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Abstract: The recently discovered [5,6]-open isomer of C60O has been found to undergo facile dimerization
to form a new C2 symmetry isomer of C120O2, which can be photodissociated with relatively high efficiency
to regenerate monomeric [5,6]-C60O. High yield dimerization of [5,6]-C60O proceeds spontaneously in toluene
solution near room temperature. On the basis of 13C NMR spectroscopy, ab initio quantum computations,
and HPLC retention patterns, the resulting C120O2 product has been deduced to be a nonpolar dimer of C2

symmetry in which the C60O 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 C120, the [2 + 2]-dimer of C60. The ground-state absorption spectrum of C120O2 in toluene is
slightly red-shifted relative to that of C120, with a distinctive peak at 329 nm and an S1-S0 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 C120O2 isomer is 34 ( 2 µs, a value somewhat shorter
than that of C120 (44 µs). C120O2 undergoes photodissociation from its triplet state to regenerate monomeric
[5,6]-C60O 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]-C60O. As a simple fullerene adduct that reacts under mild conditions,
[5,6]-C60O may prove useful in special synthetic applications. Solutions of [5,6]-C60O 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

Fullerene dimers hold special interest because their properties
can reveal interactions between the component fullerene moieties
and also because they may play important roles as intermediates
in fullerene polymerizations.1 The most basic fullerene dimer
may be considered the dumbbell-shaped C120 molecule, which
was first synthesized through a KCN-catalyzed mechanochem-
ical [2 + 2] cycloaddition reaction of C60.2,3 Many properties
of C120have been characterized in subsequent studies.4-9 Intense
interest in fullerene oxides, which are among the first known
fullerene derivatives,10 had earlier led to the finding that [6,6]-
C60O (an epoxide) reacts with C60 near 200°C to form C120O,

an oxygen-bridged dimer containing a furan linkage between
the fullerene cages.11,12 This product was also found to be
produced through the ambient temperature solid-state reaction
of [6,6]-C60O with C60.13 A dimeric fullerene oxide with the
formula C120O2 was first prepared by Gromov et al. through
the 400°C thermolysis of solid C120O.14 This species was found
to haveC2V symmetry and two furanoid bridges linking the
fullerene cages; it has since been the subject of various
experimental and theoretical investigations.6,13,15-23 Two
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additionalC120O2 isomers ofC1 symmetry are reportedly formed
as byproducts in the 200°C solid-state reaction between C60

and C60O.24

A recent study in this laboratory uncovered a new isomer of
C60O, the [5,6]-open oxidoannulene (oxa-homo[60]fullerene),
which can be simply produced through photolysis of the ozonide
C60O3. Following up on a preliminary report,25 we describe here
a dimerization reaction of this [5,6]-C60O species that proceeds
in room-temperature solution to form a new isomer of C120O2.
This is apparently the most facile reaction yet found for
producing a fullerene dimer. We also report the structural
characterization and photophysical properties of the C120O2

isomer formed by dimerization. Most intriguingly, our C120O2

has been found to photodissociate with relatively high efficiency
to regenerate the [5,6]-C60O monomer. The [5,6]-C60O/C120O2

system thus provides the first example of reversible fullerene
dimerization.

Experimental Methods

Synthesis.We synthesized C120O2 through thermal dimerization of
[5,6]-open C60O (oxa-homo[60]fullerene). The C60O reactant was
prepared according to the procedure in a recent report by treating a
∼2.5 mM solution of C60 in o-xylene with a stream of O3 in O2 from
a discharge ozone generator (Ozone Services GE60).26 The resulting
C60O3 adduct was isolated on a Shimadzu HPLC equipped with a SPD-
M10A photodiode array detector and a semipreparative Cosmosil 5PYE
column that was cooled to 0°C. The mobile phase was toluene.
Immediate irradiation of this fraction with an incandescent light source
photolyzed the C60O3 to produce O2 and [5,6]-open C60O.

The dimerization reaction was induced simply by evaporating the
toluene solution of [5,6]-open C60O to higher concentration or dryness
using rotary evaporation at 40°C under partial vacuum. After the
resulting solid was redissolved in toluene, C120O2 product was isolated
and purified by HPLC using the Cosmosil 5PYE column.

13C NMR Spectroscopy.The solubility of C120O2 in ODCB-d4 was
sufficiently high (∼1.4 mg/mL) to allow obtaining a13C NMR spectrum
with a 5 mmbroadband observe (BBO) probe on a Bruker Avance500
spectrometer (1H ) 500.13 MHz,13C ) 125.77 MHz). The solution
contained 1.1 mg of 4%13C-enriched sample, along with 10 mg of
Cr(acac)3 as a paramagnetic relaxation agent and 10µL of 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
experiment, as a change in concentration would broaden each signal
by slightly changing the chemical shift. Preliminary1H NMR spectra
were obtained to guide shimming until a TMS half-height line width
of 0.31 Hz was achieved. A13C NMR spectrum covering the region
from 166.6 ppm to-3.3 ppm was then obtained with a 1.9µs 30°
pulse, a 3.067 s FID with WALTZ1H decoupling, and a 4 srelaxation
delay without decoupling (so as to minimize the NOE for the residual
1% ODCB-hd3

13C signals). The sample was kept at 30°C throughout
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
qualitative indication of intensity because the line widths (and thus

peak heights) do not have to be identical for the 60 different13C 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 III 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 tungsten-halogen 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.11.2.27 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 compute13C 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.

Results and Discussion

Dimerization Reaction.Figure 1 shows a chromatogram of
the mixture formed by evaporating a solution of [5,6]-C60O 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]-C60O, there is a major peak at 8.4 min attributed
to a C120O2 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
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Figure 1. Chromatogram of the evaporated and redissolved [5,6]-C60O.
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study the reaction kinetics, a ca. 130µM solution of 5,6-C60O
was thermostated in a constant-temperature water bath and
sampled at various intervals for HPLC analysis of reactant and
product concentrations. The top frame of Figure 2 shows the
inverse reactant concentration as a function of time as measured
at four different sample temperatures. The linearity of each plot
indicates pure second-order kinetics for the consumption of
[5,6]-C60O. The bimolecular rate constants found from these
data are 1.2, 2.4, 3.4, and 6.0× 10-2 M-1 s-1 at 40, 50, 60,
and 70°C, respectively. In the bottom frame of Figure 2, we
show an Arrhenius plot of these rate constants along with a
linear best-fit that indicates an overall activation energy of 48
kJ mol-1 for the bimolecular reaction of [5,6]-C60O. (After
correcting for the temperature-dependent viscosity of the toluene
solvent, we estimate an intrinsic activation energy of 39 kJ
mol-1.) The dark solution-phase dimerization reaction proceeds
essentially to completion, as we find an equilibrium constant
for dimer formation of at least 6× 109 M-1 in room-temperature
toluene. This thermodynamic preference for dimer formation
is also consistent with the quantum chemical findings reported
below.

Structural Data. In an attempt to confirm the reaction
product’s suspected identity as C120O2, we performed MALDI-
TOF and APCI mass spectrometry measurements. However,
neither of these methods showed a signal near the expected

parent mass of C120O2 (1472 amu). Instead, mass spectral signals
were observed at masses 720, 736, and 752, corresponding to
C60, C60O, and C60O2. At relatively weak MALDI-TOF excita-
tion powers, only the C60O peak at 736 amu was visible. This
behavior presumably reflects fragmentation of the sample
compound under the influence of optical or thermal excitation.
For comparison, we note that mass spectrometry of C120 under
similar conditions also failed to show a parent peak.

As illustrated in Figure 3 and in the table in the Supporting
Information, the13C NMR spectrum exhibits two sp3 signals
with nearly equal intensities atδ82.25 andδ91.45 and 56 sp2

signals fromδ151.67 toδ135.50. This pattern immediately
excludes several isomers from consideration. It is clear that this
compound cannot be the isomer ofC2V symmetry reported
previously,14,28 which ideally would give 26 double-intensity
sp2 signals, 4 single-intensity sp2 signals, and 2 double-intensity
sp3 signals.20 It is equally obvious that this sample is not the
isomer ofD2h symmetry with a central cyclobutane ring and an
epoxide group on the opposite side of each C60 moiety, as too
many signals are present in our spectrum and there is no
reasonable expectation that such a dimer would form from the
[5,6]-open oxidoannulene C60O. It is also apparent that our
sample has far too few signals to be aC1 symmetry isomer of
C120O2, including either described in a prior report.24 The
measured13C NMR signals are noticeably narrower than those
shown previously forC2V C120O2,14,28 in which only 27 of the
30 different sp2 signals were resolved at the same field strength
used here. Still, only 56 of the 58 expected sp2 signals are clearly
visible for our sample. A highly expanded plot with no line

(28) Taylor, R.Proc. Electrochem. Soc.1997, 97-14, 281-289.

Figure 2. (Top frame) Dimerization kinetics of [5,6]-C60O at various
temperatures. (Bottom frame) Arrhenius plot for the [5,6]-C60O dimerization
kinetics.

Figure 3. 13C NMR spectrum of C120O2 in ODCB-d4 at 30 °C showing
sp3 (top) and sp2 regions (bottom).
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broadening and 4-fold zero-filling to even better define line
shape clearly shows that theδ143.51 signal is both taller and
broader than the adjacent signals, with an area 2 to 3 times that
of the others.

The number of observed signals with similar heights indicates
a single isomeric species with one symmetry element and, thus,
a point group symmetry ofC2, Cs, or Ci. A compound of such
symmetry would ideally give two sp3 signals and 58 sp2 signals
of equal intensity. From the observation of two sp3 signals with
nearly equal intensity, we deduce that the C60O moieties are
linked by two bonds involving four sp3-hybridized carbon atoms.
(A structure with one linking bond would be unstable because
of radical centers; one with three bonds would not show sp3

signals of equal intensity; and one with four bonds would show
a higher ratio of sp3 to sp2 signals.) Although one could imagine
a C120O2 peroxide ofC2 or Cs symmetry, we consider such a
structure unlikely because it could be formed only by substantial
rearrangement of the parent C60O, giving a dimerization
activation energy higher than the observed value.

Thus, we conclude that the dimer contains four sp3 carbon
atoms and retains the [5,6]-open oxidoannulene character of the
monomer. Bonding between the C60O moieties in such structures
would resemble that in C120, the dumbbell-shaped dimer of C60

that is linked by two single bonds formed in a 2+ 2
cycloaddition process. The sp3 chemical shift values observed
for our C120O2 isomer suggest that those atoms are deshielded
by proximity to an oxygen atom.2,11,14,24The most plausible
structures satisfying these constraints are those with oxygen
atoms directly bound to the sp3 carbons and an overall symmetry
of Cs, C2, or Ci. Figure 4 shows these candidate structures. (Note,
however, that one cannot immediately exclude other structures
of these symmetries in which the oxygen atom is located one
bond further away from the bridging sites.)

For any of the structures, the sp2 carbon bound to oxygen
would, of course, be much further downfield than the two sp3

signals,10,29 so 58 relatively deshielded13C signals would be
expected for a dimeric oxidoannulene that has a rotation,
reflection, or inversion symmetry element. Of the two sp3

carbons, one could reasonably expect the one bound to oxygen
to be more deshielded. In principle, the two sp3 carbons can be
unambiguously differentiated through a 2D INADEQUATE

NMR experiment, as the sp3 carbon bound to oxygen can exhibit
only one connectivity to a sp2 site. Unfortunately, the concentra-
tion of 13C in the sample was far too low for this experiment to
be feasible on our spectrometer.

Other C120 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
than at least one signal at 76 ppm or further upfield.2,14,30-35

The difference between the more upfield sp3 chemical shift in
C2V C120O2 and in our isomer of C120O2 is striking (δ72.19 vs
δ82.25), whereas the difference between the more downfield
sp3 chemical shifts is much smaller (δ92.11 vsδ91.45) and in
the reverse order. Clearly, the electronic environment around
the sp3 carbon not bonded to oxygen in our isomer is
significantly different than in the other cyclobutanes and reflects
a correspondingly different chemical shift tensor.

The observed (isotropic) chemical shiftδiso is the average of
the three principal values of the chemical shift tensor, which
lie along three mutually perpendicular directions. Thus, if one
or more of the principal values are unusually deshielded, this
will be reflected in the observed chemical shift. The chemical
shift tensor is well-known to be sensitive to local structure;
modest changes in bond distances and bond angles can lead to
variations in the calculated principal values of the chemical shift
tensor and, therefore, in the isotropic chemical shift.36 The
relative similarity of the isotropic chemical shifts for the more
downfield (and presumably oxygen-bound) sp3 carbons inC2V

C120O2 (δ92.11) and our isomer (δ91.45) suggests that opposing
changes in the principal values of the chemical shift tensor are
occurring that nearly offset each other.

The structures shown in Figure 4 are also consistent with
known examples of dimerization reactions among analogous
anti-Bredt compounds, those with highly reactive, torsionally
strained double bonds. The classic example in this class is the
dimerization reaction of adamantene.37

Quantum Chemical Findings. To obtain a more detailed
structural interpretation of experimental NMR data, we have
performed extensive quantum chemical computations on each
of the isomers shown in Figure 4. Approximate equilibrium
geometries were found using the PM3 semiempirical method.
Those structures were then refined through ab initio calculations
that used DFT-B3LYP gradient-based geometry optimizations
with basis sets of increasing size. Computational expense was
minimized by the appropriate use of symmetry. Because of the
large size of these molecules, we performed a full vibrational
analysis at the DFT level only for the reference TMS molecule.

The B3LYP/3-21G* equilibrium geometries were then used
for computations of13C NMR chemical shifts with the GIAO
(B3LYP/3-21G* or B3LYP/6-31G*) ab initio method in Gauss-
ian 98W. A study on taxol reported that GIAO computations
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Figure 4. Possible structures of C120O2 havingC2, Cs, or Ci symmetries
suggested by NMR results.
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can predict13C chemical shifts within an accuracy of several
ppm even with HF/6-31G* wave functions, and DFT-B3LYP
wave functions can provide still better results.38 Several
investigators have also reported successful computations of13C
NMR chemical shifts for some fullerene derivatives.39,40 We
ran calibration calculations on previously characterized fullerene
oxides and dimeric fullerenes to assess the method’s reliability
for such compounds. We paid special attention to sp3 chemical
shift values, with the goal of using the two widely spaced
experimental signals in this region to distinguish among the
possible C120O2 isomeric structures. As shown in Table 1, we
found that the chemical shifts of sp3 carbons in these model
fullerene compounds were predicted quite accurately using the
smaller basis set. We note that the experimental dependence of
chemical shifts on solvent is weak enough (only 0.3 ppm
difference between C120O in ODCB-d4 and CS2-CD3COCD3

11,12)
to neglect when comparing experimental and calculated values.

Table 2 compares the measured sp3 chemical shifts of our
new C120O2 isomer with values computed for various possible
structures. The results point to the class of structures shown in
Figure 4 because the computed chemical shifts for these
structures differ from experiment by less than 10 ppm. By
contrast, the sp3 chemical shifts computed for the “Ci (+1)”
isomer (representing the class of structures with oxygen atoms
one bond further from the bridging site) differ substantially from
the measured values. Such large discrepancies let us exclude
that class of structures and indicate that the new C120O2 isomer
has one of the structures shown in Figure 4. Moreover, the most
likely candidates are the ones labeledC2 (a) andC2 (b) because
their predicted chemical shifts lie closest to the measured values.

Another guide to the identity of the observed isomer comes
from computed energies of formation. The results of our

computations using several methods are listed in Table 3. The
most stable isomer is predicted to beC2 (a), with an energy
lower than that of two monomers by 126 kJ mol-1 (from
B3LYP/3-21G*). We find that the energies ofCi andCs isomers
are considerably higher than those of the twoC2 symmetry
structures. This result plus the NMR chemical shift predictions
of Table 2 let us rule out theCs andCi isomers, leaving theC2

(a) andC2 (b) structures as the remaining candidates, withC2

(a) very slightly preferred on energetic grounds.
Experimental observations of HPLC retention times provide

further structural information about our C120O2 isomer. We used
previously reported methods to synthesize small amounts of
several dimeric fullerenes and fullerene oxides (C120, C120O,
and C120O2 (C2V)).3,12,14Examination of the retention times of
these species on Cosmosil 5PBB and Buckyprep columns
reveals certain elution patterns. We find that compounds in this
group elute in order of increasing molecular mass on the
Buckyprep column. However, on the 5PBB column, their
retention times (for similar mass) depend mainly on molecular
dipole moment, with higher dipole moments giving shorter
retention times. Table 4 shows the increasing order of retention
times for C120, C120O, and C120O2 (C2V) on the Buckyprep
column and the reversed order on the PBB column. The lower
rows of this table show retention times measured under the same
conditions for our new C120O2 isomer, along with the dipole
moment values computed for theC2 (a) andC2 (b) candidate
structures. Although the dipole moment of theC2 (a) isomer
does not vanish by symmetry, our computations predict it to be
very small. The long PBB retention time of the new isomer
strongly suggests that it is essentially nonpolar, thereby favoring
assignment to theC2 (a) structure shown in Figure 4. Note that
we have also observed HPLC and UV-vis evidence for the
presence of a second isomer of the dimer with a shorter PBB
retention time and a yield near 7% of the main one. This minor
isomer may be theC2 (b) species.

Basic Photoproperties.The top frame of Figure 5 shows
ground-state absorption spectra of C120O2 and [5,6]-C60O, its
monomeric precursor, in room-temperature toluene solutions
prepared with equal mass concentrations. The near-UV peak

(38) Cheeseman, J. R.; Trucks, G. W.; Keith, T. A.; Frisch, M. J.J. Chem.
Phys.1996, 104, 5497-5509.

(39) Shimotani, H.; Dragoe, N.; Kitazawa, K.J. Phys. Chem. A2001, 105, 4980-
4987.

(40) Meier, M. S.; Spielmann, H. P.; Bergosh, R. G.; Haddon, R. C.J. Am.
Chem. Soc.2002, 124, 8090-8094.

Table 1. Comparison of Calculated and Experimental 13C
Chemical Shifts of sp3 Atoms in Previously Studied Fullerene
Compounds

calculated chemical shifts (ppm)

compound B3LYP/3-21G*
B3LYP/6-31G*
(3-21G* geom)

measured
chemical

shifts (ppm)

C60O epoxide10,29 90.5 96.3 90.18a

C120
2 76.2 80.2 76.22b

C120O11 78.7 82.4 78.9b

97.9 102.7 99.0
C120O2 (C2V)14 73.2 76.2 72.19c

91.4 96.1 92.11

a Measured in benzene-d6 solution.b Measured in ODCB-d4 solution.
c Measured in 98:2 CS2/CDCl3 solution.

Table 2. Pairs of 13C sp3 Chemical Shift Values (in ppm)
Computed for Five Possible C120O2 Isomers at Two Levels of
Theory and the Values Measured Experimentally

C120O2 isomer
B3LYP/3-21G*
(3-21G* geom)

B3LYP/6-31G*
(3-21G* geom)

C2 (a) 81.2 88.2 85.8 93.0
C2 (b) 83.2 92.9 86.9 98.5
Ci 86.3 96.1 90.0 101.9
Cs 81.8 100.1 86.3 105.2
Ci (+1) 72.2 74.1

observed values 82.25 91.45 82.25 91.45

Table 3. Relative Energies (in kJ mol-1) of C120O2 Isomers as
Computed by Various Methods

isomer AM1 PM3 B3LYP/3-21G*
B3LYP/6-31G*
(3-21G* geom)

C2 (a) 0 0 0 0
C2 (b) +37 -2 +12 +2
Ci +109 +67 +72 +75
Cs +102 +50 +108 +99

Table 4. Computed Dipole Moments and Experimental HPLC
Retention Times (Measured under Controlled Conditions) for
Several Dimeric Fullerenes and Fullerene Oxides

compound

computed
dipole moment,
B3LYP/3-21G*

(Debye)

retention
time on

Buckyprep
column (min)

retention
time on

PBB
column (min)

C120 0 7.3 17.4
C120O 0.65 7.7 17.0
C120O2 (C2V) 1.02 8.3 15.1
C120O2 observed 8.1 19.0
C120O2 (C2 (a)) 0.01
C120O2 (C2 (b)) 0.80
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of the dimer lies at 329 nm, blue-shifted by approximately 6
nm relative to the monomer, and it lacks the monomer’s
absorbance minimum near 450 nm. Both of these differences
reflect the presence of sp3 derivatization sites only in the dimer.
C120O2 also shows an S1 r S0 absorption onset near 710 nm
that is intensified and red-shifted by ca. 20 nm compared to
the monomer.

Photophysical experiments on the new C120O2 isomer quickly
revealed that the compound is chemically unstable when
optically illuminated. In the lower frame of Figure 5, we show
the changing absorption spectrum of a C120O2 sample during
exposure to a photolyzing light source. The spectrum evolves
into that of [5,6]-C60O during irradiation, and HPLC data
confirm this photochemical conversion from dimer into mono-
mers. The observed process resembles the photodissociation of
C120 into C60 studied earlier in this laboratory.9 We also found
that the rate of C120O2 photodissociation is several orders of
magnitude higher in degassed toluene solution than in aerated
solution. This difference strongly suggests that dissociation
occurs from the lowest triplet state, which is efficiently quenched
by dissolved oxygen. The presence of isosbestic points near 572
and 624 nm indicates that the phototransformation of C120O2

involves no long-lived intermediate species. Because the ab-
sorbance change is also very minor near 360 nm, this spectral
region can be considered nearly isosbestic. We therefore
determined the molar absorptivity of the dimer using absorbance
data at 360 nm and previous absorptivity results found for the

monomer.26 The molar absorptivity deduced for C120O2 is
115 000( 2000 M-1 cm-1 at the 329 nm peak.

To more accurately locate the S1 origin energy of C120O2,
we measured its fluorescence excitation and emission spectra.
The measured excitation spectrum, shown in Figure 6, closely
matches the compound’s absorption spectrum, as expected. The
emission spectrum has distinct maxima at 718 and 793 nm. In
Figure 7, we show overlaid plots of C120O2 fluorescence and
absorption spectra near 700 nm. To allow proper comparison,
we have divided the absorbance values by frequency (ν), divided
the emission intensities (in photons per second per unit
frequency) byν3, and scaled the results to match amplitudes of
the first peaks. The resulting very good mirror relation apparent
in Figure 7 implies a value of 14 090( 70 cm-1 for the S1-S0

energy spacing of C120O2 in toluene.
Triplet State Photophysics.Studies of C120O2 triplet state

properties were hampered by the tendency of samples to
photochemically change composition during experimental runs.
To suppress this problem, we measured triplet-triplet absorption
kinetics using fewer than 10 low-power excitation pulses. Figure
8 shows such induced absorbance data acquired with a freshly
prepared∼2.5 × 10-6 M sample, a probe wavelength of 715
nm, and averaging over only five excitation pulses. Kinetic
analysis of this trace as a mixture of concurrent first- and second-
order decays gave a first-order triplet state lifetime of 34( 2
µs for C120O2 in toluene at 298 K. As expected, second-order
decay was found to be negligible. The 34µs intrinsic triplet
state lifetime is somewhat shorter than the value of 44µs found
earlier for C120 under comparable conditions,9 but it is quite
similar to the 31µs triplet lifetime of [5,6]-C60O.26

Figure 5. (Top frame) Absorption spectra of C120O2 (1 × 10-5 M) and
[5,6]-C60O (2× 10-5 M) in toluene. (Bottom frame) Spectral changes during
photolysis of C120O2. The inset shows spectrophotometrically deduced
concentrations of monomer and dimer species as a function of irradiation
time.

Figure 6. Fluorescence excitation and emission spectra of C120O2 in toluene.

Figure 7. Absorption and fluorescence spectra of C120O2, transformed and
overlaid to estimate the S1 origin energy.
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Because our measurements of transient absorption spectra are
made by combining separate kinetic scans at many probe
wavelengths, additional precautions were needed to ensure
sample stability during such data acquisition. We used a stirred
sample cell of relatively large volume (8 mL), reduced the
excitation energy to ca. 0.04 mJ per pulse, and added enough
oxygen to the sample to reduce the triplet state lifetime to
approximately 6µs, thereby lowering the photodissociative
quantum yield. To scan the entire spectrum, we prepared two
identical sample portions having concentrations near 4× 10-6

M. The first portion was used for a scan from 600 to 800 nm
in 5 nm steps, with a filter shielding the sample from shorter
probe wavelengths. Then the second, fresh sample was scanned
from 740 to 1100 nm with a different shielding filter. Only five
excitation pulses were used at each probe wavelength, and
HPLC sample analysis following the measurements confirmed
that less than 10% of the dimer had been photolyzed. Figure 9
shows the resulting composite transient spectrum, in which the
second data segment has been scaled by a factor of 0.98 to
provide amplitude matching with the first. The spectrum shows
a strong Tn r T1 maximum at 715 nm and a shoulder near 830
nm. Both of these features are typical of C60 adducts containing
two adjacent sp3 sites.41

We measured the quantum yield of triplet state formation by
comparing the intensities of1O2 luminescence from absorbance-

matched samples of C120O2 and C70 that were photoexcited in
the presence of dissolved oxygen. The samples were saturated
with O2 at 1 atm in order to minimize photodissociation of
C120O2 and to maximize the oxygen luminescence signals, which
arose from energy transfer to oxygen during fullerene triplet
quenching. HPLC analysis of the C120O2 samples after measure-
ment showed less than 1% photodissociation. It was necessary
to correct the observed oxygen luminescence signals for
differences in1O2 lifetimes between the sample solutions (25
and 29µs for the C120O2 and C70 samples, respectively). Taking
the triplet quantum yield,ΦT, of the C70 reference to be 1.0,42

we then found thatΦT of C120O2 equals 1.0( 0.1.
Our attempts to directly determine the energy of the C120O2

T1 state by phosphorescence spectroscopy were unsuccessful,
so we instead used the indirect method of finding the S1-T1

energy gap through thermally activated delayed fluorescence
(TADF) measurements and then combining this gap value with
the spectroscopically determined S1 energy to obtain the T1
energy. The TADF measurements on C120O2 were unusually
challenging because this compound seems to be photochemically
unstable in polymer films, the preferred medium for such
experiments. We prepared samples in fluid solution but had to
suppress complications from triplet-triplet annihilation by using
low concentrations, reduced excitation energies, and a paraffin/
toluene solvent mixture with higher viscosity. To limit sample
photolysis, we also restricted the number of excitation pulses
and used a large volume cuvette with magnetic stirring.
Measured intensities of delayed fluorescence were scaled to the
prompt fluorescence amplitudes in order to compensate for any
changes in sample concentration or temperature dependence in
the fluorescence quantum yield. Figure 10 shows an Arrhenius-
type plot of the measured delayed fluorescence intensity. From
the linear least-squares fit, we find an activation energy of 27
kJ/mol (∼2300 ( 200 cm-1), which represents the S1-T1

energy gap. This value is consistent with an independent
determination based on the ratio of delayed and prompt
fluorescence intensities in our sample.43 We therefore deduce
that the T1 origin lies 11 800( 200 cm-1 above the ground
state.

(41) Weisman, R. B. Optical Studies of Fullerene Triplet States. InOptical and
Electronic Properties of Fullerenes and Fullerene-Based Materials; Shinar,
J., Vardeny, Z. V., Kafafi, Z. H., Eds.; Marcel-Dekker: New York, 2000;
pp 83-117.

(42) Berberan-Santos, M. N.; Garcia, J. M. M.J. Am. Chem. Soc.1996, 118,
9391-9394.

(43) Bachilo, S. M.; Benedetto, A. F.; Weisman, R. B.; Nossal, J. R.; Billups,
W. E. J. Phys. Chem. A2000, 104, 11265-11269.

Figure 8. Triplet-triplet absorption kinetics of C120O2 in toluene at 297
K, measured at 715 nm following 532 nm pulsed excitation.

Figure 9. Induced (triplet-triplet) absorption spectrum of C120O2 in toluene
following 532 nm excitation.

Figure 10. Arrhenius-type plot showing the temperature dependence of
the intensity of initial delayed fluorescence. Symbols mark experimental
data, and the solid line is a linear best fit.
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Dissociative Photochemistry.Initial data on photodissocia-
tion kinetics were obtained from HPLC analyses of irradiated
C120O2 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 C120O2 concentra-
tions showed first-order decay with a constant,ktransform, of
0.001 67 s-1. To convert this value into a photochemical
quantum yield, we applied the following relation (valid for
optically thin samples):

whereN is the total number of sample molecules in the cell,A
is the initial absorbance at the photolysis wavelength, andP0 is
the incident laser power in photons per second. Evaluating eq
1 with our experimental parameters, we found that C120O2 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 C120O2 solution decreases by ap-
proximately 30% when it dissociates into two monomers. The
concentration change of the dimer can therefore be found from
∆A, the absorbance change, using the following expression:

We measured 329 nm absorbance changes as a function of
irradiation time to findktransformat various sample temperatures.
Analysis using eq 1 then confirmed the quantum yield value
deduced from HPLC data and also showed thatΦdiss increases
sharply, from 0.025 to 0.425, between 297 and 343 K.

To investigate this variation in photodissociative quantum
yield, we made temperature-dependent measurements of induced
absorption kinetics over the same range, using the procedure
described earlier. These results showed that the triplet state decay
constant,kT, also varies strongly with temperature. Measured
kT values are plotted in the top frame of Figure 11. Also plotted
in this figure are the rate constants for dissociation of triplet
state C120O2, kdiss, which were obtained by dividing the
temperature-dependentΦdissvalues by the corresponding triplet
state lifetimes. Over the studied temperature range, this dis-
sociation rate constant varies from 730 to 19 600 s-1. The final
trace in the top frame of Figure 11 shows the difference between
kT andkdiss, which we identify askISC, the rate constant for T1
f S0 radiationless decay. It can be seen that the photophysical
relaxation represented bykISC 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-1 (5000 cm-1). The Arrhenius

prefactor is approximately 2.3× 1013 s-1, corresponding to an
attempt frequency near 800 cm-1. These values indicate that
once C120O2 reaches the T1 state, it can undergo vibrationally
activated dissociation over a modest potential barrier to regener-
ate [5,6]-C60O.

Conclusions

We have found that the recently discovered oxidoannulene
isomer of C60O readily dimerizes in room-temperature solution
to form a new isomer of C120O2. The C120O2 product contains
a four-membered bridging ring, as in C120, and hasC2 symmetry.
When optically excited, this dimer undergoes intersystem
crossing to populate its triplet state with near-unit efficiency.
The C120O2 triplet state lies 11 800 cm-1 above its ground state,
shows an intrinsic lifetime of 34µs (at 24°C), and has an
absorption peak at 715 nm. All of these values are typical for
C60 monoadducts. However, the triplet state also undergoes
unusual thermally activated dissociation to regenerate the [5,6]-
C60O precursor with quantum yields that reach 43% at 70°C.
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 C120O2 should prove useful as a stable
reactant for the convenient photolytic generation of [5,6]-C60O.
The high reactivity found for [5,6]-C60O in this initial study of
its chemical behavior apparently arises from the strained sp2

Φdiss)
ktransformN

2.303AP0
(1)

∆[C120O2] ) ∆A329

(εC120O2

329 - 2εC60O
329 )l

(2)

Figure 11. (Top frame) C120O2 temperature-dependent rate constants for
overall triplet state decay (kT), T1 f S0 intersystem crossing (kISC), and
triplet state dissociation (kdiss). (Bottom frame) Arrhenius plot ofkdiss. (Inset)
Temperature variation ofΦdiss, the photodissociation quantum yield.
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bonds adjacent to the oxygen atom. The ability of [5,6]-C60O
to undergo chemical reactions under mild conditions may make
it an attractive reactant for the synthesis of novel nano-bio
conjugates.
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