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Abstract: The recently discovered [5,6]-open isomer of CsO has been found to undergo facile dimerization
to form a new C, symmetry isomer of C1200,, which can be photodissociated with relatively high efficiency
to regenerate monomeric [5,6]-Cs0O. High yield dimerization of [5,6]-CsO proceeds spontaneously in toluene
solution near room temperature. On the basis of 2*C NMR spectroscopy, ab initio quantum computations,
and HPLC retention patterns, the resulting C1200; product has been deduced to be a nonpolar dimer of C,
symmetry in which the CsoO moieties are linked by two single bonds between sp3-hybridized carbon atoms
adjacent to oxygen atoms. Photophysical properties of this dimer have also been measured and compared
to those of Cizo, the [2 + 2]-dimer of Cgo. The ground-state absorption spectrum of Ci1200; in toluene is
slightly red-shifted relative to that of Ciz9, with a distinctive peak at 329 nm and an S;—S, origin band at
704 nm. Its fluorescence spectrum shows two major peaks at 718 and 793 nm. In room-temperature toluene,
the measured triplet state intrinsic lifetime of this C1200, isomer is 34 + 2 us, a value somewhat shorter
than that of Ci20 (44 us). C1200, undergoes photodissociation from its triplet state to regenerate monomeric
[5,6]-CeoO with quantum yields of 2.5% at 24 °C and 43% at 70 °C. It can therefore serve as a stable
reactant for photolytic production of [5,6]-Cg0. As a simple fullerene adduct that reacts under mild conditions,
[5,6]-Cs0O may prove useful in special synthetic applications. Solutions of [5,6]-Ce0O are also unique because
they can provide mixtures of a fullerene monomer and its dimer in a dynamic balance controllable by
adjustment of concentration, temperature, and optical irradiation.

Introduction an oxygen-bridged dimer containing a furan linkage between
. - . ._the fullerene cages:1? This product was also found to be
FuIIereng dlmer§ hold special interest because their prOp(?rt'.e";’oroduced through the ambient temperature solid-state reaction
can reveal interactions between the component fuIIe_rene mou_atle of [6,6]-CscO With Ceo® A dimeric fullerene oxide with the
and also because they may play important roles as |ntermed|ate§
in fullerene polymerizationsThe most basic fullerene dimer
may be considered the dumbbell-shapagh@olecule, which
was first synthesized through a KCN-catalyzed mechanochem-
ical [2 + 2] cycloaddition reaction of §.23 Many properties
of Cia0have been characterized in subsequent stdddatense

interest in fullerene oxides, which are among the first known (10) Creegan, K. M. Robbins, J. L.; Robbins, W. K.: Millar, J. M.; Sherwood

ormula G»dO, was first prepared by Gromov et al. through
the 400°C thermolysis of solid &¢0.1 This species was found

to haveCy,, symmetry and two furanoid bridges linking the
fullerene cages; it has since been the subject of various
experimental and theoretical investigatidis:1523 Two

fullerene derivatived? had earlier led to the finding that [6,6]- 5?. D, TEi)nng\II.g.lfl.; T?OX’RDjMA; Sngt# A. SB.,aIgé;lecﬁatilfgé_Jil%éJr.;
; . ones, D. R.; Gallagher, R. J. Am. Chem. So | )
Cs0O (an epoxide) reacts withggnear 200°C to form G20, (11) Smith, A. B., lll; Tokuyama, H.; Strongin, R. M.; Furst, G. T.; Romanow,

W. J.J. Am. Chem. S0d.995 117, 9359-9360.

"Department of Chemistry and Center for Nanoscale Science and (12 %gtbrgglég,or?tegigggvg%g’;,4gs7.;l_(25(37?, I Taylor, R.tsehmer, W.

Technology. ) (13) Taylor, R.; Barrow, M. P.; Drewello, TChem. Communl998 2497—
* Department of Earth Science. 2498.
(1) Segura, J. L.; Martin, NChem. Soc. Re 200Q 29, 13—25. (14) Gromov, A.; Lebedkin, S.; Ballenweg, S.; Avent, A. G.; Taylor, R.;
(2) Wang, G.-W.; Komatsu, K.; Murata, Y.; Shiro, Mature1997, 387, 583~ Kratschmer, W.Chem. Commurl997, 209-210.
586. (15) Fowler, P. W.; Mitchell, D.; Taylor, R.; Seifert, @. Chem. Soc., Perkin
(3) Komatsu, K.; Wang, G.-W.; Murata, Y.; Tanaka, T.; Fujiwara, K Trans. 21997, 1901-1905.
Yamamoto, K.; Saunders, M. Org. Chem1998 63, 9358-9366. (16) Penn, S. G.; Costa, D. A.; Balch, A. L.; Lebrilla, C.IBt. J. Mass Spectrom.
(4) Osawa, S.; Sakai, M.; Osawa, E Phys. Chem. A997 101, 1378-1383. lon Processed997 169170, 371-386.
(5) Ma, B.; Riggs, J. E.; Sun, Y.-B. Phys. Chem. B998 102 5999-6009. (17) Eisler, H.-J.; Hennrich, F. H.; Werner, E.; Hertwig, A.; Stoermer, C.;
(6) Lebedkin, S.; Gromov, A.; Giesa, S.; Gleiter, R.; Renker, B.; Rietschel, Kappes, M. M.J. Phys. Chem. A998 102 3889-3897.
H.; Kratschmer, W.Chem. Phys. Lettl998 285 210-215. (18) Krause, M.; Dunsch, L.; Seifert, G.; Fowler, P. W.; Gromov, A’itschmer,
(7) Fujitsuka, M.; Luo, C.; Ito, O.; Murata, Y.; Komatsu, B.Phys. Chem. A W.; Gutierez, R.; Porezag, D.; Frauenheim,JT.Chem. Soc., Faraday
1999 103 7155-7160. Trans.1998 94, 2287-2294.
(8) Cho, H. S.; Kim, S. K.; Kim, D.; Fujiwara, K.; Komatsu, K. Phys. Chem. (19) Gross, J. H.; Giesa, S.; Ksshmer, WRapid Commun. Mass Spectrom.
A 200Q 104, 9666-9669. 1999 13, 815-820.
(9) Bachilo, S. M.; Benedetto, A. F.; Weisman, R.BPhys. Chem. 2001, (20) Tian, W.; Ren, A,; Feng, J.; Guo, J.; Sun,I@. J. Quantum Chen200Q
105, 9845-9850. 79, 291-307.
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additionalG,¢O, isomers ofC; symmetry are reportedly formed —~ 0T
as byproducts in the 208C solid-state reaction betweenC 2 i —C1200,
and GoO.24 é 0.5 :

A recent study in this laboratory uncovered a new isomer of £
Cs00, the [5,6]-open oxidoannulene (oxa-homo[60]fullerene), ; 04
which can be simply produced through photolysis of the ozonide & 03
CsoOs. Following up on a preliminary repof,we describe here s [ [5,6]-Cg0
a dimerization reaction of this [5,6]«gO species that proceeds § 0.2 N
in room-temperature solution to form a new isomer @5¢O.. 8
This is apparently the most facile reaction yet found for '8' 0.1 :
producing a fullerene dimer. We also report the structural 2 M JL \
characterization and photophysical properties of the/@ 0.0 A N P ,

0 5 10 15 20

isomer formed by dimerization. Most intriguingly, our4gO,

has been found to photodissociate with relatively high efficiency
to regenerate the [5,6]¢gO monomer. The [5,6]-650/Ci12002
system thus provides the first example of reversible fullerene
dimerization.

Experimental Methods

Synthesis.We synthesized GO, through thermal dimerization of
[5,6]-open GO (oxa-homo[60]fullerene). The O reactant was

prepared according to the procedure in a recent report by treating a

~2.5 mM solution of G in o-xylene with a stream of ©in O, from
a discharge ozone generator (Ozone Services GE6)e resulting
Cs0O3 adduct was isolated on a Shimadzu HPLC equipped with a SPD-

MZ10A photodiode array detector and a semipreparative Cosmosil 5PYE

column that was cooled to 0C. The mobile phase was toluene.
Immediate irradiation of this fraction with an incandescent light source
photolyzed the 05 to produce @ and [5,6]-open &O.

The dimerization reaction was induced simply by evaporating the
toluene solution of [5,6]-opendd to higher concentration or dryness
using rotary evaporation at 40C under partial vacuum. After the
resulting solid was redissolved in toluengdO, product was isolated
and purified by HPLC using the Cosmosil 5PYE column.

13C NMR Spectroscopy.The solubility of G20, in ODCB-d,s was
sufficiently high ¢~1.4 mg/mL) to allow obtaining #C NMR spectrum
with a 5 mmbroadband observe (BBO) probe on a Bruker Avance500
spectrometertd = 500.13 MHz,*3C = 125.77 MHz). The solution
contained 1.1 mg of 4%°C-enriched sample, along with 10 mg of
Cr(acacy as a paramagnetic relaxation agent andil®f TMS as a
chemical shift reference. A plastic vortex plug was placed in the sample
tube just above the solution to prevent solvent evaporation during the

Elution time (min)

Figure 1. Chromatogram of the evaporated and redissolved [5:6PC

peak heights) do not have to be identical for the 60 diffef&signals.
Even in the presence of a paramagnetic relaxation agent, the different
13C environments may not relax equally during the 4-s relaxation delay.

Mass Spectrometry. Two different mass spectrometry methods were
applied in this project. MALDI-TOF analysis was performed with a
Bruker Biflex Il instrument using 9-nitroanthracene as a matrix. APCI
measurements were made on a Finnigan MAT 95 instrument.

Photophysical Measurements Ground-state UV-vis absorption
spectra were measured with a Cary 400 spectrophotometer. Fluorimetry
studies were performed on a Spex Fluorolog 3-211 instrument equipped
with a Hamamatsu R636-10 photomultiplier. We made transient
absorption measurements using a homemade apparatus that employed
532 nm pulses from a small Q-switched Nd:YAG laser for excitation
and monochromated light from a stabilized tungsthalogen lamp
for probing. An amplified silicon or germanium photodiode served as
the detector. A Tektronix TDS-430A digitizing oscilloscope recorded
output signals from the detector and averaged them over multiple
excitation shots. Waveform data were analyzed on laboratory computers
after transfer through a GPIB interface.

Quantum Chemical Computations. All computations were per-
formed using Gaussian 98W Revision A.1% Molecular geometries
and relative energies were obtained using the AM1 and PM3 semi-
empirical methods and the B3LYP density functional method with
various basis sets. To compdf€ NMR chemical shifts, we used the
GIAO method at different levels of theory. Many of these computations
required one to two weeks of execution time per species on an Athlon
MP 1.2 GHz workstation.

experiment, as a change in concentration would broaden each signal

by slightly changing the chemical shift. Preliming#st NMR spectra
were obtained to guide shimming until a TMS half-height line width
of 0.31 Hz was achieved. AC NMR spectrum covering the region
from 166.6 ppm to—3.3 ppm was then obtained with a 1.8 30
pulse, a 3.067 s FID with WALTZH decoupling, ad a 4 srelaxation
delay without decoupling (so as to minimize the NOE for the residual
1% ODCBhd; °C signals). The sample was kept at@Dthroughout

the experiment to prevent precipitation. A total of 48 856 scans were

taken over a 96 h period. To reduce high frequency noise, the FID was

processed with only 0.1 Hz of line broadening, as the digital resolution
was 0.326 Hz (0.00259 ppm). The relative peak heights give only a
gualitative indication of intensity because the line widths (and thus

(21) Du, S.; Huang, Y.; Li, Y.; Liu, RChin. Sci. Bull.2001, 46, 818-823.

(22) Kraschmer, WAIP Conf. Proc. (Nanonetwork Materialp01, 590 291~
296.

(23) Dunsch, L.; Rapta, P.; Gromov, A.; StaskoJAElectroanal. Chen2003
547, 35—-43.

(24) Gromov, A.; Lebedkin, S.; Hull, W. E.; Ktechmer, W.J. Phys. Chem. A
1998 102 4997-5005.

(25) Tsyboulski, D.; Heymann, D.; Bachilo, S. M.; Alemany, L. B.; Weisman,
R. B. Proc. Electrochem. So@002 2002-12, 148-156.

(26) Weisman, R. B.; Heymann, D.; Bachilo, S. M. Am. Chem. So001,
123 9720-9721.

Results and Discussion

Dimerization Reaction. Figure 1 shows a chromatogram of
the mixture formed by evaporating a solution of [5,6C to
dryness near room temperature and then redissolving in toluene.
In addition to the peak near the 5 min retention time from
unreacted [5,6]-60, there is a major peak at 8.4 min attributed
to a G200, dimeric product. Up to 60% conversion of monomer
was seen. Minor peaks at longer retention times, such as the
one near 16.3 min, probably represent higher oligomers. To

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
P.; Dannenberg, J. J.; Malick, D. K.; Ortiz, J. V.; Baboul, A. G.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.;
Gomperts, R.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98revision A.11.2; Gaussian, Inc.: Pittsburgh,
PA, 2001.
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290 295 300 305 310 315 320 parent mass of GO, (1472 amu). Instead, mass spectral signals
Inverse temperature (10 K™) were observed at masses 720, 736, and 752, corresponding to

Figure 2. (Top frame) Dimerization kinetics of [5,6]4g0 at various Ceo, CedO, and GO2. At relatively weak MALD"TO_F_eXCita'_

temperatures. (Bottom frame) Arrhenius plot for the [5,g)Cdimerization tion powers, only the €O peak at 736 amu was visible. This

kinetics. behavior presumably reflects fragmentation of the sample
compound under the influence of optical or thermal excitation.

study the reaction kinetics, a ca. 18M solution of 5,6-GoO For comparison, we note that mass spectrometry;of @hder
was thermostated in a constant-temperature water bath andjijar conditions also failed to show a parent peak.

sampled at various_intervals for HPLC analy_sis of reactantand  aq jjustrated in Figure 3 and in the table in the Supporting
product concentrations. The top frame of Figure 2 shows the Information, thel*C NMR spectrum exhibits two &psignals
inverse reactant concentration as a function of time as measured ;, nearly equal intensities #182.25 andy91.45 and 56 p
_at fpur different sample tempera_lturgs. The linearity of eac_h plot signals fromd151.67 t06135.50. This pattern immediately
indicates pure second-order kinetics for the consumption of ¢, ¢y ges several isomers from consideration. It is clear that this
[5,6]-Cs00. The bimolecular rate constants found from these compound cannot be the isomer 6§, symmetry reported
2 11 v

data are 12,24, 3.4, and 6:010“ M~ s at 40, 50, 60, eviouslyl428 which ideally would give 26 double-intensity
and 70°C, respe.ctlvely. In the bottom frame of Figure 2, W€ s signals, 4 single-intensity 3gignals, and 2 double-intensity
show an Arrhenius plot of these rate constants along with a sp signals? It is equally obvious that this sample is not the
linear best-fit that indicates an overall activation energy of 48 isomer ofD., symmetry with a central cyclobutane ring and an

1 i i . . .
kJ mol_’ for the bimolecular reaction of _[5,6]@. (After epoxide group on the opposite side of eagh Boiety, as too
correcting for the temperature-dependent viscosity of the toluenemany signals are present in our spectrum and there is no
solvent, we estlmate.an |ntr|n5|q act!vat!on energy of 39 kJ raasonable expectation that such a dimer would form from the
mol~1.) The dark solution-phase dimerization reaction proceeds [5,6]-open oxidoannulene (0. It is also apparent that our
essentially to completion, as we find an equilibrium constant sa,mple has far too few signals to b&asymmetry isomer of
for dimer formation of at least & 10° M~ in room-temperature Crod0z, including either described in a prior repéftThe

toluene. This thermodynamic preference for dimer formation ,e44,red3C NMR signals are noticeably narrower than those
is also consistent with the quantum chemical findings reported g}, previously foiCy, C12601428in which only 27 of the

below. . . 30 different sg signals were resolved at the same field strength
Struc’tural Data. In an attempt to confirm the reaction seq here. Still, only 56 of the 58 expectedsignals are clearly
product’s suspected identity as&0,, we performed MALDI- yigipie for our sample. A highly expanded plot with no line

TOF and APCI mass spectrometry measurements. However,
neither of these methods showed a signal near the expected2s) Taylor, R.Proc. Electrochem. Sod997, 97—14, 281—289.
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C, axis

NMR experiment, as the $parbon bound to oxygen can exhibit
only one connectivity to a gsite. Unfortunately, the concentra-
tion of 13C in the sample was far too low for this experiment to
be feasible on our spectrometer.

Other G dimer structures with a central cyclobutane ring
do not exhibit two such deshielded cyclobutane carbon signals,
i.e., having both cyclobutane signals downfield of 82 ppm rather
inversion e than at least one signal at 76 ppm or further upffelti3®35

center 58'\\, /] The difference between the more upfield spemical shift in

/ Co, C12d02 and in our isomer of O, is striking (072.19 vs
082.25), whereas the difference between the more downfield
sp® chemical shifts is much smalled92.11 vsd691.45) and in
the reverse order. Clearly, the electronic environment around
the sg carbon not bonded to oxygen in our isomer is
Figure 4. Possible structures of1&0, having Cy, Cs, or Ci symmetries significantly different than in the other cyclobutanes and reflects
suggested by NMR results. a correspondingly different chemical shift tensor.

The observed (isotropic) chemical shift, is the average of
broadening and 4-fold zero-filling to even better define line the three principal values of the chemical shift tensor, which
shape clearly shows that td.43.51 signal is both taller and  |ie along three mutually perpendicular directions. Thus, if one
broader than the adjacent signals, with an area 2 to 3 times thalor more of the principal values are unusually deshielded, this
of the others. will be reflected in the observed chemical shift. The chemical

The number of observed signals with similar heights indicates shift tensor is well-known to be sensitive to local structure;
a single isomeric species with one symmetry element and, thus,modest changes in bond distances and bond angles can lead to
a point group symmetry o€z, Cs, or Ci. A compound of such  variations in the calculated principal values of the chemical shift
symmetry would ideally give two $signals and 58 $psignals tensor and, therefore, in the isotropic chemical sHifthe
of equal intensity. From the observation of twd sjgnals with relative similarity of the isotropic chemical shifts for the more
nearly equal intensity, we deduce that the moieties are downfield (and presumably oxygen-bound$ sprbons inCy,
linked by two bonds involving four Sghybridized carbon atoms.  C;,00, (992.11) and our isomer@1.45) suggests that opposing
(A structure with one linking bond would be unstable because changes in the principal values of the chemical shift tensor are
of radical centers; one with three bonds would not show sp occurring that nearly offset each other.
signals of equal intensity; and one with four bonds would show  The structures shown in Figure 4 are also consistent with
a higher ratio of spto si7 signals.) Although one could imagine  known examples of dimerization reactions among analogous
a G200, peroxide ofC; or Cs symmetry, we consider such a  anti-Bredt compounds, those with highly reactive, torsionally
structure unlikely because it could be formed only by substantial strained double bonds. The classic example in this class is the
rearrangement of the parentsdO, giving a dimerization dimerization reaction of adamante¥fe.
activation energy higher than the observed value. Quantum Chemical Findings. To obtain a more detailed

Thus, we conclude that the dimer contains fout sprbon  structural interpretation of experimental NMR data, we have
atoms and retains the [5,6]-open oxidoannulene character of theperformed extensive quantum chemical computations on each
monomer. Bonding between th%(f) moieties in such structures of the isomers shown in Figure 4. Approximate equi"brium
would resemble that in {5, the dumbbell-shaped dimer o€ geometries were found using the PM3 semiempirical method.
that is linked by two single bonds formed in a 2 2 Those structures were then refined through ab initio calculations
cycloaddition process. The $phemical shift values observed  that used DFT-B3LYP gradient-based geometry optimizations
for our Ci200, isomer suggest that those atoms are deshielded yjth basis sets of increasing size. Computational expense was
by proximity to an oxygen atorht'*424The most plausible  minimized by the appropriate use of symmetry. Because of the
structures satisfying these constraints are those with oxygen|arge size of these molecules, we performed a full vibrational
atoms directly bound to the $parbons and an overall symmetry  analysis at the DFT level only for the reference TMS molecule.
of Cs, C,, or Ci. Figure 4 shows these candidate structures. (Note,  The B3LYP/3-21G* equilibrium geometries were then used
however, that one cannot immediately exclude other structuressqy computations of3C NMR chemical shifts with the GIAO
of these symmetries in which the oxygen atom is located one (B3LYP/3-21G* or B3LYP/6-31G*) ab initio method in Gauss-

bond further away from the bridging sites.) ian 98W. A study on taxol reported that GIAO computations

For any of the structures, the %sparbon bound to oxygen

would, of course, be much further downfield than the twd sp (30) Giesa, S.; Gross, J. H.; Hull, W. E.; Lebedkin, S.; Gromov, A.; Gleiter,
; 10,29 P i ; R.; Kratschmer, W.Chem. Commuril999 465-466.
signals;>=* so 58 relatively Qeshlelde%fc signals would be 31 013" Hummelen, J. Gl Am. Chem. So@00Q 122, 3226-3227.
expected for a dimeric oxidoannulene that has a rotation, (32) Dragoe, N.; Shimotani, H.; Hayashi, M.; Saigo, K.; de Bettencourt-Dias,
reflection, or inversion symmetry element. Of the two® sp édogaé%hég‘é;‘éz"/'{%’?ke' Y.; Achiba, Y.; Kitazawa, KJ. Org. Chem.
carbons, one could reasonably expect the one bound to oxygergig QUjiw?ra\,(K.l;( KtomstSLll(, KChtem. Ktliogmucrﬁrgol2%9516%%9%.35_7239
H H H urata, Y., Kato, N.; Komatsu, . 0Org. em ) .

to be more deshielded. In principle, the twé sprbons can be (35) Fujiwara, K., Komatsu, K., Wang, G.-W. Tanaka, T.. Hirata, K.:

unambiguously differentiated through a 2D INADEQUATE Yamamoto, K.; Saunders: M. Am. Chem. So@001, 123 10715-10720.
(36) Grant, D. M. Encyclopedia of Nuclear Magnetic Resonand#iley:
London, 1996; Vol. 2, pp 12981321.
(29) Millar, J. M.; Creegan, K. M.; Robbins, J. L.; Robbins, W. K.; Sherwood, (37) Grant, D.; McKervey, M. A.; Rooney, J. J.; Samman, N. G.; Steglem.
R. D.; Tindall, P. J.; Cox, D. MSynth. Met1993 59, 317—331. Commun.1972 1186-1187.
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Table 1. Comparison of Calculated and Experimental 13C Table 3. Relative Energies (in kJ mol~1) of C12002 Isomers as
Chemical Shifts of sp® Atoms in Previously Studied Fullerene Computed by Various Methods
Compounds
B3LYP/6-31G*
calculated chemical shifts (ppm) measured isomer AML PM3 B3LYP/3-21G* (3-21G* geom)
B3LYP/6-31G* chemical C: (a) 0 0 0 0
compound B3LYP/3-21G* (3-21G* geom) shifts (ppm) C, (b) +37 -2 +12 +2
Ce0O epoxidd022 90.5 96.3 90.18 Gi +109 +67 +72 +75
(:1202 76.2 80.2 76.2’2 CS +102 +50 +108 +99
C1o0M1 78.7 82.4 789
97.9 102.7 99.0 ) )
C12602 (Cz,)4 73.2 76.2 72.19 Table 4. Computed Dipole Moments and Experimental HPLC
Retention Times (Measured under Controlled Conditions) for
91.4 96.1 92.11 . - .
Several Dimeric Fullerenes and Fullerene Oxides
aMeasured in benzerdy solution.? Measured in ODCBY; solution. computed retention retention
¢Measured in 98:2 GBCDCl; solution. dipole moment, time on time on
Table 2. Pai £ 13C sp3 Chemical Shift Val ( ) B3LYP/3-21G* Buckyprep PBB
able 2. Pairs 0 sp emical Shift Values (in ppm d Deb | ; | ;
Computed for Five Possible Ci1200; Isomers at Two Levels of compoun (Debye) column (min) colurn (min)
Theory and the Values Measured Experimentally Ci20 0 7.3 17.4
p N , N Cr20 0.65 7.7 17.0
. B3LYP*3-ZlG B3LYP*6-31G C1202 (Ca2) 1.02 8.3 151
Ci200; isomer (3-21G* geom) (3-21G* geom) C1200, Observed 8.1 19.0
Cz (a) 81.2 88.2 85.8 93.0 C12002 (C2(a)) 0.01
Cz (b) 83.2 92.9 86.9 98.5 C12002 (C2 (b)) 0.80
i 86.3 96.1 90.0 101.9
Cs 81.8 100.1 86.3 105.2
G 72.2 741 computations using several methods are listed in Table 3. The
observed values 82.25 91.45 82.25 9145  most stable isomer is predicted to Bg (a), with an energy

- - : — lower than that of two monomers by 126 kJ mbl(from
can predict*C chemical shifts within an accuracy of several B3| yp/3-21G*). We find that the energies 6f andCs isomers
ppm even with HF/6-31G* wave functions, and DFT-B3LYP  4re considerably higher than those of the t®p symmetry

wave functions can provide still better resiftsSeveral  stryctures. This result plus the NMR chemical shift predictions
investigators have_also reported successful cgmputatloﬁ@of of Table 2 let us rule out th€ andC; isomers, leaving thE,
NMR chemical shifts for some fullerene del’lvatl\fé§.o We (a) andC2 (b) structures as the rema|n|ng Cand|datesy \@ih

ran calibration calculations on previously characterized fullerene (5) very slightly preferred on energetic grounds.

oxides and dimeric fullerenes to assess the method’s reliability Experimental observations of HPLC retention times provide
for_ such compqunds. We paid spe_C|aI attention ﬁ_xmemlcal further structural information about our£30, isomer. We used
shift values, with the goal of using the two widely spaced e\iqusly reported methods to synthesize small amounts of
expe.rlmental s!gnals in this region to dlstlngqlsh among the goyeral dimeric fullerenes and fullerene oxidesCCia0,
possible GO, isomeric structures. As shown in Table 1, we and GOs (Ca,)).31214 Examination of the retention times of

found that the chemical shifts (_Jf %parb_ons in these quel these species on Cosmosil 5PBB and Buckyprep columns
fullerene compounds were predicted quite accurately using the e, ea1s certain elution patterns. We find that compounds in this
smaller basis set. We note that the experimental dependence OEroup elute in order of increasing molecular mass on the

chemical shifts on solvent is weak enough (only ?13; PPM Buckyprep column. However, on the 5PBB column, their
difference between & in ODCBds and C$—CD;COCD;1) retention times (for similar mass) depend mainly on molecular
to neglect when comparing experimental apd calgulated values.dip()'e moment, with higher dipole moments giving shorter
Table 2 compares the measured shemical sk_ufts of our retention times. Table 4 shows the increasing order of retention
new G200, isomer with values computed for various possible . for Gzo Cr200, and GogOs (Cz,) on the Buckyprep
structures. The results point to the class of structures shown in.,;,mn and the reversed order on the PBB column. The lower
Figure 4 because the computed chemical shifts for these s of this table show retention times measured under the same
structures differ from. experllment by less than 10 ppm. By conditions for our new G¢O, isomer, along with the dipole
_contrast, the S’pchemmal shifts computed for_theCi (+1) moment values computed for tl& (a) andC; (b) candidate
isomer (representing the clz_;lss_ of SFI‘UCIL_JI’GS with oxygen atoMSg;r ctures. Although the dipole moment of the (a) isomer
one bond further from the bridging site) differ substantially from 4as not vanish by symmetry, our computations predict it to be
the measured values. Such large discrepancies let us excludg,ery small. The long PBB retention time of the new isomer
that class of structures and indicate that the neyf@ isomer gy o1y suggests that it is essentially nonpolar, thereby favoring
has one of_the structures shown in Figure 4. Moreover, the mOStassignment to the; (a) structure shown in Figure 4. Note that
likely candidates are the ones labeféd(@) andC, (b) because we have also observed HPLC and YVis evidence for the
their predicted chemical shifts lie closest to the measured Values'presence of a second isomer of the dimer with a shorter PBB

Another guide to the identity of the observed isomer COMes oo ntion time and a yield near 7% of the main one. This minor
from computed energies of formation. The results of our isomer may be th€, (b) species.

(38) gg‘;ﬁgg“g”lbi- 5-57[(?%3 G. W.; Keith, T. A.; Frisch, MJ.JChem. Basic Photoproperties.The top frame of Figure 5 shows
(39) Shimotani, H.: Dragoe, N.; Kitazawa, &.Phys. Chem. 2001, 105 4980~ ground-state absorption spectra of, and [5,6]-GgO, its
4987. monomeric precursor, in room-temperature toluene solutions

(40) Meier, M. S.; Spielmann, H. P.; Bergosh, R. G.; Haddon, RJ.CAm. X .
Chem. So0c2002 124, 8090-8094. prepared with equal mass concentrations. The near-UV peak
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Figure 5. (Top frame) Absorption spectra of1£0, (1 x 107> M) and overlaid to estimate the;Drigin energy.
[5,6]-Cs00 (2 x 107° M) in toluene. (Bottom frame) Spectral changes during
photolysis of GadO.. The inset shows spectrophotometrically deduced
concentrations of monomer and dimer species as a function of irradiation

time. monomer:® The molar absorptivity deduced for,£0, is

115 000+ 2000 M1 cm™t at the 329 nm peak.
To more accurately locate the 8rigin energy of GO,

of the dimer lies at 329 nm, blue-shifted by approximately 6 we measured its fluorescence excitation and emission spectra.
nm relative to the monomer, and it lacks the monomer's The measured excitation spectrum, shown in Figure 6, closely
absorbance minimum near 450 nm. Both of these differencesmatches the compound’s absorption spectrum, as expected. The
reflect the presence of $ferivatization sites only in the dimer.  emission spectrum has distinct maxima at 718 and 793 nm. In
Ci12002 also shows an S— S absorption onset near 710 nm  Figure 7, we show overlaid plots of160; fluorescence and
that is intensified and red-shifted by ca. 20 nm compared to absorption spectra near 700 nm. To allow proper comparison,
the monomer. we have divided the absorbance values by frequercylivided

Photophysical experiments on the newdO, isomer quickly the emission intensities (in photons per second per unit
revealed that the compound is chemically unstable when frequency) by, and scaled the results to match amplitudes of
optically illuminated. In the lower frame of Figure 5, we show the first peaks. The resulting very good mirror relation apparent
the changing absorption spectrum of gd0, sample during in Figure 7 implies a value of 14 098 70 cnt! for the S—%
exposure to a photolyzing light source. The spectrum evolves energy spacing of $gO- in toluene.
into that of [5,6]-G¢O during irradiation, and HPLC data Triplet State Photophysics.Studies of GO, triplet state
confirm this photochemical conversion from dimer into mono- properties were hampered by the tendency of samples to
mers. The observed process resembles the photodissociation gbhotochemically change composition during experimental runs.
Cizointo Cg studied earlier in this laboratoAMWe also found To suppress this problem, we measured tripleplet absorption
that the rate of &dO. photodissociation is several orders of kinetics using fewer than 10 low-power excitation pulses. Figure
magnitude higher in degassed toluene solution than in aerated8 shows such induced absorbance data acquired with a freshly
solution. This difference strongly suggests that dissociation prepared~2.5 x 1076 M sample, a probe wavelength of 715
occurs from the lowest triplet state, which is efficiently quenched nm, and averaging over only five excitation pulses. Kinetic
by dissolved oxygen. The presence of isosbestic points near 572analysis of this trace as a mixture of concurrent first- and second-
and 624 nm indicates that the phototransformation gh@ order decays gave a first-order triplet state lifetime o432
involves no long-lived intermediate species. Because the ab-us for G20, in toluene at 298 K. As expected, second-order
sorbance change is also very minor near 360 nm, this spectraldecay was found to be negligible. The 84 intrinsic triplet
region can be considered nearly isosbestic. We thereforestate lifetime is somewhat shorter than the value ofgfound
determined the molar absorptivity of the dimer using absorbance earlier for G, under comparable conditiofsyut it is quite
data at 360 nm and previous absorptivity results found for the similar to the 31us triplet lifetime of [5,6]-GoO.?
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[e]

matched samples of1640, and G that were photoexcited in

the presence of dissolved oxygen. The samples were saturated
with O, at 1 atm in order to minimize photodissociation of
C1260, and to maximize the oxygen luminescence signals, which
arose from energy transfer to oxygen during fullerene triplet
guenching. HPLC analysis of the 0, samples after measure-
E%?%% ment showed less than 1% photodissociation. It was necessary

IS
I

N

Induced absorbance (mAU)

to correct the observed oxygen luminescence signals for
600 700 800 900 1000 1100 differences intO, lifetimes between the sample solutions (25
Wavelength (nm) and 2_9p¢s for the qch_z and Go samples, respectively). Taking
Figure 9. Induced (triplet-triplet) absorption spectrum ofigO, in toluene the triplet quantum yield®r, of the Go reference to be 1.4
following 532 nm excitation. we then found thatbt of Cy200;, equals 1.0+ 0.1.
Our attempts to directly determine the energy of theG;
) ) T, state by phosphorescence spectroscopy were unsuccessful,
Because our measurements of transient absorption spectra arg, e instead used the indirect method of finding the §
made by combining separate kinetic scans at many probegnergy gap through thermally activated delayed fluorescence
wavelengths, additional precautions were needed (o ensur€rapr) measurements and then combining this gap value with
sample stability durlrlg such data acquisition. We used a stirred spectroscopically determined 8nergy to obtain the iT
sarr_]ple_z cell of relatively large volume (8 mL), reduced the energy. The TADF measurements om; were unusually
excitation energy to ca. 0.04 mJ per pulfs,e, and adqed_enoumbhallenging because this compound seems to be photochemically
oxygen to the sample to reduce the triplet state lifetime 10 \ngtaple in polymer films, the preferred medium for such
approximately 6us, thereby lowering the photodissociative oy neriments. We prepared samples in fluid solution but had to
quantum yield. To scan the entire spectrum, we prepareGd WO g ppress complications from triptetriplet annihilation by using
identical sample portions having concentrations near X0~ low concentrations, reduced excitation energies, and a paraffin/
_M' The first 90”'9” was used_for_a scan from 600 to 800 NM 14 ene solvent mixture with higher viscosity. To limit sample
in 5 nm steps, with a filter shielding the sample from shorter photolysis, we also restricted the number of excitation pulses
probe wavelengths. Then the second, fresh sample was scannegy ysed a large volume cuvette with magnetic stirring.
from 740 to 1100 nm with a different shielding filter. Only five  \;6a5ured intensities of delayed fluorescence were scaled to the
excitation pulses were used at each probe wavelength, and, .,y fluorescence amplitudes in order to compensate for any
HPLC sample analysis following the measurements confirmed ¢\ ahges in sample concentration or temperature dependence in
that less than 10% of the dimer had been photolyzed. Figure 9 fi;orescence quantum yield. Figure 10 shows an Arrhenius-
shows the resulting composite transient spectrum, in which thetype plot of the measured delayed fluorescence intensity. From

second data segment has been scaled by a factor of 0.98 tqg |inear least-squares fit, we find an activation energy of 27
provide amplitude matching with the first. The spectrum shows kd/mol (~2300 + 200 cnt?), which represents the ST,

astrong | == Ty maximum at 715 nm and a shoulder near 830 energy gap. This value is consistent with an independent
nm. Both of these feaztlures are typical gb@dducts containing  getermination based on the ratio of delayed and prompt
two adjacent spsites fluorescence intensities in our samptewe therefore deduce

We measured the quantum yield of triplet state formation by inat the T, origin lies 11 800+ 200 cnr® above the ground
comparing the intensities 0, luminescence from absorbance-  giate.

(41) Weisman, R. B. Optical Studies of Fullerene Triplet State@ptical and (42) Berberan-Santos, M. N.; Garcia, J. M. M.Am. Chem. Sod.996 118
Electronic Properties of Fullerenes and Fullerene-Based Materiiisnar, 9391-9394.
J., Vardeny, Z. V., Kafafi, Z. H., Eds.; Marcel-Dekker: New York, 2000; (43) Bachilo, S. M.; Benedetto, A. F.; Weisman, R. B.; Nossal, J. R.; Billups,
pp 83-117. W. E.J. Phys. Chem. 200Q 104 11265-11269.
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Dissociative Photochemistrylnitial data on photodissocia-
tion kinetics were obtained from HPLC analyses of irradiated
C12002 solutions. A set of replicate samples was prepared,
carefully degassed, and then photolyzed for various times with

532 nm pulses from a Nd:YAG laser. To ensure homogeneous

irradiation, we used a defocused laser beam, a low pulse
repetition rate £1 Hz), and magnetic sample stirring. HPLC

analysis then provided reactant and product concentrations as

a function of irradiation time. The resulting;£60, concentra-
tions showed first-order decay with a constakfansform Of
0.001 67 s'. To convert this value into a photochemical
quantum yield, we applied the following relation (valid for
optically thin samples):

_ ktransfoml\I

Paiss= 2.303AP,

1)

whereN is the total number of sample molecules in the o&ll,
is the initial absorbance at the photolysis wavelength,Ryid
the incident laser power in photons per second. Evaluating eq
1 with our experimental parameters, we found thaoG; in
degassed toluene at 297 K has a quantum yield for photo-
dissociation of 0.025.

Although quite accurate, this method for measuring the
photochemical quantum yield is tedious. For further measure-

ments we applied a simpler method based on the difference in

molar absorptivities between the monomer and dimer. At 329
nm, the absorbance of a;£d0, solution decreases by ap-
proximately 30% when it dissociates into two monomers. The
concentration change of the dimer can therefore be found from
AA, the absorbance change, using the following expression:

AA329

A[C,O,] = 2
[ 120 2] Zé:éijo)l ( )

329
€ —
( Ciod,
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Figure 11. (Top frame) GO, temperature-dependent rate constants for
overall triplet state decaykf), T1 — S intersystem crossingkgc), and
triplet state dissociatiorkgsg. (Bottom frame) Arrhenius plot dé;iss (INset)
Temperature variation obgiss the photodissociation quantum yield.

prefactor is approximately 2.8 103 s™1, corresponding to an
attempt frequency near 800 cfn These values indicate that
once Go¢O, reaches the qstate, it can undergo vibrationally
activated dissociation over a modest potential barrier to regener-

We measured 329 nm absorbance changes as a function of® [5,6]-GoO.

irradiation time to findkyansformat various sample temperatures.
Analysis using eq 1 then confirmed the quantum yield value
deduced from HPLC data and also showed thgtsincreases
sharply, from 0.025 to 0.425, between 297 and 343 K.

To investigate this variation in photodissociative quantum

Conclusions

We have found that the recently discovered oxidoannulene
isomer of GO readily dimerizes in room-temperature solution

yield, we made temperature-dependent measurements of inducego form a new isomer of GdO,. The G»¢O product contains

absorption kinetics over the same range, using the procedurea four-membered bridging ring, as in& and hasC, symmetry.
described earlier. These results showed that the triplet state decayyhen optically excited, this dimer undergoes intersystem

constantkr, also varies strongly with temperature. Measured
kr values are plotted in the top frame of Figure 11. Also plotted
in this figure are the rate constants for dissociation of triplet
state G202, kdiss Which were obtained by dividing the
temperature-depende®ss values by the corresponding triplet
state lifetimes. Over the studied temperature range, this dis-
sociation rate constant varies from 730 to 19 600 $he final
trace in the top frame of Figure 11 shows the difference between
kr andkgiss Which we identify asksc, the rate constant for,T

— S radiationless decay. It can be seen that the photophysical

relaxation represented biysc has very little temperature
dependence over the studied range.

In the lower frame of Figure 11, we show an Arrhenius plot
of the deduced dissociation rate constants along with a linear
best fit. The slope implies an activation energy for triplet state
dissociation of 60 kJ mol (5000 cntl). The Arrhenius

crossing to populate its triplet state with near-unit efficiency.
The GodO2 triplet state lies 11 800 cm above its ground state,
shows an intrinsic lifetime of 34s (at 24°C), and has an
absorption peak at 715 nm. All of these values are typical for
Cso monoadducts. However, the triplet state also undergoes
unusual thermally activated dissociation to regenerate the [5,6]-
Cs00 precursor with quantum yields that reach 43% af@0
These compounds therefore form the first fullerene system
containing monomers and dimers in a dynamic balance that can
be easily controlled through adjustment of concentration,
temperature, and light exposure.

This new isomer of &¢O, should prove useful as a stable
reactant for the convenient photolytic generation of [5,§j€C
The high reactivity found for [5,6]-650 in this initial study of
its chemical behavior apparently arises from the strainéd sp
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bonds adjacent to the oxygen atom. The ability of [5,edceC 0314270 and CHE-9708978) and the Robert A. Welch Founda-
to undergo chemical reactions under mild conditions may make tion (Grant C-0807).
it an attractive reactant for the synthesis of novel nano-bio

. Supporting Information Available: Table of13C NMR shifts
conjugates.

(in ppm) observed for GO, in o-dichlorobenzeneh. This
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