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C120O comprises two C60 cages linked by a furan ring and is formed by reactions of C60O and C60.
We have produced doubly charged anions of this fullerene dimer �C120O

2−� and studied its electronic
structure and stability using photoelectron spectroscopy and theoretical calculations. High resolution
and vibrationally resolved photoelectron spectra were obtained at 70 K and at several photon
energies. The second electron affinity of C120O was measured to be 1.02�0.03 eV and the
intramolecular Coulomb repulsion was estimated to be about 0.8 eV in C120O

2− on the basis of the
observed repulsive Coulomb barrier. A low-lying excited state �2B1� was also observed for C120O

−

at 0.09 eV above the ground state �2A1�. The C120O
2− dianion can be viewed as a single electron on

each C60 ball very weakly coupled. Theoretical calculations showed that the singlet and triplet states
of C120O

2− are nearly degenerate and can both be present in the experiment. The computed electron
binding energies and excitation energies, as well as Franck–Condon factors, are used to help
interpret the photoelectron spectra. A C–C bond-cleaved isomer, C60–O–C60

2−, was also observed
with a higher electron binding energy of 1.54 eV. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2889384�

I. INTRODUCTION

There has been tremendous interest in the anions of
C60,

1–4 particularly after the discoveries of conductivity and
superconductivity in alkali metal doped fullerenes,5–8 where
not only the isolated electronic structures of the individual
fullerene cage but also the cooperative electron-electron and
electron-phonon interactions are believed to play important
roles.9–11 C120O, consisting of two C60 cages linked by a
furan ring,12,13 is a common impurity found in air-exposed
samples of C60 and formed via reactions of C60O and C60. Its
thermal stability14 and Raman spectra in the condensed
phase15 have been reported. Anions of C120O �C120O

n−� are
common impurities in solutions of C60

n− and have been stud-
ied by electron paramagnetic resonance �EPR�
spectroscopy.16,17

The isolated C120O
2− dianion is an interesting model sys-

tem to study spin couplings and electron correlations. There
are several important questions: How are the two excess
electrons distributed in the molecule? Do they occupy one
ball or are they distributed among the two C60 fragments?
How are the two electrons spin coupled, in a singlet or triplet
state? Even though previous EPR studies have detected the
triplet state for C120O

2−, the singlet state is EPR-silent and
cannot be studied by EPR. Here we report a low-temperature

photoelectron spectroscopy �PES� study of the doubly
charged anion C120O

2− in the gas phase. Vibrationally re-
solved photoelectron spectra were obtained and the second
electron affinity of C120O was accurately measured. The PES
data also yield information about the intramolecular Cou-
lomb repulsion within the doubly charged C120O

2−. The ex-
perimental data are compared with theoretical calculations to
aid the spectral assignments and interpretation. The calcula-
tions show that the two electrons are distributed on the two
C60 units separately with relatively weak spin coupling: The
singlet and triplet states are predicted to be nearly degenerate
and both should be present experimentally. In addition, the
gas-phase study provides intrinsic experimental information,
which will be valuable to understand the electronic structure
and electron-phonon couplings in C120O and its anions, as
shown previously for C60

−.11,18,19

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Low-temperature photoelectron spectroscopy

The experiment was performed with an electrospray-
PES apparatus coupled with a temperature-controlled ion
trap.19,20 The C120O sample was prepared according to
Ref. 12 and purified by high-performance liquid chromatog-
raphy, as described previously.15 The C120O

2− dianion
solution was prepared by reducing the neutral molecules
using tetrakis�dimethyl-amino�ethylene in a mixed
o-dichlorobenzene and acetonitrile solvent, similar to the for-
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mation of fullerene dianions.21,22 The resulting solution was
used directly in the electrospray and the C120O

2− dianion was
readily observed. Anions from the electrospray source were
first focused radially and transported axially by a dynamic
ion-funnel device.23 Following the ion-funnel, the anions
were guided by a radio-frequency octopole and quadrupole
system and then bended 90° into a Paul trap for ion accumu-
lation and cooling. The ion trap was attached to the cold head
of a closed-cycle helium refrigerator and its temperatures can
be controlled between 10 and 350 K. For the current experi-
ment, the ion trap was operated at 70 K and approximately
0.1 mTorr N2 was used as the background gas for ion
cooling.

The trapped ions were pulsed out into the extraction
zone of a time-of-flight mass spectrometer at 10 Hz repeti-
tion rate. The ions of interest were mass selected and decel-
erated before being intercepted by a detachment laser beam
in the interaction zone of a magnetic-bottle photoelectron
analyzer �the strength of the magnetic field is �500–800 G
in the interaction zone�. Four photon energies were used in
the current study: 193 nm �6.424 eV� from an ArF excimer
laser and 266 nm �4.661 eV�, 355 nm �3.496 eV�, and
532 nm �2.331 eV� from a Nd:YAG �yttrium aluminum gar-
net� laser. The laser was operated at 20 Hz repetition rate
with the ion beam off at alternate shots for background sub-
traction. The photodetached electrons were collected with
nearly 100% efficiency by the magnetic bottle and analyzed
in a 5-m-long electron flight tube. The electron energy reso-
lution was �E /E�2%, i.e., 20 meV for 1 eV electrons.
Photoelectron time-of-flight spectra were collected and then
converted to kinetic energy spectra, calibrated by the known
spectra of ClO2

− and I−. The electron binding energy spectra
presented were obtained by subtracting the kinetic energy
spectra from the detachment photon energies.

B. Theoretical methods

The density functional theory �DFT� calculations were
carried out using the PRIRODA package,24,25 which utilizes a
particularly fast implementation of the resolution-of-the-
identity technique. The built-in TZ2P basis set
��11s6p2d� / �6s3p2d� for the second row atoms� and the
Perdew–Burke–Ernzerhof exchange correlation functional of
the generalized gradient approximation type26 were used. All
the species considered were subjected to full geometry opti-
mization at the DFT level of theory without any symmetry
constraints. The second electron affinity �i.e., the adiabatic
electron detachment energy of the dianion� was calculated as
�KS between the respective optimized stationary points and
further downshifted by 0.2 eV, as was suggested by testing
the computational protocol on the set of the dianionic
fullerenes measured in Refs. 27 and 28. The excited states of
the C120O

− monoanion were calculated using the time-
dependent DFT �TDDFT� methodology implemented in the
PRIRODA package; the excitation energies obtained were
shifted by +0.35 eV on the basis of the simulation of the PES
spectra from Ref. 27. The simple single-point multiconfigu-
ration self-consistent-field �MCSCF� calculations were

performed with the aid of the PC-GAMESS package.29 The
Frank–Condon factor simulations were carried out using the
MOLFC program.30,31

III. EXPERIMENTAL RESULTS

We observed three main anions from our electrospray
source with about the same abundance in the mass spectrum:
C60

−, C60O
−, and C120O

2−. The identity of C60
− and C60O

−

was confirmed by their respective photoelectron spectra.18,32

The C120O
2− anions of interest, which appeared between the

C60
− and C60O

− peaks in the mass spectrum, were mass se-
lected and photodetached at several photon energies. Figure
1 displays the photoelectron spectra of C120O

2− at 532, 355,
266, and 193 nm. Four well-resolved peaks were observed at
532 nm and labeled as X, A, B, and C �Fig. 1�a�� with peak
A as the most intense peak. The peak widths of X and A were
both 35 meV �full width at half maximum �FWHM��, close
to the instrumental resolution. The electron binding energies
measured from the four peaks are 1.02 eV �X�, 1.11 eV �A�,
1.20 eV �B�, and 1.28 eV �C�. Peak X represents the transi-
tion from the ground state of the C120O

2− dianion to that of

FIG. 1. �Color online� Photoelectron spectra of C120O
2− at �a� 532 nm

�2.331 eV�, �b� 355 nm �3.496 eV�, �c� 266 nm �4.661 eV�, and �d� 193 nm
�6.424 eV�. The vertical lines in �a� represent vibrational features. Signals
due to a C–C cleaved isomer �C60–O–C60

2−� are labeled.
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the C120O
− monoanion. Its 1.02 eV electron binding energy,

which defines the electron affinity of C120O
− or the second

electron affinity of C120O, suggests that the C120O
2− dianion

is electronically stable.
At 355 nm �Fig. 1�b��, X, A, B, and C peaks were still

resolved, but their relative intensities changed markedly. In
particular, the relative intensity of peak X increased signifi-
cantly, whereas that of peak A decreased. This observation
suggested that X and A represented two distinct electronic
transitions, which exhibited different photon energy depen-
dent detachment cross sections. Additionally, more spectral
features were observed in the 355 nm spectrum beyond
1.5 eV. It should be noted that these high binding energy
features were missing in the 532 nm spectrum due to the
repulsive Coulomb barrier �RCB�, which is a characteristic
of photodetachment from multiply charged anions.33,34 The
RCB, which derives from the superposition of the long-range
Coulomb repulsion between the outgoing electron and the
remaining monoanion and its short-range binding in the di-
anion, prevents slow electrons from being emitted, resulting
in the spectral cutoff at the higher binding energy side �low
electron kinetic energies�. The spectral cutoff in the 532 nm
occurred at �1.5 eV, which yielded a RCB height of
�0.8 eV �photon energy minus the cutoff energy�.

At 266 and 193 nm �Figs. 1�c� and 1�d��, very intense
features were observed above 2.6 eV. These features ap-
peared almost continuous due to the expected high density of
electronic states. Comparisons of the spectra at 355, 266, and
193 nm indicate clear spectral cutoffs in the high binding
energy side in the spectra of 355 nm at �2.7 eV and 266 nm
at �3.8 eV, which yield RCB heights consistent with that
estimated from the cutoff in the 532 nm spectrum.

IV. THEORETICAL RESULTS

A. The ground state of the C120O2− dianion

The geometry of C120O was optimized using DFT. The
lowest unoccupied molecular orbital �LUMO� �a1� and
LUMO+1 �b1� of the neutral C120O molecule are almost
degenerate and they are symmetric and antisymmetric with
respect to the mirror plane coupling the two fullerene cages,
respectively, as shown in Fig. 2. In the C120O

2− dianion, the
two extra electrons occupy these two orbitals. In addition,
DFT calculations predict that the gap between the above
mentioned a1 and b1 orbitals and the orbitals of the neutral
C120O core exceeds 1.2 eV in C120O

2−, whereas the gap be-
tween the a1 and b1 orbitals is �0.1 eV. The DFT geometry
optimization of the singlet �1A1� and triplet �3B1� states of
C120O

2− predicted that the singlet state is more stable by
2 kJ /mol. The small energy difference between the singlet
and triplet states is not surprising, taking into account the
size of the molecule, its almost degenerate orbitals due to
two rather weakly interacting equivalent halves, and electron
delocalization. Therefore, it is expected that the description
of the singlet ground state of C120O

2− should also require
consideration of the two configurations, namely, both a1

2 and
the b1

2. Indeed, MCSCF calculations �CASSCF/6-31G with

two extra electrons in 12 orbitals approximately correspond-
ing to the doubled set of the triply degenerate LUMO and
LUMO+1 of C60� indicate that the ground state �1A1� wave
function is a linear combination of the above configurations,
i.e., 0.755�a1�2−0.654�b1�2, whereas the calculated low-lying
excited triplet state �3B1� has a configuration of �a1�1�b1�1.
With regard to the relative stability of the possible spin
states, the MCSCF data are in agreement with the DFT re-
sults favoring the singlet state by a negligible margin.

B. Adiabatic detachment energy and band gap

The DFT ��KS� calculations of the adiabatic detachment
energy of C120O

2− give a value of 1.0 eV. Further, TDDFT
calculations of the excitation spectrum of the target C120O

−

monoanion demonstrate that the states with a hole in the
neutral core are separated from the ground state with a singly
occupied a1 orbital by �1.6 eV.

C. Isomer structural considerations

In order to understand whether the extra negative charge
can result in stabilization of structures other than the conven-
tional furan-linked neutral isomer of C120O, we also opti-
mized structures with cleaved C–C or C–O bonds in the
bridging five-membered furan ring at the DFT level of
theory. Even though such structures seem to provide a better
basis for accommodation of the two extra electrons in the
dianion within a stable singlet state �60 � electrons per
fullerene cage in the case of C–C bond being cleaved or 60 �
electrons on one cage, 58 � electrons on the other one, and
an anionic center on the oxygen atom in the case of C–O
bond being cleaved�, cleavage of the C–C bond resulted in a
structural isomer, which is higher in energy than the furan-
linked structure by 35 kJ /mol. Cleavage of the C–O bond

FIG. 2. �Color� Pictures of the lowest unoccupied molecular orbital
�LUMO� �a1� and LUMO+1 �b1� of C120O drawn with the MOLEKEL visu-
alization package �Ref. 36�.
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was found to be even more unfavorable and the resulting
structure is higher by 100 kJ /mol compared to the furan-
linked structure. The activation barrier for cleavage of the
C–C bond was calculated to be less than 75 kJ /mol.

V. DISCUSSIONS

A. Spin coupling: Is C120O2− singlet or triplet?

The spin state of the C120O
2− dianion is interesting and

has attracted considerable attentions. EPR spectra indicated a
triplet state, while a study using electron spin transient nuta-
tion spectroscopy suggested an extremely low separation of
only 5 cm−1 between the singlet and triplet states for C120O

2−

in solution.16,17 Our calculation predicted a small �2 kJ /mol�
spin excitation for the isolated dianion. However, it should
be noted that for molecular systems of such large size even
much more demanding computational methods are unlikely
to provide a level of accuracy comparable to the true gap.
The theoretical calculations likely overestimated the separa-
tion between the singlet and triplet states because we ex-
pected that this gap should not change too much in the gas
phase relative to that in solution. Thus, even at 70 K, both
spin states should be populated in our experiment. However,
the 5 cm−1 separation between the singlet and triplet states is
too small compared to our PES spectral resolution of about
30 meV, and the two spin states can be considered to be
degenerate for the purpose of our spectral assignments.

B. Spectral assignments

The calculated adiabatic detachment energy �ADE� of
1.0 eV for C120O

2− is in excellent agreement with the ob-
served ground state transition at 1.02 eV, resulting in the 2A1
ground state of C120O

−. As shown in Fig. 3, the ground state
of C120O

− can be reached from the triplet state of C120O
2− by

detachment of an electron from the b1 orbital. The 2A1
ground state of C120O

− can also be reached from the singlet
state of C120O

2−, but the very small energy difference be-
tween these transitions cannot be resolved in the current ex-
periment, as mentioned above. Detachment of the electron

from the a1 orbital from the triplet C120O
2− resulted in peak

A �Fig. 1�, corresponding to the first excited state of C120O
−

�Fig. 3� with a 0.09 eV excitation energy. The very small
excitation energy agrees well with the small gap �0.1 eV�
calculated between the a1 and b1 orbitals.

The next detachment channels correspond to the detach-
ment from the fully occupied molecular orbitals of the neu-
tral C120O core. TDDFT calculations show that these detach-
ment channels occur at least 1.6 eV below the ground state
transition, corresponding to the spectral features above
2.6 eV �Fig. 1�. Such spectral pattern is very similar to that
of C60

− or C60O
−.18,19,32 Therefore, the B and C features

could not be due to distinct low-lying electronic transitions;
they are most likely due to vibrational excitations associated
with the 2A1 and 2B1 states, as shown in Fig. 1�a�. The
0.18 eV spacing �1450 cm−1� between X-B and between A-C
is similar to the totally symmetric mode observed in the PES
spectra of C60

− or C60O
−.18,19,32 A similar vibration has also

been observed in the Raman spectrum of C120O film.15 This
interpretation is confirmed by our calculation of harmonic
Frank–Condon factors for the detachment transitions of the
triplet C120O

2− into the 2A1 ground state of C120O
−, as shown

in Fig. 4. The lower frequency vibrations for this transition
are likely overlapped with the main peak of the 2B1 state. We
expected that the Frank–Condon factors for the transition to
the 2B1 state should be similar to those of the 2A1 state.

C. Observation of the C–C cleaved isomer:
C60–O–C60

2−

The spectral features observed between 1.5 and 2.5 eV
occurred in the energy gap region of C120O

2− and, in prin-
ciple, could be due to shake-up processes. However, that
seemed rather unlikely because according to our MCSCF
calculations, the occupancy numbers of orbitals other than a1

and b1 were basically negligible in either of the spin states of

FIG. 3. The first two detachment transitions �X and A� that can derive from
the nearly degenerate triplet and singlet states of C120O

2−, as well as the
measured detachment energies.

FIG. 4. Franck–Condon factor simulation for the transition between the 3B1
state of C120O

2− and the 2A1 state of C120O
−. The Franck–Condon factors

were convoluted with Gaussians of 0.03 eV FWHM.

114307-4 Wang et al. J. Chem. Phys. 128, 114307 �2008�

Downloaded 09 May 2008 to 130.20.226.164. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



C120O
2−. Alternatively, these features could come from iso-

mers formed by the opening of the furan ring linking the two
C60 units in C120O

2−. Even though these isomers are much
higher in energy, they could be produced during the electro-
spray and contribute to the PES spectra. The observation of
abundant C60

− and C60O
− in the mass spectra suggested that

fragmentation of C120O
2− did take place readily in our elec-

trospray source, giving further evidence for the existence of
the ring-opened isomer.35

Particularly, our calculations showed that the C–C
cleaved isomer, labeled as C60–O–C60

2− to distinguish it
from the main furan-linked isomer, is only 36 kJ /mol higher
in energy and would be the most likely carrier of the spectral
features observed between 1.5 and 2.5 eV. This isomer
would be expected to possess a higher electron binding en-
ergy than the main C120O

2− isomer, as observed experimen-
tally, because the two C60 units are separated further, thus
reducing the Coulomb repulsion in C60–O–C60

2−. Indeed,
our calculations predicted an ADE of 1.4 eV for
C60–O–C60

2−, in reasonable agreement with our observed
ADE of 1.54 eV �Fig. 1�b��. Furthermore, our calculations
showed that the gap between the highest occupied molecular
orbital �HOMO� and HOMO−1 in C60–O–C60

2− is 0.33 eV,
which is in excellent agreement with the observed energy
difference between the peak at 1.54 and 1.84 eV �Fig. 1�b��.
These results imply that the 1.84 eV peak represents the first
excited state of the C60–O–C60

− monoanion. The fine fea-
tures following the 1.54 and 1.84 eV peaks are probably due
to vibrational excitations. Our DFT calculations revealed that
the top two valence orbitals �Fig. 5� differ significantly from
those of the furan-linked main isomer �Fig. 2�. Both HOMO
�b1� and HOMO−1 �a1� are fully occupied and are quite
localized. The breaking of the C–C bond would create a
diradical for the neutral C60–O–C60 isomer. In the
C60–O–C60

2− dianion, the extra electrons pair up with the

single electron on each cage, giving rise to two fully occu-
pied b1 HOMO and a1 HOMO−1 orbitals and resulting in a
relatively stable dianion.

VI. CONCLUSIONS

In summary, we have reported high resolution and low-
temperature photoelectron spectra of doubly charged anions
of a fullerene dimer oxide �C120O

2−� in conjunction with
theoretical calculations to aid the spectral assignments and
interpretation. Two structural isomers were observed in the
dianion beam: The conventional and more stable furan-
linked C120O

2− and a less stable C–C cleaved C60–O–C60
2−

isomer produced during the electrospray ionization. Distinct
vibrationally resolved photoelectron spectral features were
observed for each isomer due to the cooling of the parent
dianions in a cold ion trap. The second electron affinity of
C120O was measured to be 1.02�0.03 eV. A low-lying ex-
cited state was also observed for C120O

− at 0.09 eV above
the ground state. The C60–O–C60

2− isomer was observed to
possess a higher electron binding energy of 1.54�0.05 eV
due to the expected smaller intramolecular Coulomb repul-
sion. Theoretical calculations suggest that the two excess
electrons in the C120O

2− dianion each occupy a C60 ball with
very weak spin coupling.
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