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Formation of secondary fullerene ozonides in the ozonolysis of C, solutions

and chemiluminescence upon their hydrolysis
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The formation of secondary fullerene ozonides (SFOs) in the ozonolysis of Cg solutions in
CCl, has reliably been determined for the first time; SFOs are accumulated during the whole
ozonolysis time as a suspension in CCl,. Hydrolysis of the SFOs results in chemiluminescence
(CL) (Iyax = 2.65+ 108 photon s—! mL~!), whose spectra contain maxima at 558, 608, and
685 nm. The most probable CL emitters are excited fullerene polyketones. Hydrogen peroxide
was identified as a stable hydrolysis product of the SFOs by the color reaction with
diphenylcarbazide and CL arisen upon the addition of an aqueous solution of FeSO4-9H,O0 to
the hydrolyzate of the SFO. Chemiluminescence upon hydrolysis is a selective test for SFOs
and allows one to find them in a complex mixture of the ozonolysis products of Cg,. The rate
constant and activation energy of SFO hydrolysis were determined from the kinetic measure-
ments of CL. For SFO hydrolysis several probable reactions were proposed, including the
formation of the CL emitters, and their heat effects were estimated using the PM3/RHF and

AM1/RHF semiempirical methods for one- and two-cage model structures of SFOs.
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Most progress in studying the mechanism and ozo-
nolysis products of fullerenes was achieved in the identifi-
cation and studies of properties of primary fullerene ozo-
nides (molozonides) C¢,05 ! and C;(,0;2 formed upon
ozonolysis (at 0 and —16 °C) of fullerene solutions due to
the addition of ozone to the [6,6]-bond (C=C) of hexa-
gons. Molozonides rapidly decompose to epoxides CgnO
(C7,0) and oxygen. As known,34 much more stable (even
at 293—298 K) secondary ozonides are formed upon
hydrocarbon ozonolysis due to the rearrangement of un-
stable molozonides. A question about the formation and
identification of secondary fullerene ozonides (SFOs) or
other fullerene derivatives containing active oxygen,
i.e., 0—O group, remains unanswered until presently for
several reasons. -

First, the structures of these compounds are inter-
preted ambiguously, i.e., they are presented simulta-
neously as ozonides, peroxides, and bisperoxides.5:6
Therefore, fullerene derivatives containing active oxygen
are presentedS by three various methods (structures I, I,
and III; symbol [Cq,] designates an open cage linked to
the carboxyl and ketone groups). Note that only struc-
ture I contains the ozonide (1,2,4-trioxolane) cycle.

Second, arguments5-% in favor of SFO formation seem
to be insufficient because of the following concepts. Ac-
cording to published data,5:% the main property indicating
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the formation of SFO is the appearance of a band at
1090 cm~! in the IR spectra of the solid ozonolysis prod-
ucts of Cg solutions and its disappearance on heating and
treatment with chemical reagents. It should be noted that
this band (more exactly, it should be named a shoulder) is
weak and detected against the background of the much
stronger band of ethers at 1213 c¢cm~!. The band at
1090 cm~! disappeared only at very high temperature
(573 K)3 or upon the treatment of the solid ozonolysis
product® with a 7% aqueous solution of KI or ultra-
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sonication of its solution in an AcOH + H,O mixture
followed by reflux for 3 h with zinc powder at 373 K.® This
drastic treatment results in the disappearance of the band
at 1090 cm~! and also in substantial changes in the adja-
cent, more intense bands in the IR spectra of the ozo-
nolysis products. For instance, after heating of the pre-
cipitates (573 K), the bands at 1213 and 1396 cm~! are
shifted to 1227 and 1385 cm™!, respectively. The above
described treatment of the ozonolysis products results in
the appearance of several narrow low-intensity peaks (their
nature is not discussed) at 1400—500 cm™!, precisely in
the region containing (before the treatment) an intense
band at 1213 cm~! with a weak band at 1090 cm~! in the
descending branch. As follows from Ref. 5, SFOs are
stable on storage under ambient conditions. Such a re-
markably high stability of the SFOs seems surprising be-
cause organic’:8 and inorganic compounds containing ac-
tive oxygen decompose, as a rule, at 7' < 150 °C. It is
difficult to explain stability of SFOs because of high strain
of the spherical structure of the fullerene cage. The con-
clusion about the formation of fullerene derivatives con-
taining active oxygen was made> on the basis of iodometric
titration of an aqueous solution of the precipitate ob-
tained by the ozonolysis of Cg solutions in toluene. How-
ever, it has earlier been shown® that the determination of
"fullerenic" active oxygen by iodometric titration of
the ozonolysis products of toluene solutions of Cg
is problematic because of the low content of this ac-
tive oxygen caused by a low concentration of fullerene
(ICgolo < 103 mol L~"). Due to this, "fullerenic” active
oxygen is disguised by large amounts (up to 10~! mol L-1)
of active oxygen, being the oxidation product of toluene
with ozone.

To establish more reliably the formation of fullerene
derivatives containing active oxygen upon ozonolysis of
Cs solutions and to identify the nature of these com-
pounds, specifically attributing them to peroxides, bis-
peroxides, or ozonides, we studied the effect of KI solu-
tions, water, and temperature on the ozonolysis prod-
ucts of Cg solutions in CCl, using traditional dark physi-
cochemical analytical and chemiluminescence (CL)
methods, whose efficiency in studying the proper-
ties of hydrocarbons containing active oxygen is well
known.10—12

Experimental

Purity of fullerite Cg, (99.9%, synthesized by the electric arc
method at the G. A. Razuvaeyv Institute of Organometallic Chem-
istry, Nizhnii Novgorod) was monitored by a known method?;
0O, CCly, and Ar were purified as described earlier?; H,SO,,
K,Cr,0,, HCI, Na,S,03, FeSO,-9H,0, 35% solution of H,0,,
Et,0, diphenylcarbazide (high-purity grade), I, (reagent grade),
and water (bidistillate) were used. For synthesis of Cg, deriva-
tives containing active oxygen, solutions of Cg, in CCly ([Cggly =
1.6-10~* mol L) were oxidized with ozone® in a CL cell. De-

pending on the ozonolysis exposure (OE), we obtained either
homogeneous solutions (OE < 0.5 min) or a suspension of brown
precipitates (OE > 2 min) containing, in addition to active oxy-
gen, fullerene expoxides, polyketones, and polyethers, whose
analysis have been described in detail earlier.? The "fullerenic”
active oxygen in these products was analyzed using a modified
iodometric spectrophotometric procedure!3—15 used for analysis
of active oxygen in hydrocarbons. For this purpose, the liquid or
solid products were treated with a solution of KI in an AcOH
(10 mL) + H,0 (1 mL) mixture and stored for 10 min in the
dark under argon. Then the absorbance of the solution in 0.1-cm
quartz cells was measured at A,,, = 360 nm relative to water.
The content of active oxygen was calculated from the calibra-
tion line (R = 0.986) of the dependence of the absorbance on the
iodine concentration in the mixture prepared by dissolution of a
weighed sample of I, (0.03540 g) in an AcOH (50 mL) + H,O
(5 mL) mixture. Before hydrolysis (immediately after ozonoly-
sis) a residue of O; was removed with argon passed through the
solution for 15 min. Hydrolysis was carried out in the same CL
cell with the optically transparent bottom. The cell was placed
in a light-proof chamber of an installation for CL measure-
ments. Temperature was measured with a copper—constantan
thermocouple. Ozonolysis products (solid or their suspension
in CCly) were hydrolyzed using two methods. In the first case,
water (1 mL, 7 = 293 K) was fed by a doser to a CL cell filled
with a suspension of solid ozonolysis products in CCl, (20 mL,
T = 293.8 K). In the second case, a thoroughly stirred sus-
pension of solid ozonolysis products in CCl, (1 mL, T =
273—293.8 K) was fed within 0.5 s by a doser to a cell with CCl,
(10 mL, T=293.8—338.5 K) and water (1-10~2 mol L1, analy-
sis according to Fischer!®). After hydrolysis the IR spectra of
solid precipitates, which were formed after water removal from
the hydrolyzates in vacuo (1 Torr, T= 293 K), were measured in
parallel experiments, and solutions prepared by dissolution of
similar precipitates in CCl, were studied by HPLC. Procedures
of HPCL and IR spectroscopy have been described earlier.?
Hydrogen peroxide in the SFO hydrolyzate was carried out!?
was qualitatively determined from the appearance of the red-
violet color in the ethereal layer formed upon the addition to the
hydrolyzate of an aqueous solution of H,SO, (0.9 mol L),
diethyl ether, a 5% aqueous solution of K,Cr,0,, and diphenyl-
carbazide. An installation for CL and procedures for measuring
the kinetics and CL spectra have been described earlier.!3 Ab-
sorption spectra were recorded on Specord M-40 (UV and vis-
ible regions) and Specord IR-75 (IR region) spectrophotom-
eters. 'H NMR spectra were measured on a Jeol FX-90Q spec-
trometer (D,O as solvent, acetone as internal standard).

Results and Discussion

Spectrophotometric determination of fullerene deriva-
tives containing active oxygen. Specific features of iodo-
metric analysis of SFOs are not discussed in Ref. 5. We
found that after dissolution in water of the solid ozo-
nolysis products (or their suspensions in CCly) in-
tensely colored dark brown solutions (aqueous phase)
were formed even at rather low fullerene concentrations
([Cgolp = 1.6+ 10~* mol L~1). In thin layer (0.1 cm) these
solutions do not absorb in the visible spectral region. Their
absorption spectra at first time are presented in Fig. 1.
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Fig. 2. Change in the SFO content at different durations of
L5} ozonolysis of Cg solutions in CCly; AO is active oxygen.
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05 L of KI is due to the absence of free I, in the solution
because KI5 is formed. When I, is treated with Na,S,05 in
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200 300 400 500 A/nm ence of KI, all absorption bands disappear. Therefore, all
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20k tion of I,; however, since this procedure is carried out in
excess KI, active oxygen in the fullerene derivatives was
15k 3 analyzed by A,,,, = 360 nm.
Thus, the formation of fullerene derivatives contain-
1.0 F ing active oxygen upon ozonolysis of a solution of Cg in
CCl, has reliably been determined for the first time. The
05F \6 \%° concentration of "fullerenic" active oxygen increases dur-
ing the whole ozonolysis time (Fig. 2), as well as the
! ! y content of fullerene polyketones and polyethers.®
200 300 400 500  A/nm

Fig. 1. Absorption spectra of solutions of I, (/—3) and ozonoly-
sis products of Cg, (4—6): a solution of I, in an AcOH—H,0
(10 : 1 vol/vol) mixture in the absence (/) and presence of KI
(3-10~! mol L) (2); a solution of the ozonolysis products of
Cgp in CCly after addition of 1 mL of a 50% solution of KI in
H,0 and 10 mL of AcOH (3); a solution of the ozonolysis
products of Cgq, in CCly after addition of 1 mL of H,O and
10 mL of AcOH (4) followed by addition of 1 mL of H,O (5) and
subsequent dilution with water by 15 times (6); / = 0.1 cm, rate
of ozone supply W(0O3) = 1.4 mmol h~!, T=293 K, [Ceolo =
1.6-10~* mol L1,

The intense color of the solution impedes visual determi-
nation of active oxygen. No distinct substantiation of ap-
plication of these or another maxima of I, to spectropho-
tometric analysis of organic peroxides and no absorption
spectra are available from literature.13—15 We carried out
preliminary experiments on studying the effect of the me-
dium on the absorption spectra of I,. For instance, the
absorption spectrum of a solution of I, in an AcOH—H,0
mixture has three absorption maxima at 286, 360, and
470 nm, while only two maxima at 286 and 360 nm are
observed in the presence of KI (see Fig. 1). It is known!3
that I, with KI forms the KI5 complex and, hence, the

Chemiluminescence upon hydrolysis of SFOs. We have
found!® the CL arisen upon the hydrolysis of liquid and
the solid ozonolysis products of Cg solutions. Regardless
of the type of methods for mixing reactants, the CL is
detected as a narrow (0.3—0.5 min) maximum with /.., =
2.65+108 photon s~! mL~! at 7= 293.8 K (Fig. 3).

In the present work, we performed more thorough
measurements of the CL spectra. Unlike the data in
Ref. 19, two shorter-wavelength maxima at 608 and
558 nm along with the maximum at 685 nm were detected
in the CL spectrum (see Fig. 3). Coincidence of A, =
685 nm with the wavelength of the maximum of the
known!8 CL spectrum observed upon the ozonolysis of
Cgp solutions and the positions of maxima at 608 and
558 nm in a longer-wavelength region (compared to the
CL spectra of hydrocarbon ketones!®—12) indicate that
the electron-excited states of fullerene polyketones are
the most probable CL emitters.

After water was added to a suspension of the solid
ozonolysis products of Cg, in CCly (the volume ratio is
equal to unity, 7= 273—338.5 K), they are completely
dissolved to form two liquid phases: aqueous (brown-
colored) and CCl, (colorless). All the oxygen-containing
Cg derivatives are completely transferred to the aqueous
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Fig. 3. a. Kinetics of the CL during SFO hydrolysis; arrows mark
the moments of pouring an aliquot of H,O (1 mL), and the
dash-and-dot line indicates the moment of addition of 1 mL of
an aqueous solution of FeSO,+9H,0 ([Fe*], = 102 mol L~);
b. Spectra of the CL during SFO hydrolysis (/) measured in the
descent of the curve (see Fig. 3, @) and during ozonolysis of
a Cg solution in CCly (2). The CL spectra were measured using
boundary light filters.

phase, which is indicated by the absence of the corre-
sponding absorption bands? in the UV and IR spectra of
the CCl, phase and any residues after its evaporation.
Unlike published data?® according to which the absorp-
tion spectra of aqueous solutions of the ozonolysis prod-
ucts of solutions of Cg, contain a series of maxima in the
short-wavelength spectral region (at 200—235, 250, 270,
305, and 340 nm), our spectra have no maxima but repre-
sent continuums descending from 200 nm. Remind that
no spectra are presented and only positions of maxima are
given in Ref. 20. After the solvent was removed from
the aqueous phase, a brown precipitate remains. In its
IR spectrum, positions and intensities of the absorption
bands of the ketone (1736 cm™!) and ether (1200 cm™!)
groups coincide with similar bands in the IR spectrum® of
the ozonolysis products of Cg,. The only distinction be-
tween them is somewhat higher intensity of the band at
3340 cm~! (OH) for the precipitate obtained from an
aqueous solution, which is caused by the presence of a
larger amount of adsorbed water. Other ozonolysis prod-
ucts, namely, C4,0,, epoxides, do not enter into the reac-
tion with water (7 = 273—338.5 K). For example, ac-
cording to the HPLC data, the content (%) of epoxides
and unreacted Cg, in the solution (no precipitates are
observed at OE = 0.5 min) is the same before and af-
ter hydrolysis: Cgj, 5.26; Cg¢ O, 90.28; Cg0,, 4.19;

Cg003, 0.24; C40y4, 0.026. In addition, the CL intensity
is minimum when water is added to a solution containing
the maximum amount of epoxides (OE = 0.5 min).

These results indicate that fullerene polyketones,
polyethers, and epoxides do not react with water and
undergo no thermal decomposition under conditions of
CL observation (7' = 273—338.5 K). Therefore, we relate
the appearance of the CL to the reactions of water with
fullerene derivatives containing active oxygen.

Organic peroxides, hydroperoxides, and bisperoxides,
as a rule, do not react with water,”>8 whereas hydrocarbon
ozonides react with water with the cleavage of the
O—O0 bond and formation of compounds bearing the car-
bonyl group.3 Taking into account these data and our
results, we can assert that the CL observed is caused by
the reaction of water just with SFOs. The detection of CL
during hydrolysis is the first unambiguous experimental
proof for the fact that the fullerene derivatives containing
active oxygen are the SFOs.

The name "fullerene ozonides" are rather conventional.
We use this term by analogy to the commonly accepted
"benzene ozonide," which is also conventional (taking
into account that benzene ozonolysis results in the com-
plete destruction of the aromatic ring).3

It should be noted that the CL found by us during
hydrolysis was known for neither SFOs nor other classes
of ozonides, which follows from analysis of published
data.19—12 Therefore, the emission appeared upon hydro-
lysis of SFOs is a new type of CL.

The curve of CL descend upon fullerene ozonide
hydrolysis can be linearized well in the coordinates of the
known! first-order equation

1= k,[H,0][SFO]H,, (1)

where 7is the CL intensity during hydrolysis, & is the rate
constant of SFO hydrolysis, and H¢y is the overall
yield of CL.

The k value determined from the slope of the linear
(R = 0.99) plot of the [y/I ratio vs. time is equal to
1.8-1073 s=! (T = 293.8 K). Taking into account that
water for hydrolysis is taken in large excess over the SFOs,
we can write

I=k,[SFOH, (2)
where
k, = k;[H,0]. 3)

The water concentration in CCl, determined by the
Fischer method!® is 10~2 mol L—!. The rate constant of
SFO hydrolysis was calculated by Eq. (3) from this value:
ky=1.8-107> mol L~! s~! (T'= 293.8 K). The activation
energy E, = 10.9%1 kcal mol~! was determined from the
slope of the linear (R = 0.97) plot (Fig. 4) obtained in the
logly— T ! coordinates upon the addition of an aliquot
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Fig. 4. Time plots of the CL intensity during SFO hydrolysis (a)
and their linear anamorphoses in the In(/,//)—time coordi-
nates (b): 293.8 (1), 311.4 (2), 317.4 (3), and 338.5 K (4); I, is
the maximum CL intensity after addition of 1 mL of a SFO
suspension (7 = 293 K) to 10 mL of a solution of H,O in CCl,
([H,0], = 102 mol L-!, T'=293.8—338.5 K). Inset: the plot of
the maximum CL intensities during SFO hydrolysis in the
logly— T "+ 103 coordinates.

(1 mL) of a SFO suspension in CCl, maintained at 293 K
to 10 mL of a solution of H,O in CCl, (10-2 mol L),
which can be at different temperatures (273—338.5 K).

After the complete decay of the CL arisen upon water
addition to the ozonolysis products of Cg, active oxygen
in the same amount (2.5-10~* mol L~!) as that before
hydrolysis is found by spectrophotometry. At the same
time, the repeated addition of a water aliquot does not
result in CL. These results indicate that the hydrolysis of
the SFOs afford compounds also bearing active oxygen
but of another (not "ozonide") nature. As known,3 one of
the main products of the reaction of hydrocarbon ozo-
nides with water is presumably H,O, (Scheme 1).

However, the authors3 found no H,0, after the hy-
drolysis of hex-1-ene ozonide by the color reaction in
which perchromic acid is formed (determination sensitiv-
ity is 0.1—0.12% or 2.94—3.53+ 102 mol L™).

We tested the hydrolysis products of SFOs to the H,0,
content by three methods. First, a more sensitivel” quali-
tative color reaction was used. As a result, the characteris-

Scheme 1
0—0 H,0
/4 —— R—CH—0—O—CH—R —>
R R | |
0 OH OH
0] 0O—OH
% /
—_— R—C\ + R—C\H
H OH
O—OH 0
/ %
R—C\H — R—C\ +  Hy0,
OH H

tic bright red-violet color appeared, indicating H,0, for-
mation after hydrolysis of the ozonolysis products of
fullerene. A similar color reaction before hydrolysis does
not result in the appearance of this color. Second,
'H N'MR spectroscopy can be used. For this purpose, we
carried out the ozonolysis of a saturated solution of Cg
in CCly ([Cglg = 4.4-10~* mol L, ¥'= 50 mL, OE =
30 min) followed by dissolution of a suspension of the
SFO in I mL of D,O. However, we failed to determine
H,0, in this solution, most likely, because of the low
content of H,0,. This conclusion is confirmed by the
results of model experiments in which we detected
the 'H signal at 3.35 ppm?! in the 'H NMR spectra
of solutions of commercial H,O, in D,O only at
[H,0,] > 0.8-10~2 mol L~!. Third, the CL method is
used. It is known?2 that the interaction of aqueous solu-
tions of H,0, and FeSO,4-9H,0 is accompanied by CL.
As described above, the repeated addition of water to a
suspension of the ozonolysis products of Cg, does not
result in the appearance of CL. However, if an aqueous
solution of FeSO,+9H,0 is added immediately after re-
peated water addition, CL arises (see Fig. 3), indicating
the formation of H,0, due to the reaction of the SFO
with water.

As shown in the earlier published® and present works,
the number of added oxygen-containing groups and o0zo-
nide cycles (and, perhaps, the degree of fragmentation of
the fullerene cages) increases with the elongation of the
ozonolysis exposure. Therefore, the CL upon hydrolysis
of the products formed at different ozonolysis exposures is
caused by the hydrolysis of SFOs of different composi-
tion. The results of measuring the CL spectra make it
possible to assume the nature of the carbonyl groups in
the composition of the substituents. In fact, the CL
maxima during SFO hydrolysis lie in a much longer-wave-
length region compared with the positions of the diffuse
luminescence maxima (420—530 nm) of the carbonyl
chromophores of hydrocarbons with different struc-
tures.23—25 Such a large long-wavelength shift of the emis-
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sion maximum for the chromophore in which electron
excitation is localized on the C=0%* group is caused, most
likely, by the fact that at least the C, and Cg atoms bonded
to the carbon atom of the excited carbonyl group, namely,
CL-emitting center, contain no hydrogen atoms. In the
opposite case, the CL spectra should lie in a much shorter-
wavelength spectral region.

It is difficult to propose mechanisms of CL generation
upon SFO hydrolysis because published data on the na-
ture and structure of SFOs are ambiguous (see above). In
addition, it is unclear from which moment the destruc-
tion of the fullerene cage starts (if any) during ozonolysis.
The following variants of this degradation can be pro-
posed: cage opening due to the cleavage of the C=C bonds,
fragmentation, and elimination of the CO and CO, groups.
Published data on experimental evidence for CO and CO,
formation during fullerene ozonolysis and the nature of
fragments of the fullerene cage are lacking. Therefore,
now we can speak only about the transformation of the
fullerene cage during ozonolysis, and the degree and na-
ture of this transformation are unknown to a great extent.
It is clear that this is precisely the six-membered ring
opening with the formation of two terminal C=0
groups®18 due to the C=C bond cleavage that makes the
main contribution to the transformation and possible de-
struction of the fullerene cage.

The retention of the transformed fullerene cage upon
ozonolysis is confirmed by the results of quantum-chemi-
cal calculations,?® according to which the structure con-
sisting of the transformed Cg, cage bonded to two ether
and four keto groups is stable. Nine peaks have recently
been detected?® by HPLC for aqueous-alcohol solutions
of the solid ozonolysis products of C4yin CCly. No HPLC
chromatograms are presented in this work, while it is
reported that all the peaks are eluted within the very short
time (2.25 min) and are poorly resolved (difference in the
retention times of the adjacent peaks is at most 23 s).
Based on these results, the authors concluded?? that ozo-
nolysis decomposes completely the Cg, cage to fragments
linked together through the ozonide, peroxide, ether, and
other groups. We believe that this conclusion (made with-
out determination of the number of carbon atoms in the
compounds responsible for these peaks) is ambiguous. In
fact, several peaks with different retention times can be
given from compounds in which different numbers of
functional groups (both different and the same) are added
to the fullerene cage. For instance, several HPLC peaks
with a high difference in retention times (several minutes)
were detected for fullerene epoxides and hydrides.?27 In
addition, the conclusion about the destruction of the
fullerene cage?? contradict the thesis of the same authors3:6
that the fullerene cage (although open) is retained during
ozonolysis.

Thus, the question about the stability of the fullerene
cage to ozone remains unanswered. There is a problem

concerning assignment of the ozonolysis products to
monomers or polymers. For instance, according to pub-
lished data,>¢ these products are polymers or oligomers
(no exact value of the molecular weight of the products
was measured® because of experimental difficulties). It is
well known?3 that for hydrocarbons the formation of poly-
meric forms of ozonides does not exclude the presence of
monomeric ozonides as well among the products, which
is often observed. Perhaps, this situation takes place for
fullerene ozonolysis.

Taking into account the above considered problems,
one can theoretically propose two main types of simpli-
fied model structures of the SFOs: IV and V. In them the
ozonide cycle is bonded to one (structure IV) or two
(structure V) fullerene cages (or their fragments) trans-
formed due to ozonolysis, and different numbers of the
epoxide, ketone, or ether groups are added to the latter.

Wices
&

v

O O
e

\"

The structures of the SFOs in the proposed schemes of
hydrolysis (Schemes 2—4) are shown in general. Here
C(1) and C(2) are the carbon atoms of the same or differ-
ent fullerene cages. The cage fragments R! and R? con-
tain yet unknown?? number of carbon atoms and above
indicated oxygen-containing groups. Probable schemes

Scheme 2
0—0
R/ \ _R
R2/1\o/%\\ﬂ2 * HOH
1
R'._1_OOH . 2_R!
— R2/C\OH + 0= ~Re )
1a 1b
R'._1_OOH RI_1
Rz/C\OH R2/C=O + H,0, (1)
1a 1b



1378 Russ.Chem.Bull., Int.Ed., Vol. 55, No. §, August, 2006

Bulgakov ef al.

Scheme 3
0—0
R/ \ _R
R2/1\0/C\R2 + HOH —»
1
, OOH OH
R IR
R27i 072 R2 ®
1c
Rl 1 2_R!
1c — F!2>c=o + o=ciR2 + H0, (D
1b 1b
Scheme 4
0—0
R/ \ _R
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of SFO hydrolysis includes the steps of excitation of the
CL emitters and formation of H,O,.

According to Scheme 2, oxyhydroperoxide 1a and ke-
tone 1b are formed first, and then an H,0, molecule is
eliminated from molecule 1a to form ketone.

According to Scheme 3, hydrolysis proceeds without
C—O0O bond cleavage to form product 1c, which decom-
poses to two ketones with H,O, evolution.

Scheme 4 is similar to Scheme 1, which has been
assumed earlier? for description of the hydrolysis of hydro-
carbon ozonides, and leads to the formation of ketone
and H,0, through compound 1d in which the —O—0—
bond is retained.

Since data on the structures of complex SFO struc-
tures containing different oxygen-containing groups are
lacking, we performed quantum chemical calculations for

Table 1. Heat effects of hydrolysis (AH,°) of model ozonides
calculated by the AM1 and PM3 methods

Scheme Reaction AH,°/kcal mol~!
v v

AMI1 PM3 AMI1 PM3
2 (I) —86.9 —66.5 —29.5 —22.2
an —12.1 —15.6 —12.1 —15.6
3 ) —118.0 —99.5 -9.2 +3.8
an +19.0 +17.6 —32.5 —41.6
4 (I) —90.0 —68.5 —22.1 -7.5
an +3.1 +2.0 -7.4 —14.7
(I11) —12.1 —15.6 —12.1 —15.6

structures IV and V ignoring these groups. The heat ef-
fects of the reactions shown in Schemes 2—4 were esti-
mated by the PM3/RHF 28 and AM1/RHF 230 semi-
empirical methods, which reproduce well the geometry of
fullerenes and are suitable?8—30 for studying pericyclic
reactions. A disadvantage of these methods is the overes-
timation of the heats of formation of fullerenes and their
derivatives; nevertheless, they can be used for compara-
tive estimation of the heat effects. The average error for
the heat effects calculated by the AM1 method for the
peroxide compounds is3! 4.5 kcal mol~!. The heat effects
of the reactions calculated by the AM1 and PM3 methods
(Table 1) were compared with the energy necessary for
excitation of a CL emitter (51.2 kcal mol~!), which was
estimated from the position of the maximum in the CL
spectrum (558 nm).

The results of calculations of the heat effects suggest
that SFO hydrolysis can proceed via different mecha-
nisms depending on the fact whether the ozonide cycle is
a part of one transformed cage (structure IV) or a frag-
ment linking two different cages (structure V). In the first
case, Scheme 2 is preferential, while Scheme 3 should be
preferred in the second case. The hydrolysis of fullerene
ozonides via Scheme 4 is energetically least favorable.

The heat effect of reaction (I) in Scheme 2 calculated
by the AM1 and PM3 methods for model structure IV is
—86.9 and —66.5 kcal mol~!, respectively, which provides
(with excess) the excitation of the CL emitter even ignor-
ing the activation energy. In the case of model struc-
ture V, the heat effect of the same reaction is insufficient
for emitter excitation. The heat effect of reaction (II) for
the both structures does not either provide the generation
of excited ketone 1b.

The heat effect of reaction (I) in Scheme 3 for model
structure IV is the highest, being —118.0/—99.5 kcal mol~!
(AM1/PM3); however, no luminescent chromophore is
formed. The heat effect of reaction (II), taking into
account the activation energy (41.6 + 109 =
52.5 kcal mol™!), is sufficient for the excitation of ketone
only for structure V. The heat effects of reactions (II)
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and (III) forming ketones in Scheme 4 calculated for
structures IV and V do not provide ketone excitation even
taking into account the activation energy.

Thus, reaction (I) in Scheme 2 for the one-cage model
and reaction (II) in Scheme 3 for the two-cage model of
the SFOs are the most probable steps of CL excitation
from the energetic point of view.

The experimental results obtained by us indicate that
the SFOs are less stable than it has been reported ear-
lier.5:% First, they are not retained during several months,
as mentioned in Refs 5 and 6, but decompose completely
by moisture traces during ~20 h. In addition, they de-
compose on heating not at 573 K 50 but already at
343—353 K.32 Second, no SFOs are observed by iodo-
metric titration of the precipitate obtained after CCly re-
moval by evacuation of a suspension of the solid ozonoly-
sis products of Cg,. No chemiluminescence is either ob-
served upon water addition to this precipitate. We believe
that hydrolysis with decomposition of the SFOs occurs
during evacuation because of the low stability of the SFOs
and very high hygroscopicity of the oxygen-containing
ozonolysis products. Therefore, CL upon hydrolysis is
observed only upon the treatment with water of precisely
the freshly prepared suspension of the solid ozonolysis
products in CCl, rather than the dried precipitates.
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