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Doping of fullerite with molecular oxygen at low temperature and pressure
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Two methods are described for doping of fullerite Cq, with molecular oxygen at a pressure
of ~10* Pa and at temperature 20—30 °C. It was found by mass spectrometry using oxygen 30
as dopant that a portion of molecular oxygen absorbed by the pre-decontaminated fullerite
(first method) is removed as CO and CO, at the heating temperature <200 °C. Doping during
fullerite precipitation from the liquid phase (second method) makes it possible to prepare
samples with the oxygen content >1.2 at.%. The fullerite doped with oxygen to this level is
diamagnetic. The paramagnetic properties of an O, molecule disappear when O, is incorpo-
rated into the fullerene lattice. This is interpreted on the basis of quantum chemical calcula-
tions as a sequence of equilibrium formation of the adduct Cg;0O,. Calculations showed that the
subsequent chemical transformation of Cg,0, resulting in the O—O bond cleavage is energeti-
cally favorable, enabling prerequisites for the formation of products of incomplete (CO) and
deep (CO,) oxidation of fullerene under mild conditions.
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It is known!-2 that fullerite C¢, with the face-centered
cubic (fcc) lattice has one octopore (average radius R}, =
2.06 A) and two tetrapores (average radius Ry, = 1.13 A)
per fullerene molecule. Atoms of some elements (Ar, Kr,
and others)? and small molecules, viz., CO,* CO,,’
and N,O ¢, can be located in these holes as "guests" in
rather high concentrations without decomposition of the
"host" lattice. Such a doping can sharply change the prop-
erties of fullerite. The appearance of superconductivity of
compounds A;Cq, (A is an alkaline metal) with the fcc
lattice is an example of the nontrivial result of such a
doping (see, e.g., review’). It was found3:3 that the pres-
ence of atoms of inert gases in holes of the fullerite lattice
affects the temperature of the phase transition fcc — SC
(SC lattice is the simple cubic lattice) or changes the
value of the pressure inducing this transition at room
temperature. Filling of holes in fullerite can be consid-
ered as a convenient method for storage of rare gases,
because filling of all octopores only (one gas molecule in
each pore) corresponds to the volume concentration ob-
served at a gas pressure of 5 MPa.l

At the same time, gas doping of solid fullerene result-
ing in filling of all its octopores requires high pressures
and temperatures. For example, an inert gas pressure of
170—200 MPa and the temperature interval from 200
to 500 °C were used3 to obtain compounds Ar; (Ce,
Krj ¢Cgp, and Xe ¢Cgo. However, this method does not

allow one to dope crystalline fullerite with reactive mol-
ecules, such as O,. It was found? that a powder of the pure
fullerite, which was stored in air, absorbed several per-
cents of molecular oxygen. The 13C NMR spectrum of
this sample contains the main peak at § 143.6 and a new
peak at & 144.3, whose appearance can be related? to the
presence of paramagnetic oxygen molecules in the fullerite
lattice. The appearance of the new peak in the 13C NMR
spectrum of the fullerite stored in air was confirmed in
Ref. 10. It was also shown that heating of a sample in vacuo
at 230 °C only decreases the intensity of the peak at & 144.3.
However, when air is used as an oxygen source, secondary
phenomena are possible, because fullerite absorbs not
only molecular oxygen but also N,, CO, CO,, Ar, and
even H,0.!1

In this report, we describe two methods of fullerite
doping with molecular oxygen and argon under mild con-
ditions. Argon was chosen as dopant for comparison,
because it can easily be identified. In our opinion, block-
ing of holes nearest to the crystallite surface with low-
mobility atoms or molecules from the medium in which
the crystalline fullerite was obtained or stored before ex-
periment on doping is a reason why doping of the crystal-
line fullerite requires rigid conditions. Therefore, the first
of the described methods includes the prolong pre-evacu-
ation of a sample to be doped in high vacuum. The subse-
quent gas-phase doping was carried out at low tempera-
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ture and pressure. However, this method requires a long
time and does not allow one to prepare samples with high
content of a dopant.

The second method is to introduce a dopant at the
step of lattice formation and makes it possible to obtain
fullerite with a rather high content of a doping agent. The
essence of the method is to create conditions for the in-
troduction of a dopant into the fullerite lattice when the
fullerite is precipitated from solution. Fullerenes can be
precipitated from solution by two methods: (1) by evapo-
ration of solvent and (2) by addition of a precipitating
agent, i.e., a substance that does not dissolve fullerene but
is mixed with the solvent. In this work, we used for the
preparation of fullerite the second method of precipita-
tion, which can be performed at room or lower tempera-
ture. This method has been described earlier.12.13

In the present work, we also report new data on the
physicochemical properties of the fullerite doped with
molecular oxygen.

Experimental

Fullerite C¢ with the fec lattice (@ = 14.15 A) and content
of the main substance >99.5%, which was obtained by vacuum
sublimation, was used as the initial sample. Before experiments
on doping, the fullerite was evacuated at 2 - 10~ Pa for 2—3 days.
The dopant gas was introduced at room temperature. The fullerite
was stored under argon or oxygen (9- 104 Pa) for a period from
1 h to 3 days. The concentration of the absorbed gas increases
with an increase in the storage time.

Experiments on doping during precipitation were carried
out as follows. An unsaturated solution of fullerene (1 mg of Cg,
per mL of dichlorobenzene) was placed in a round-bottom flask,
and argon or oxygen was purged through the solution. Then a
fivefold amount (vol/vol based on the solvent) of isopropyl alco-
hol pre-saturated with the required gas was added. After the
precipitating agent was added, the system was stored for 3—8 h
in the dark. The solid phase that formed was filtered off. The
solid phase was rlustrous dark crystals with the visible size down
to 1 mm. Experiment was carried out, as a rule, at 0 °C. Before
experiments on precipitation, the precipitating agent, viz., iso-
propyl alcohol (IPA), was distilled over anhydrous potassium
sulfate. The solvent, viz., 1,2-dichlorobenzene (DCB), was pu-
rified with sulfuric acid and, after the acid was removed, dis-
tilled.

IR spectra of KBr pellets of the substance under study were
recorded on a Perkin—Elmer Spectrum BX-II FTIR spectrom-
eter. X-ray diffraction patterns were obtained using a DRON
ADP-1 diffractometer (monochromatized Cu-Ko-radiation).
Microanalysis was carried out by the microprobe method using a
LEO-1450 scanning electron microscope (Carl Zeiss) equipped
with an INCA Energy 300 attachment (Oxford Instruments).
Magnetic properties were studied using a PARC M4500 vibra-
tional magnetometer. ESR spectra in the 3-cm range were re-
corded on an SE/X-2544 spectrometer (Radiopan). Calorimet-
ric measurements were performed on a DSC 822¢ differential
scanning calorimeter (Mettler Toledo) in the temperature inter-
val from —40 to +200 °C with a heating rate of 10 deg min~!.

The chlorine concentration in samples was determined by the
Schoniger method. 14

Mass spectra of gases evolved by the solid phase on heating
in vacuo were detected on an MI 1201V mass spectrometer. In
this experiment, a weighed sample of the substance under study
(400—500 mg) was placed in a quartz tube of the pyrolyzer,
which was connected through a fine adjustment valve with the
injection system of the mass spectrometer. The sample in the
quartz tube was evacuated for 1 day to a pressure of ~2+ 10~ Pa.
This procedure is necessary to remove the surface and weakly
bound impurities from the sample. After evacuation, the tube
was isolated from the vacuum system, heated to a specified
temperature 77, and stored at this temperature for 3 h. Then the
fine adjustment valve was open, and the gas collected in the tube
at this heating stage was analyzed by mass spectrometry. Then
the sample in the quartz tube at the temperature 7 was evacu-
ated again, and the valve was closed. The second collection of
the gas phase was carried out at the temperature 75 also for 3 h.
These steps of analysis could be several, and 7 < 7, < ... < T,
In typical experiments, 7} = 65 °C, T, < T,, < 400 °C.

Results and Discussion

Doping according to the first method. The amount of
the gas absorbed by the pre-deaerated fullerite increases
slowly with time. Therefore, let us consider experimental
results for the samples stored in the doping gas for 8 days
to achieve maximum equilibration.

The peaks of the [Ar]™ and [Ar]?" ions are most in-
tense in the mass spectrum of argon used as dopant
(Table 1). In the mass spectrum of the gases evolved from
the argon-treated fullerite on heating to 65 °C, the peak
with the maximum intensity also corresponds to the [Ar]*
ion. The assignment of peaks with m/z = 44, 32, 20, 18,
and 17 is doubtless: [CO],*, [0,]*, [Ar]*", [H,0]",
and [OH]™, respectively. As for the peak with m/z = 28,
the [N,]* and [CO]* ions can contribute to it, and the
presence of the [CO]™ ion is undoubtedly caused by the
fragmentation of CO,.

The mass spectrum of the gas phase evolved in the
65—100 °C temperature range differs sharply from the
previous spectrum. The most intense was the peak with
m/z = 32. The appearance of peaks with m/z = 32, 28, 16,
and 14 in the spectrum implies, in our opinion, that the
fullerite has absorbed N, and O, molecules on contact
with oxygen before the experiment described. These mol-
ecules can be retained in the fullerite upon prolonged
evacuation with heating to 65 °C. They occupy a part of
fullerite pores thus preventing their filling with argon.
Perhaps, pre-evacuation with heating should be carried
out to increase the capacity of the fullerite with respect to
argon. However, the heating should be slow and carried
out to moderate temperatures to avoid the provocation of
the chemical reaction with water or oxygen molecules
until they are removed from the pores. In the experiment
with argon, the main portion of the captured inert gas
leaves the fullerite in the temperature interval ~20—65 °C.
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Table 1. Mass spectra of argon (I) and gases isolated from the
fullerite treated with argon (see text) upon its heating from am-
bient temperature to 65 °C (II) and from 65 to 100 °C (III)

m/z I 11 111
[rel (%) IOH(S) [rel (%) IOII(S) ]rel (%) IOH(S)
12 - - 0.5 [c* 1.0 [CI*
13 — — — — — —
14 — — 0.3 — 1.1 —
15 — — 0.7 — 1.2 —
16 — — 0.8 — 44 —
17 — — 33 — 6.2 —
18 - - 13.6 [H,0]" 245 [H,0]"
19 — — — — — —
20 10.4 [Ar]Z* 9.3 [Ar]2* 8.7 [Ar]2*
21 — — — — — —
25 — — — — — —
26 — — L.5 — 2.0 —
27 — — 7.2 — 8.6 —
28 — — 87  [N,IT, 429  [N,|*,
[Col* [Col*
29 — — 0.8 — 1.2 —
30 — — — — 0.5 —
31 — — 0.3 — 0.3 —
32 - - 6.3 [0,]* 100 [0,]*
33 — — — — - —
39 — — — — — -
40 100 [Ar]* 100 [Ar]* 65.8 [Ar]*
41 — — 0.7 — 1.1 —
42 — — 0.5 — 0.6 —
43 — — L.5 — 2.1 —
44 - - 32 [COy* 83 [CO,lt
45 — — — — — —

If oxygen with the isotope composition
160 : 170 ;: 80 = 0.10 : 0.12 : 0.78 is used for doping
instead of argon, then the gas phase above the sample at
low temperatures (<100 °C) contains only oxygen sorbed
by the fullerite at room temperature at the beginning of
the experiment (Fig. 1). However, when heating the
sample from 100 to 200 °C, the gas phase is enriched in
CO and CO, (see Fig. 1, curve 4). The appearance of
peaks with m/z = 30 and 48 in the mass spectrum indi-
cates that the gas phase contains CO and CO,, which are
the products of fullerene Cg, oxidation with the heavy
isotope 180. Thus, a portion of molecular oxygen ab-
sorbed by the fullerite is removed in the form of CO and
CO, at the temperatures <200 °C. Note that the degree
of doping according to the first method is rather low, so
that the difference between the doped and undoped
samples is not observed by IR spectroscopy and X-ray
diffractometry.

Doping according to the second method. Fullerites
prepared by precipitation from solution are compara-
tively new materials. The composition of these samples

I.l.l 4

1 I | 1

20 30 40 m/z

Fig. 1. Mass spectra of dioxygen enriched in the 80 isotope used
for doping of fullerite (7); gas phase above the fullerite doped
with 180-enriched oxygen (2—4) after evacuation at 7= 20 (2),
65 (3), and 100 °C (4) and p = 9- 10* Pa and subsequent heating
from the ambient temperature to 65 °C (2), from 65 to 100 °C (3),
and from 100 to 200 °C (4).

according to the microprobe analysis data (at.%) is given
below.

Method of fullerite preparation C Cl Ar (6]

Precipitation from solution 99.11 0.22 0.04 0.63
under Ar
Precipitation from solution

under O,

97.80 0.36 0.00 1.84

The samples consist mainly of carbon. The data pre-
sented on the argon content should be considered as a
lower estimate, because the experimental conditions dur-
ing analysis (vacuum, electron bombardment) result in
intense argon desorption from the layer analyzed by the
microprobe method. Oxygen is present in all the samples
(even in the sublimate) due to specific features of the
analytical procedure (oxygen is present in residual gases
of the vacuum system). However, its content is much
higher in the sample specially doped with oxygen. To
estimate the oxygen content inside the oxygen-doped
fullerite, one can, most likely, subtract the value deter-
mined for the argon-doped sample (0.63 at.%) from
1.84 at.% (see above). A comparison of the doping levels
shows that for the described method of preparation the
oxygen content is higher than the argon content by more
than an order of magnitude.

The analysis data for the chlorine content should also
be considered as a lower estimate, because, as shown
below, the DCB molecules are evolved from the sample
on heating.

The four most intense absorption bands (AB) in the
IR spectra of both the initial fullerite and that prepared by
precipitation (Fig. 2) coincide in position with the
IR-active modes (F,) of the high-symmetry (/,) C¢y mol-
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Fig. 2. IR spectra of the studied fullerite (/), dichlorobenzene (2),
and isopropyl alcohol (3).

ecule (526.7, 576.2, 1182.7, and 1429.7 cm~!).15 The
broad AB at 3437 and 1632 cm™~! (omitted in Fig. 2) are
related to vibrations of the water molecules sorbed by a
KBr powder (pellets were prepared in air). The DCB
solvent appears in the IR spectra as several AB, most
intense of which lying at 746.2 and 1034.4 cm~!. The
corresponding AB in the spectrum of the sample obtained
by the addition of a DCB droplet to the potassium bro-
mide powder appear at 749.2 and 1035.8 cm~!. The spec-
trum of the fullerite under study also contains AB,
which can be attributed to IPA (for instance, the AB at
955 cm™!). Thus, it follows from the IR spectra that the
fullerite precipitated from the liquid phase captures mol-
ecules of both the solvent and alcohol.

The X-ray diffraction patterns of the samples contain
diffraction peaks caused by the fcc lattice of the fullerite
(Fig. 3). For the fullerite prepared by precipitation, the
intensity of the main peaks is the same as that for the
initial fullerite. The crystallite sizes of the fcc phase in the
samples under study (Table 2) in the direction perpen-

1
220
T 111 811
222 1 400 422 511

3

2
1 1 1 ]
10 20 30 20/deg

Fig. 3. X-ray diffraction patterns of the initial fullerite Cg( (sub-
limate, /) and fullerites prepared by precipitation from a solu-
tion of fullerene in dichlorobenzene saturated with argon (2)
and molecular oxygen (3).

Table 2. Parameters of the fcc lattice and crystallite sizes for the
samples under study

Method of preparation ag Dy * Dy
of fullerite /A
nm
Vacuum sublimation (initial) 14.15 96 (109) 87
Precipitation from solution 14.16 75 (99) 92
under Ar
Precipitation from solution 14.21 142 (195) 96
under O,

*The Dy, values obtained after subtraction of the contribution
to the half-width of reflection 111 of distortions caused by im-
purities are given in parentheses (see text).

dicular to the [hkl] plane were estimated by the Sherrer
formula Dy, = A/(Bjc080,) (A is the wavelength of
X-ray radiation, and B is the half-width of the diffraction
peak). As can be seen from the data in Table 2, the crys-
tallites of the fullerite prepared by precipitation are larger
than those of the sublimate. Analysis of the shape of
peak (111) showed that its asymmetry, which is expressed
as a shoulder from the side of smaller angles, is most
pronounced for the oxygen-doped fullerite, while it is
least pronounced for the argon-doped fullerite. The subli-
mate occupies an intermediate position in this series. The
appearance of this asymmetry and the peak marked with
asterisk in Fig. 3 are related to distortions caused by the
alternation of the main three-layer cubic and impurity
two-layer hexagonal packings.!6

The fcc lattice constant for the doped samples exceeds
that for the sublimate (see Table 2). This indicates unam-
biguously the presence of an impurity molecule in the
lattice of the fullerite prepared by precipitation. Evidently,
the DCB and IPA molecules cannot change the lattice
parameters, since they cannot dope the fullerite because
of the large size. The most probable candidates to this role
are small molecules, such as H,O, N,, O,, and carbon
oxides (CO and CO,), which, as known,!=% can occupy
octopores of the fullerite, thus increasing the lattice pa-
rameter.

The mass spectra of the gas evolved from the fullerite,
which was prepared by precipitation from argon-satu-
rated solutions, are shown in Fig. 4. The heating stages
are given in the figure caption. It is seen that the peak with
m/z = 28 is most intense in spectrum /. This peak is
attributed to the evolution from the sample of the nitro-
gen molecules, which were absorbed by the fullerite on its
contact with air. The contact with air is also evidenced by
the peak of oxygen with m/z = 32 and the value of the
I3,/ g ratio: it is the same as that in the mass spectrum of
air. The peak with m/z = 45 is the second in intensity in
spectrum /. This peak is caused by IPA, because the cor-
responding spectrum contains all peaks characteristic of
IPA with approximately the same intensity ratio. The DCB
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Fig. 4. Mass spectra of gases evolved from the fullerite, which
was prepared by the precipitation of a solution of Cg in dichlo-
robenzene under argon on heating in the temperature intervals
17—100 (1), 100—200 (2), and 200—300 °C (3).

solvent appears in the spectrum as a series of low-inten-
sity peaks with m/z = 73, 74, 75, 111, 113, 146, 148,
and 150. Among these peaks, the maximum intensity be-
longs to the molecular ion peak with m/z = 146. The peak
of argon with m/z = 40 is only the third in intensity in the
spectrum. In our opinion, this is related to the fact that
argon in the near-surface layers of the fullerite particles is
easily displaced by molecules of gases, which are present
in air, on contact with air. Such an effect was not ob-
served for the samples doped according to the first method,
because no contact with air is implied by this method.

In the 100—200 °C temperature interval (see Fig. 4,
curve 2), argon becomes the main component of the gas
above the fullerite. This is a sharp difference between the
sample under study and the fullerite doped according to
the first method for which the main portion of captured
argon is evolved at temperatures <65 °C. Moreover, argon
remains to be the main component of the evolved gas in
the 200—300 °C temperature interval as well (see Fig. 4,
curve 3). This means, most likely, that the argon atoms in
the samples under study lie in deeper layers, the escape
from which requires a higher temperature.

An interesting fact is the high intensity of the peak
with m/z = 28 (see Fig. 4, curve 3). The nature of this
peak changes during the temperature increase of the
sample: in spectrum 7 this peak was caused mainly by the
[N,]* ions, while in spectrum 3 the [CO]* ions made the
main contribution. The formation of carbon oxides is also
confirmed by an increase in the intensity of the peak with
m/z =44 ([CO,]" ions) and a decrease in the intensity of
the peak with m/z = 14 ([N]" ions). It is seen that the
fraction of IPA and DCB molecules decreases in the gas
phase with the temperature increase.

Doping of the fullerite with oxygen results in the situ-
ation when at low temperatures oxygen is the main com-

Fig. 5. Mass spectra of gases evolved from the fullerite, which
was prepared by the precipitation of a solution of Cg in dichlo-
robenzene under oxygen on heating in the temperature interval
from 60—100 °C.

ponent of the gas mixture above the fullerite (Fig. 5). The
peak with m/z = 28 is the second in intensity in spec-
trum 1. This is related to the fact that on contact with air
the near-surface fullerite layers actively absorb small mol-
ecules, in particular, N,, which are constituents of air.
When the temperature of the sample increases, the rela-
tive fraction of O, above the sample decreases but the
fraction of carbon oxides increases.

Intercalation decreases the temperature of the phase
transition (7,) fcc — SC (Table 3). The lower value of
the specific heat of the transition (AH,,) for the interca-
lated samples is caused, perhaps, by the presence of the
amorphous part in their composition.

Magnetic properties. Fullerites C¢, are known to be
diamagnetics with low molar susceptibility y,;. At room
temperature (25 °C) the specific magnetic susceptibility
(1) is —0.35+107% cm3 g~! and y);(Cgp) = —252+10°
cm? mol~1.17:18 We obtained the value of (—210420) - 10—
cm? mol~! for the fullerite prepared by the vacuum subli-
mation of the commercial sample. For the samples of the
fullerite doped with molecular oxygen during low-tem-
perature precipitation of solutions, the values found ranged
from —70 to —90-10~% cm3® mol~!. The accuracy of our
measurements is +20 - 10~% cm?3 mol~!.

At the same time, it is well known that an oxygen
molecule in the ground state is paramagnetic. At room

Table 3. Results of DSC analysis of the fullerites under study

Method of preparation of fullerite =Ty AH
/°C et
Vacuum sublimation (initial) 9.9 8.0
Precipitation from solution under Ar 18.2 5.7
Precipitation from solution under O, 18.5 5.9
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temperature the susceptibility x); for gaseous oxygen
is!¥ +3440-10~¢ cm3® mol~!. Therefore, the presence of
0.00325 g of triplet oxygen in 1 g of fullerite is sufficient
for the fullerite to become paramagnetic. Since the oxy-
gen concentration is >1.2 at.% in the fullerite doped
with O, during precipitation, retention of the diamag-
netic properties of these samples indicates the absence of
paramagnetic oxygen from them. This effect can be ex-
plained by different factors: (1) oxygen molecules form
diamagnetic dimers, (2) strong exchange antiferromag-
netic interaction appears between the oxygen molecules,
and (3) diamagnetically bound state of Cg, and O, is
reversibly formed in the fullerite lattice. The formation of
the (O,), dimers should be excluded, because their vol-
ume exceeds the volume of the fullerite pores. If the oxy-
gen molecules are arranged one by one in the octapores of
the fcc lattice of the fullerite as it has been found for other
small molecules (see, e.g., Ref. 20), then it is difficult to
imagine that the antiferromagnetic interaction between
them (J/kg) would be >300 K, which is by an order of
magnitude higher than the value for the a-phase of
solid O, (30 K).2! We believe that the formation of the
oxygen—fullerene adduct in the octopore with rather
strong chemical bonding, due to which the multiplicity of
the C4y—O, system changes, is the most probable expla-
nation of the effect observed.

Thus, the additional peak appeared in the 3C NMR
spectrum of the fullerite powder upon prolonged storage
in air®>10 cannot directly be attributed to the influence of
paramagnetic O, molecules.

The sample under study is characterized by a very
weak ESR signal with g = 2.0023 and a half-width of
0.11 mT at room temperature (Fig. 6). The concentration
of spins resulting in this signal is ~5- 10> per g of the
sample under study. Annealing of the sample in vacuo at
300 °C enhances the signal intensity by 13 times. The
signal shape also somewhat changes. In the case of the
argon-doped fullerite, the intensity and shape of the ESR
signal are almost the same as those of the described signal.
No annealing was carried out in the case of argon.

333.0 333.5 334.0 H/mT

Fig. 6. ESR spectra of the fullerite doped with oxygen before (1)
and after annealing in vacuo at 300 °C (2).

No ESR signal is expected for the ideal fcc lattice of
the fullerite. The signal observed can be related to con-
taminations or structural imperfection of the lattice. The
assumption on contaminations is most likely invalid, be-
cause earlier (see, e.g., Refs 22 and 23), when fullerites of
different quality and from different sources were used, the
ESR signal parameters were similar to those obtained by
us. According to published data,?3 the [C¢,]* cations are
structural imperfection resulting in the signal observed.

Note that the measured intensity of the ESR signal
corresponds to the paramagnetic susceptibility y ,,, being
~10~* at room temperature, which is substantially lower
than the accuracy of our measurements of susceptibility.

Quantum chemical calculations. The disappearance of
paramagnetism of the oxygen molecules when they get
into the fullerite lattice along with the evolution of carbon
oxides to the gas phase at rather low heating temperatures
indicate the formation of any diamagnetic bound state of
Cgo and O,. To reveal its nature, we performed quantum
chemical calculations by the PBE density functional
method?* in the SBK basis set?S using the PRIRODA
program (see Ref. 26). The contribution of zero-point
vibrations to the energy was taken into account in the
harmonic approximation. When this level of the theory
was used, the calculated fullerene structure (shortest C—C
distances 1.402 and 1.454 A) corresponds to the experi-
mental electron diffraction data for the gas phase?’
(1.401(10) and 1.458(6) A, respectively). In addition, the
calculation in the same approximation of frequencies and
intensities of IR vibrations for Cg gives good conformity
with the experimental spectrum (Table 4).

The addition of O, to the C=C bond between two six-
membered rings to form the dioxetane structure (Fig. 7)
seemed most natural. In fact, as shown by the calculation,
this structure is stable, and the energy of its formation
from a singlet oxygen molecule and Cg is 37.1 kcal mol~!.
Taking into acount the experimental energy of singlet-
triplet splitting in O, (Agt) and the calculated statistical
sums of Cgy, CgO,, and O,, one can estimate the free

Table 4. Experimental and calculated* frequencies (v) and in-
tensities (/) of Fy,(n) vibrations in the IR spectrum of an Cygy
molecule (see Fig. 2)

n V/Cm71 Itheor [(I’l)/[(l)
-1
Expe- Calcu- /km mol Calcu- Expe-
riment lation lation riment**
1 526.7 524.5 70 1 1
2 576.2 576.4 40 0.57 0.52
3 1182.7 1182.4 27 0.39 0.41
4 1429.7 1450.5 38 0.54 0.44

* The calculation procedure is described in the text.
** The ratio of peak intensities in the experimental IR spectrum
(KBr pellet).
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1b

Fig. 7. Structures of C¢,0, projected on the symmetry plane (1a)
and on the plane perpendicular to the symmetry plane (1b).
Atoms and bonds behind the figure plane are gray-colored. Dis-
tances are given in A. Values in parentheses concern the triplet
state.

energy (AG) of Cg,0, formation from an O, molecule in
the ground triplet state as —3.2 kcal mol~!. This semi-
empirical estimate seems more reliable than that obtained
with the use of the directly calculated energy of formation
resulting in the positive AG value. The reason is the over-
estimation of the Agp value by 18 kcal mol~! in the
PBE/SBK approach. As known,28 to obtain an adequate
level of the singlet state of the oxygen molecule, one has
to apply very wide basis sets along with sufficiently com-
plete allowance for correlation effects. Therefore, taking
into account the known similarity of the electronic struc-
ture of the O, fragment in the singlet C¢,0, molecule and
the singlet O, molecule, one can accept in the first ap-
proximation that errors in the calculated energies of O,
and C¢,0, are nearly the same. In essence, this is the only

way to solve the problem, because it is almost impossible
to calculate a rather large C¢,—O, system at a level that
would provide a sufficiently correct description of the
energy position of the singlet level of the O, molecule.

Since the entropy of an oxygen molecule in the octa-
hedral cavity of the fullerite is lower than that of a free
oxygen molecule, the present calculation gives the free
energy of C4,0, formation in the lattice exceeding
—3.2 kcal mol~!. It follows from this estimate that the
fraction of paramagnetic oxygen in the lattice is low (but
higher than 0.06%), which corresponds to our experi-
mental data. The energy barrier to C4,0, formation is
determined by the area of intersection of the triplet sur-
face of the potential energy for the C4—O, system and
the singlet potential energy for the Cg,O, adduct. Since
the energy of the triplet state in the Cq,0, adduct is higher
than the energy of the singlet state by 27 kcal mol~!, one
should not expect high activation barriers in the approxi-
mation of linear intersection of the singlet and triplet
terms (Fig. 8). The activation barrier for the related reac-
tion of oxygen molecule elimination from fullerene ozo-
nide was experimentally measured??: about 20 kcal mol—!.
Note that almost no spin density is observed on the oxy-
gen atoms in the triplet C4,0O, molecule. Therefore, in
this case electrons are unpaired mainly in the carbon
framework as in the C4, molecule and, hence, one should
expect that this energy would be close to the energy of the
triplet state in Cg,, namely, 28.6 kcal mol~!. This value is
34.6 kcal mol~! when the contribution of zero-point vi-
brations is ignored. The energy of the vertical singlet-
triplet transition is 37.6 kcal mol~!, which is close to
the value determined3® by the B31YP/6-31G* method:
36.9 kcal mol~!. The experimental value of the energy of
the 0—O0 transition of a C¢y molecule in the Xe matrix is
12714 cm™!, i.e., 36.3 kcal mol~! (see Ref. 31).

In the calculated Cg4y0, structure 1a (see Fig. 7), the
0—O bond with a length of 1.502 A is noticeably loos-
ened compared to the triplet oxygen molecule (1.223 A,
experimental value 1.208 A); the C—O and C—C bond
lengths in the dioxetane cycle are 1.460 and 1.572 A,
respectively, and the length of the adjacent C—C bonds is
1.522 A. For bonding an O, molecule, the frequency of
the O—O vibrations also decreases noticeably from
1542 cm™! (experimental value 1580 cm~!) to 870 cm™!.
However, an insignificant intensity of this vibration
(3.0 km mol~!, effective mass 15.9) prevents its obser-
vation.

When searching for possible structures of Cgy0,, we
found an unexpected variant of addition of an O, mol-
ecule to the C—C bond between the five-membered and
six-membered rings 1b (see Fig. 7). Its existence is caused,
most likely, by the high extent of aromaticity of a fullerene
molecule, despite nonequivalence of the C—C bonds.
This state is higher in energy than the main isomer 1a by
only 15.8 kcal mol~! and has a very close structure of the
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S, T,Q

Ceo + O(S) 1a  1b
C6002

Cqo + O(T)

-2.4 T
2a 2b 2c S
Cge0 + CO C54(CO),

Fig. 8. Energy diagram from the adducts of C4, and O,. The structures of isomeric forms are shown in Figs 7 and 9. Singlet, triplet, and
quadruplet states are marked with letters S, T, and Q, respectively. Relative energies are given in kcal mol~!. Dashed lines correspond
to the levels obtained from the experimental value of singlet-triplet splitting in an oxygen molecule (see text).

dioxetane cycle: the O—0O, O—C, and C—C bond lengths
are 1.511, 1.464, and 1.598 A, respectively. The lengths of
the adjacent C—C bonds are 1.489 and 1.517 A in the
six- and five-angle cycles, respectively. The other C—C
bond lengths in the C¢, molecule change by at most 0.01 A.
The triplet state for this structure is also higher in energy,
but the energy of singlet-triplet splitting is only
10.0 kcal mol~! (see Fig. 8). It is by 1.2 kcal mol~! lower
than the triplet state of the isomeric structure and has
another nature. More than a half of the spin density is
concentrated in the belt of carbon atoms surrounding the

(1.479)

3.133 & 1.507

C—C bond of the dioxetane cycle, and each oxygen atom
has a spin density of 0.05.

The elimination of a CO molecule to form a sphere-
like structure of Cs9O (2a) (Fig. 9) is endothermic with an
energy effect of 18.3 kcal mol~!. However, the isomeric
form Cs¢O (2b) containing the carbonyl group (see Fig. 9)
is more stable (by 6.3 kcal mol~!). In this case, among the
three almost equivalent C—O bonds ~1.52 A in length in
structure 1a, one bond is transformed into the short C=0
bond (1.216 A) and two other bonds are transformed into
non-bonding C—O distances (3.133 A) to the carbon

(1.542)

2b

Fig. 9. Structures of C5¢O projected on the symmetry plane. Distances are given in A. Values in parentheses concern the triplet state.
Arrow indicates the C—C bond perpendicular to the figure plane.
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atoms closing the four-membered ring after the cleavage
of the C—O bonds. Just this structure mostly resembles
the initial molecule Cg,O, (see Fig. 6), and its formation
in this process gives the change in the free energy almost
equal to zero, taking into account an increase in entropy
upon CO molecule liberation. The triplet states of these
molecules are arranged more closely to the ground singlet
state than in the case of the Cq, molecule (see Fig. §).
Structure 2¢ (see Fig. 9) with the nonplanar C4,O and
C; cycles and a rather short non-bonding C...O distance
of 2.227 A has the lowest energy. The carbene C atom
contains 60% of the spin density. An attempt to optimize
this molecule in the singlet state results in the shortening
of the C—O distance to form the earlier described struc-
ture with three C—O bonds. It is most likely that a rather
strong donor-acceptor interaction involving the lone elec-
tron pair of the oxygen atom and the unoccupied p;-orbital
of the C atom appears when the carbene fragment transits
to the singlet state. According to the B3LYP/6-31G* cal-
culation data,3! the most stable C5yO structure is that
with the eight-membered carbon cycle, whose two bonds
enter into the conjugated Cs cycles. The energy of this
structure is by 4.7 kcal mol~! lower (ignoring the zero-
point vibration energy) than the energy of the isomer with
three C—O bonds. However, its formation needs the
isomerization of the carbon skeleton.

The simultaneous cleavage of the O—O and C—C
bonds in the C4,0, adduct results in the transformation of
the latter into the structure with two carbonyl groups
Cs53(CO), (Fig. 10). In this case, the energy gain is
33.6 kcal mol~!, and the singlet-triplet splitting is almost

Fig. 10. Structure of Cs54(CO), projected on the symmetry plane.
Distances are given in A. Values in parentheses concern the
triplet state. The presented angle values characterize the angle
between the bond (CO) and plane and the angle between the
planes inside the Cs cycle. Two distances are given for the triplet
state, because no exact mirror symmetry is observed.

the same as in the Cgy molecule. The carbonyl groups
cannot lie in the plane of the Cs cycles because of steric
hindrance. Two C=0 groups shift considerably from the
planes of the conjugated Cs cycles and are arranged al-
most parallel to each other due to the distortion of the
planar structure of the Cs cycles and the shift of the C=0
groups from the C; planes at the sp3-C atoms with a
deviation angle of 10.3°. In this case, a rather short
(2.636 A) O...0 contact is formed. The repulsion between
the oxygen atoms induces the extension of the parallel
C—C bonds to 1.517 A (inside the Cq cycle framing the
"hole" in fullerene). All these factors result in a noticeable
strain of the nonplanar Cs cycles Cs55(CO), and enhances
their reactivity, for example, toward the oxygen molecule.
Therefore, it can be assumed that the interaction of
Cs3(CO), with O, in subsequent reactions of destruction
of the carbon framework results in the formation of CO,.

Thus, the quantum chemical studies performed in this
work allowed one to interpret the found disappearance of
the paramagnetic properties of the O, molecule upon its
entering into the fullerene lattice as follows. This phe-
nomenon is caused by the equilibrium formation of the
Cg00, adducts upon the primary interaction of fullerene
Cg with molecule oxygen. The calculations show that the
further chemical transformation of these adducts with the
O—O0 bond cleavage are energetically favorable. This pro-
vides prerequisites for the formation of incomplete (CO)
and deep (CO,) oxidation products under mild condi-
tions.
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