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We report a photoelectron spectroscopy (PES) study on a series of fullerene oxifss, (€ = 1—3). The
PES spectra reveal one isomer feg@ -, two isomers for GO, ~, and multiple isomers for 0;~. Compared
to Ceo, the electronic structures ofs§Dy are onl
spectra. The electron affinity ofggDx was observed to increase only marginally with the number of oxygen
atoms,x, from 2.683 eV for G, to 2.745 eV for GO, and 2.785 eV/2.820 eV forgD, (two isomers). We
also carried out theoretical calculations, which confirmed the observed isomers and showed that all the fullerene
oxides are in the form of epoxide. The PES and theoretical calculations, as well as molecular orbital analysis,
indicate that addition of oxygen atoms to thg €age only modifies the local carbon network and leave the
rest of the fullerene cage largely intact geometrically and electronically.
Introduction

Fullerene oxides (§50x), common residues in fullerene bulk
synthesis as a result of oxidation, are a class of important
functionalized fullerene derivatives. First detected in mass
spectrometry and electrochemical oxidation e,&2the oxides
were reported to be the starting materials to form large odd-
numbered carbon clusters, such ag€ > Theoretical calcula-
tions suggested that for the fullerene monoxidg,( there
were two isomers, i.e., [6,6]-closed epoxidg &nd [5,6]-open
oxidoannulene (an ether structure) with comparable stabfiitiés,
but only the epoxide was initially synthesizéd* with the latter
missing until more recentl2 Oxidation of Go with m-
choroperoxybenzoic acid produced bulk guantities gz and
X-ray diffraction showed it was a fullerene diepoxide with both
oxygen atoms positioned over [6,6] ring junctions on a common
six-member face of the carbon ca@.{¢ HPLC chromatogram
analyses of the reaction products af@ith Oz indicated two
isomers for GuO,, one with the proposed structure ®fand
the other one similar to that fd2, but with the two oxygen
atoms bridging the neighboring six-member rir@).{’ The
electronic structures and electron affinities (EAs) @@ are

that all oxides have electronic structures similar to that fgy C
with only a slight increase of EA as the number of oxygen atoms
increases. We observe one isomer fgsQ two isomers for
Cs002, and multiple isomers for §0s. Theoretical calculations
were carried out to provide further insight into the electronic
and structural properties of the fullerene oxides.

Experimental Details

The experiments were carried out using a newly developed
low-temperature PES apparatus, which consists of an electro-
spray ionization source (ESI), a cryogenically cooled ion trap
time-of-flight mass spectrometry, and a magnetic bottle time-
of-flight photoelectron analyzéf. The ESI source and the
magnetic-bottle photoelectron spectrometer are similar to that
described previousk? CsoOy~ anions were produced as byprod-
ucts from a solution intended to generatgyCanions in an
acetonitrile solutior?? After guided by a RF-only octopole and
a quadrupole mass filter (operated in the RF-only mode), all
anions were turned 90/ia a quadruple ion bender and entered
into a three-dimensional Paul trap for ion accumulation and
collision cooling. The ion trap was attached to a cold head of

expected to play an important role in any of its applications, a cryostat and its temperature can be controlled from 10 to 400
and extensive electrochemical studies have been pursued a&. For the current experiment, the trap was kept at 70 K and

such®18-20 Unlike Cgo and Gyo~, which have been intensively

the collision background gas used was“4Torr N. The cooled

investigated using gas phase photoelectron spectroscopy (PESpns were pulsed out of the trap at a 10 Hz repetition rate and

since the early stage of its discovéry?* and recently revisited
with vibrational resolutio?>27 no gas-phase PES study is
available for GoOy and their anions.

In this Letter, we report the first PES study ofgOy~ in the

separated in a linear TOF mass spectrometer according to their
respective mass-to-charge ratios. TheQdg (x = 0—3) anions

of interest were selected by a pulsed mass-gate, and decelerated
before being intercepted by a detachment laser beam in the

gas phase. The PES spectra were taken at 70 K with threeinteraction zone of the magnetic-bottle electron analyzer. In the
different photon energies using a recently constructed low- current experiment, three detachment photon energies were
temperature electrospray PES apparatus. Our PES spectra showsed: 355 nm (3.496 eV) and 266 nm (4.661 eV) from a Nd:
YAG laser, and 193 nm (6.424 eV) from an excimer laser. The
detachment laser was operated at 20 Hz with the ion beam off
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'x B Cso~, Which have been recently report&€dare shown for
Ceo” | 260 nm 15 nm [\ comparison. Major spectral features are labeled X, A, B, and C
| | in the order of increasing electron binding energies. Surprisingly,
||. AD I I»f*" u 5 the spectra of the O« oxides are very similar to that ofsg .
N N | In particular, the spectra ofégD~ are almost identical to those
AT R A of Cgo~ with only a slight increase of electron binding energies.
Co0™ | I\ The HOMO-LUMO gap of GO, defined by the XA
\ ¢ separation, is 1.52 eV, which is only slightly lower than that of
| Ceo (1.62 eV)?” The quality of the spectra for g0, and
[V L«Mj.w—mw'ﬁ N I Cs003~ was poorer due to their weak mass intensities, but their
T - similarity to the G~ spectra is obvious. Even the autodetach-
% :u‘”\‘1 ment features, labeled “AD” in the 266 nm spectrum @fC
I Y G, are also present in the oxide spectra as weak signals in the
i X Al HOMO—-LUMO band gap region. Vibrational structures were
[f bl I\ / also discernible in the X band of the oxide spectra at both 193
S U N J SN and 266 nm, and they also appeared to be similar to that of the
5 4 8\ Ceo~ spectra. The HOMELUMO gaps of GO, and G¢Os
' ﬁ‘.l :.,ﬁl N“ ‘Ulw‘ Jw?u-’u.\u are estimated to be 1.5 eV, similar to that af¢@. Due to
|.| ‘.»,‘ i A / existence of multiple isomers for the higher oxides (as discussed
[ w,uw‘wﬂwy\"‘ X o below) and poorer resolution, the 1.5 eV HOMOUMO gap
-' | ) ey should be regarded as the average of the different isomers. The

2y’ BE 30 35 4% a e HOMO-LUMO gaps for all species are summarized in Table

Binding Energy (eV) Binding Energy (eV) 1.
Figure 1. Photoelectron spectra o6y~ (x = 1—3) at 266 nm (4.661 The details of the vibrational structures in the first PES band
eV) and 193 nm (6.424 eV), compared with that gfCfrom ref 27. of CedOx~, were revealed more clearly at 355 nm (Figure 2).
Vibrational structures of O~ are seen to be identical to that

on alternate shots for background subtraction. The photode-of Cey~, even though the resolution of thedO~ spectrum was
tached electrons were collected with nearly 100% efficiency slightly poorer. This observation suggests that the vibrational
by the magnetic-bottle and analyzed in a 5.2 m long electron modes and their frequencies excited in the ground-state transition
flight tube. The electron energy resolution of the apparatus is in CecO~ and Go~ are identical; i.e., the O atom has very little
AE/E ~2%, i.e., 20 meV for 1 eV electrons. Photoelectron time- perturbation to the electronic and geometrical structures of the
of-flight spectra were collected and then converted to kinetic Ceo cage in GO, indicating the electronic and structural
energy spectra, calibrated by the known spectra ofahd robustness of the g cage structure. The EA of 6O is
ClO,~.%0 The electron binding energy spectra presented here measured accordingly from the-0 transition to be 2.745 eV,
were obtained by subtracting the kinetic energy spectra from compared to 2.683 eV fordgin Table 1.
the detachment photon energies. The vibrational structures in the 355 nm spectrum Gz~
. were poorly resolved. However, two peaks; (@hd X) were
Theoretical Methods resolved for what appeared to be the®transition. These two

All calculations were done at the level of generalized gradient peaks could be due to a vibrational progression of a low
approach using the Perdewvang exchange-correlation func-  frequency mode. But they are most likely due to the00
tional3 The standard Slater-type-orbital (STO) basis set with transitions for two isomers of¢g0,™, as verified below by the
quality of triple< plus with two sets of polarization functions  theoretical calculations. From the peak positions gKd X,
(TZ2P) were used for the valence orbitals of all the atoms, with we obtained the ADEs for these two isomers ef@ as 2.785
frozen core approximation. The geometries of all molecules ev (X,) and 2.820 eV (X). The 355 nm spectrum ofggOs™
(both anions and neutrals) were fully optimized with default was even less resolved, partly due to the poorer resolution and
convergence criteria. The adiabatic detachment energies (ADEs)artly due to the fact that multiple isomers were expected to be
were obtained by taking the energy difference between the present for GOs~. Thus, we could not obtain the ADE for
anions and the neutrals in their optimized geometries. All the C;,05~. An estimate of 2.8 eV is listed in Table 1, which should
calculations were accomplished using the Amsterdam density be viewed as an average of the different isomers.
functional (ADF 2004.01) prograr?.

Relative Electron Intensity
1
il
el

Experimental Results Theoretical Results

Figure 1 shows the PES spectra ¢bG;~ (x = 1—3) at 266 We carried out theoretical calculations using density func-
nm (left) and 193 nm (right). The low-temperature spectra of tional theory with the TZ2P basis set. FogsO~, the lowest

TABLE 1: Experimental and Theoretical Adiabatic Detachment Energies (ADES) of Gy~ and CeOx~ (X = 1—3) and the
Measured HOMO—LUMO Gaps for the Neutral Species (All Energies in eV)

Cs002~ Co0O2~
Coo~ Co0O™ (isomer 1) (isomer 2) GoOs™
ADE (exptp® 2.683(8) 2.745(8) 2.820(10) 2.785(10) ~2.8
ADE (cal) 2.86 2.95 3.02 3.00
HOMO-LUMO gap 1.62+ 0.0F 152+ 0.01 ~1.5 ~15 ~15

aThe ADEs were determined from the-0 transitions in the 355 nm spectra (Figure 2) except #90¢ , for which only a rough estimate from
the detachment threshold was obtained. The ADES also represent the EA of the corresponding neutrdldpetiess in parentheses are uncertainties
in the last digits¢ From ref 27.
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Figure 2. Photoelectron spectra ot~ (x = 1—3) at 355 nm (3.496
eV), compared with that of & from ref 27 with assignments of the
main vibrational features.
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CaoO (1) Cs07 isomer 1 (2) CenO5” isomer 2 (3)

0.00 (3.02) 0.33(3.33)
Figure 3. Optimized structures of 0~ (1) and GoO.~ (2, 3). The
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CuO (1)

HOMO 39a, HOMO-1 30b,

HOMO-2 30b,

CioOs isomer 1 (2)

HOMO 70a’ HOMO-1 692’ HOMO-2 57a™

CeOy isomer 2 (3)

HOMO 70a°

HOMO-1 57a™ HOMO-2 69a’

Figure 4. First three highest occupied molecular orbitals @
(1) and GOz~ (2, 3).

whereas for isomer 23] they bridge the [6,6] €C bond over
neighboring six-member rings (Figure 3). The energetics of
Ces002 neutrals are similar to that of the anions, and isomer 2 is
0.31 eV higher in energy. The calculated ADEs fee@ and
Cs002~ are compared with the experimental values in Table 1.
The calculated values ared.2 eV higher than the experimental
ones but reproduce the experimental trend well. Particularly,
the calculation predicts that the more stable isomer 1,6D&

has a slightly higher ADE compared to that of isomer 2,
consistent with the experimental observation (Figure 2).

Discussions

The PES spectra ofdg have been reported before and are
well understood®>2” The HOMO of Gy is a 5-fold degenerate
h, orbital. In Gso~, the extra electron enters the LUMO o§d°
t1y, Which is subject to JahsTeller distortion, giving rise to a
complicated vibrational structure for the transition from the
ground state of g5~ (°Tyy) to the ground state of & neutral
(*Ag) because of the vibronic coupling with the twg, And
eight H; modes. This has been discussed in detail béfoté
and several assignments are reproduced in Figure 2 dgr. C
The apparent similarity between theoO,~ and Gg~ spectra
indicates the oxides have electronic and geometrical structures
essentially similar to that of §galthough the overall symmetries

numbers are the relative energies in electronvolts for the anions andgre |ower for the oxides. This is born out from the calculations.

the neutrals (in parentheses).

As shown in Figure 3, each oxygen atom breaks oreCC

energy structure is the epoxide structure with the oxygen double bond to form two epoxide bonds locally and does not

bridging one [6,6] C-C bond @) (Figure 3). We identified two
low-lying diepoxide isomers for 0.~ separated by only 0.33
eV in energy. For the more stable isomer2}, the two oxygen

seem to induce global changes to the cage. The valence MOs
of the oxides are still expected to be composed of the p orbitals
from the cage (€C x orbital), very much like the bareg

atoms position over [6,6] ring junctions on one six-member ring, These are shown clearly in Figure 4. We note that the O atoms
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have very little contribution to the valence MOs of the oxides (5) Beck, R. D.; Brauchle, G.; Stoermer, C.; KappesJMChem. Phys
and they only affect the proximal carbons. Thus tgggoxides 1993 102 540. .

. . (6) Raghavachari, KChem. Phys. Lett1992 195 221.
can be viewed as O atoms chemisorbed to thesUrface. (7) Raghavachari, K.; Sosa, Chem. Phys. Letl993 209, 223.
_ According to geometrical structure analyses, there can betwo  (g) Menon, M.; Subbaswamy, K. Rhem. Phys. Letf.993 201, 321.
isomers for the fullerene monoxide;d® ([5,6]-open oxidoan- (9) Wang, B.-C.; Chen, L.; Chou, Y.-Ml. Mol. Struct 1998 422,
nulene and [6,6]-closed epoxide) and eight isomers for the 153.
fullerene dioxide Gu0,.1° Although the two isomers of §O 19550216%’6‘1”297' B.-C.; Chen, L.; Lee K.-J.; Cheng, C.-Y.Mol. Struct
are pred|cted to have similar s_tabllltles with a high CONVersion 11y Manoharan, MJ. Org. Chem200Q 65, 1093
barrier between them, experimentally only the epoxide was (12) Creegan, K. M.; Robbins, J. L.; Robins, W. K.; Millar, J. M.;
found initially.*>~14 The [5,6]-open isomer has been discovered Sherwood, R. D; Tindall, P. J.; Cox, D. M. Am. Chem. Sod992 114
more recently with photolysis of aggozonation solutiod®> We 1108.

. h . . : (13) Elemes, Y.; Silverman, S. K.; Sheu, C.; Kao, M.; Foote, C. S.;
believe the rr_lonOX|de obse_rved in our experiment is the [6,6]- Alvarez, M. M.; Whetten, R. LAngew. Chem., Int. Ed. EngL992 31,
closed epoxide because it was produced via slow thermal3sz1.
reaction of Gowith Oy, as reported similarly in the literatuté?-14 (14) Balch, A. L.; Costa, D. A; Lee, J. W.; Noll, B. C.; Olmstead, M.
For CsoO2, we observed two dominant isome @) among M'(Tsf)rg\)vgigﬁqn;g?; '3‘H2:y7n]1-énn D.; Bachino, S. MAm. Chem. Soc
eight possible ones, also consistent with the previous stifdiés. 2001 123 9720. Tsyboulski, D.; Heymann D.; Bachino, S. M.; Alemany
The broadness of our PES spectra of/@~ indicates the L. B.; Weisman, R. BJ. Am. Chem. So@004 126, 7350.
presence of multiple isomers. This observation agrees with two  (16) Balch, A. L.; Costa, D. A.; Noll, B. C.; Olmstead, M. M. Am.
previous reports showing three isomers existed for the trioxidesChelr;- %09199? }31.7"3926-0 Y Han GG, Phve. Chem1996 56
in the product mixtures of oxidation of fullerenes by oz&hé 14507)_ eng, J.-P.; Mou, C-Y.; Han, C.-Q. Phys. Chem1995 99,

In conclusiorj, we report a combined PES and theoretical  (18) Fedurco, M.; Costa, D. A.; Balch, A. L.; Fawcett, W. Ragew.
study on a series of fullerene oxidessoOx (X = 1—3). Our Chem., Int. Ed. Engl1995 34, 194.
spectra reveal similar electronic structures for the oxides _ (19) Winkler, K.; Costa, D. A; Balch, A. L.; Fawcett, W. R. Phys.

Co T ' : Chem 1995 99, 17431.
compared to that of . This similarity is confirmed via MO (20) Echegoyen, L.; Echegoyen, L. Ecc. Chem. Re€.998 31, 593.

analyses. The EAs ofddOy are found to increase slightly with (21) Yang, S. H.; Pettiette, C. L.; Conceicao, J.; Cheshnovsky, O.;
the oxygen contenk. We observed one isomer fog, two Smalley, R. EChem. Phys. Lettl987, 139, 233.
dominant isomers for 0O, ~, and multiple isomers for 03~ (22) Wang, L. S.; Conceicao, J.; Jin, C.; Smalley, RGEem. Phys.

Lett. 1991, 182, 5.
Our results showed that O atoms only perturb thg €age (23) Wang, L. S.: Alford, J. M.. Chai, Y. Diener, M.; Zhang, J.:

locally and have very little global effect on thedzage. This McClure, S. M.; Guo, T.; Scuseria, G. E.; Smalley, RGBem. Phys. Lett

finding demonstrates the electronic and structural stability of 1993 207, 354.

the Gy cage. (24) Brink, C.; Anderson, L. H.; Hvelplund, P.; Mathur, D.; Voldstad,
J. D.Chem. Phys. Letfl995 233 52.

: - (25) Gunnarsson, O.; Handschuh, H.; Bechthold, P. S.; Kessler, B.;
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