorbed on the fullerene. The configuration ic consists in an
inhomogeneous coating in which all the metal atoms are in contact with the Ceo, five metal
atoms are on the “northern” face while seven atoms are on the “southern” face. This structure
is only stable for potassium-doped Ceo. The last two geometries are labeled p/2 and p/7-1. The
twelve alkali atoms are located above the twelve pentagonal rings in the p/2 geometry. The

pl1-1 configuration is obtained from p/2 after the moving of a single alkali atom from a
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pentagonal site towards a hexagonal ring and capping three other alkali atoms. For the 34-1,
34-2, pl1-1 configurations, the optimization of Li-doped Cso has converged toward slightly
different structures from the initial ones (see final structures in Figure 7). The lowest-energy
isomer is the 34-3 structure for sodium- and potassium-doped Ceo, While it is the p/2 structure
for the lithium-doped Ceo (Table 1).

Calculated spectra, given in Figure 7, are found to depend on both the nature of the alkali
and the arrangement of the metal atoms over the fullerene. Sodium-doped Ceo in its most stable
structure (34-3) presents two main bands centered respectively at 2.30 and 2.55 eV and a less
intense band centered at 1.40 eV. Spectra of the others isomers based on 4-atom island (34-7/
and 34-2) are somewhat similar, while the optical response of m/2 and p/2 configurations give
a strong scattering in the oscillator strengths in the ranges of 2-3.5 eV (m12) and 0-3.5 eV (p12).
For the latter, the presence of many dipole-allowed transitions is explained by the symmetry
breaking during the optimization, i.e. the optimization of the /-symmetry configuration
converges into a geometry belonging to the C>, symmetry but still labeled p/2. The most stable
structure of potassium-doped Cso (34-3 configuration) presents two main bands centered
respectively at 1.80 and 1.92 eV and a less intense band centered at 1.34 eV. The band at 1.80
eV is due to ten excited states scattered in the range of 1.70-1.86 eV, while the band at 1.92 eV
is associated to two quasi degenerated excited states. The spectrum of the m/2 configuration
presents a large band in 1.5-2.5 eV range. The ic, p/1-1 and p12 structures, characterized by a
more or less homogeneous coating, present somewhat similar spectra with some main bands
centered at about 1.4 and 2.2 eV. For lithium-doped Ceo, the p/2 configuration is much more
stable than the other (Table 1). Its /; symmetry leads to very few dipole-allowed transitions.
Below the IP of 3.11 eV, only one peak is calculated at 3.04 eV (and an insignificant one at
1.43 eV). However, at higher energies we have found intense transitions at 4.07, 4.16, 4.31,
5.57, 5.64, 6.04, 6.48, and 6.93 eV. The comparison between the spectrum of the p/2
configuration and that of p//-I shows that the moving of a single lithium atom from a
pentagonal site leads to significant changes on the spectrum since many excited states well
scattered in the 0-3 eV range is visible in the spectrum of the p/ /-1 structure. It is clear that the
optical response of the p/2 structure differs from those of the other configurations, and can be
used as a signature of its structure. Therefore, an experimental measurement of the absorption

spectrum of CeoLi12 would be a definitive evidence of the homogeneous coating of the fullerene
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by all lithium atoms above the twelves pentagonal faces resulting in an icosahedral
arrangement.

The configurations investigated here differ by the type of bonding with the quasi-fully
ionic bonding in the p/2 geometry for which a population analysis has shown that Li12Cso can
be described as 12Li" + Ceo'> [24], and the metallic bonding in the m2 configuration where
the metal-metal bonds stabilizes the droplet, and also intermediate situations in which metallic
bonds is not strong enough to overcome the electrostatic penalty, leading to the formation of
several small droplets. Surprisingly, the m12 and pI2 configurations present somewhat similar
spectra, although different, in the case of sodium- and lithium-doped Ceo though both
configurations strongly differ by the type of bonding and the electronic structure. Indeed, the
shape of the spectra is somewhat similar. However, the values of the oscillator strengths differ
by a factor of 10 in lithium-doped Ceo.

The analysis of the electronic transitions in Figure 8 shows three types of excitations:
transitions on Ceo fullerene without any significant contribution from the alkali atoms (with A
~ 0.6), transitions localized on alkali atoms without participation of the fullerene (with A ~ 0.6),
and transitions associated to an electron transfer from Ceo to alkali atoms (with A ~ 0.4 for
CsoNai2 and CeoKi2, and A ~ 0.25 for CeoLii2). For the most stable structure (34-3) of sodium-
doped Ceo, the first band at 1.40 eV is due to several excited states associated to an electron
transfer from the fullerene to the metal part, as illustrated in Figure 8 with the excited state at
1.39 eV. The band centered at 2.30 eV is due to local excitations on Na4 islands without
significant contribution from carbon atoms (see the excited state at 2.29 eV in Figure 8). This
is in line with previous works which measured an intense optical response close to 2.5 eV for
the isolated Na4 cluster [59,60]. Finally, the main band centered at 2.55 eV is due to a collective
excitation implying all carbon and sodium atoms. For the potassium-doped Ceso in the 34-3
configuration, the weak band at 1.34 eV is due to excitation of Ceo (negatively charged after the
transfer of several valence electrons of potassium) without any participation of potassium
atoms. The band at 1.80 eV is due to several excited states associated to transitions from orbitals
on both carbon and potassium atoms to unoccupied orbitals of potassium atoms. Finally, the
peaks at 1.92 eV is associated to two quasi degenerated excited states, located at 1.91 and 1.93
eV respectively. They correspond to excitations localized on K4 islands without any

contribution of Ceo. For CeoLi12 in its most stable configuration (p12), the only strong transition
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(at 3.04 eV) calculated below the IP corresponds to a transfer of electronic charges from Ceo

(negatively charged) to lithium atoms (positively charged).

4. Conclusion

We have presented the absorption spectra of the alkali-doped fullerene C¢oM, with M=Li,
Na, K, and n =1, 2, 6, 12, in the framework of the time-dependent density-functional theory
(TDDFT) using the range-separated hybrid density functional CAM-B3LYP. In few cases the
absorption spectra were showed to depend on the arrangement of the alkali atoms over the
fullerene, though sometimes the absorption spectra do not allow to distinguish between
different configurations. When one or two alkali atoms are adsorbed on the fullerene, the optical
response of alkali-doped Ceo is similar to that of the anionic Cso” with a strong response in the
UV domain. When metal-metal bonds are formed, the metal-Cso complexes present a strong
optical response in infrared and visible domains in contrast with the isolated Cso for which
dipole-allowed excitations are only found in the UV range. This is especially evident for
sodium- and potassium-doped Ceso for which the onset of metal-metal bonding appears earlier
than in lithium-doped Ceo. For CeoLiiz, the I-symmetry structure presents a particular
absorption spectrum, almost without peaks in the visible, which differs from spectra calculated
for the other isomers, and then could be used as a signature of its structure since a measurement

of the absorption spectrum of CeoLii2 could validate the symmetry of the cluster.
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Table 1. Relative energies (in eV) of lowest-energy isomers at B3LYP level (taken from Ref

[24, 25]) and calculated vertical ionization potential (IP) at CAM-B3LYP/6-31G(d) level.

Species Isomer Relative Energy 1P
CesoNa h 0.00 4.87
p 0.045
CsoNaz hhc 0.00 4.38
hhd 0.00
hhe 0.00
CsoNag 2h3 0.00 2.73
h6 0.08
2p3 0.50
po 0.50
CeoNai2 34-3 0.00 3.37
34-2 0.82
34-1 0.68
ml2 1.41
pl2 3.09
CeoLi h 0.0 5.12
p 0.0
CeoLin hpc 0.0 4.85
ppa 0.03
ppc 0.03
CeoLie 2h3 0.98
h6 0.96
2p3 0.73
po 0.00 4.24
CeoLi12 pl2 0.00 3.11
34-2 1.96
34-1 1.77
ic 2.93
ml2 2.54
pll-1 1.03
CeoK h 0.00 4.64
p 0.04
CeoKs 2h3 0.00 1.97
h6 0.16
2p3 0.29
po6 0.48
CooKi2 34-3 0.00 2.48
34-2 0.51
34-1 0.48
ml2 1.54
ic 0.57
pll-1 1.32
pl2 1.58
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Figures Captions:
Figure 1. Absorption spectra of Ceo and Ceo™ fullerenes.
Figure 2. Absorption spectra of C¢oNa, CsoK and CeoLi.

Figure 3. Isosurface of the electron density difference between the excited and ground states
for some representative peaks of CeoK. For each transition, three isovalues are considered
(0.0005, 0.0003, and 0.0001 a.u. respectively). Red regions correspond to the depletion of the
electron density during the transition while the blue regions correspond to the accumulation of
electrons.

Figure 4. Absorption spectra of CeoNaz and CeoLi>.
Figure 5. Absorption spectra of CgoNas, Cs0Ks and CeoLis.

Figure 6. Isosurface of the electron density difference between the excited and ground states
for some representative peaks of the most stable structure of Ce¢oNas and CeoLis. For each
transition, three isovalues are considered (0.0005, 0.0003, and 0.0001 a.u. respectively). Red
regions correspond to the depletion of the electron density during the transition while the blue
regions correspond to the accumulation of electrons.

Figure 7. Absorption spectra of C¢oNai2, Ce0Ki2 and CeoLi2.

Figure 8. Isosurface of the electron density difference between the excited and ground states
for some representative peaks of the most stable structure of CeoNai2, Cs0Ki2, and CeoLii2. For
each transition, three isovalues are considered (0.0005, 0.0003, and 0.0001 a.u. respectively).
Red regions correspond to the depletion of the electron density during the transition while the
blue regions correspond to the accumulation of electrons.
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Absorption spectra of CsoLi12 and CeoNaz calculated with CAM-B3LYP and using two Gaussian

basis sets, namely 6-31G(d) and 6-31+G(d) [1]. Spectra are found to be very similar.
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Figure S-2.
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Spectra of CsoNaz and CsoNag calculated with several exchange and correlation functionals:
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the hybrid B3LYP [2] and PBEO [3], and the long-range-corrected ones wB97x [4], LC-
MO6L(®0=0.33) [5], LC-0PBE(®=0.40) [6], and CAM-B3LYP [7].

Spectra are somewhat similar. In comparison with spectra calculated at CAM-B3LYP level,
the main band obtained at B3LYP and PBEO levels is slightly redshifted, while it is blueshifted
by 0.3-0.4 eV at ®B97x, LC-M06L, LC-0PBE levels.
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