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Fullerenyl radicals (FR) RС60
• and chemiluminescence (CL) are generated in the pres�

ence of O2 in С60—R3Al (R = Et, Bui) solutions in toluene (T = 298 K). The FR are formed due
to the addition of the R• radical, which is an intermediate of R3Al autooxidation, to C60. Mass
spectroscopy and HPLC were used to identify EtnС60Hm (n, m = 1—6), EtpC60 (p = 2—6), and
dimer EtС60С60Et as stable products of FR transformations. As found by ESR, the EtС60

•

radical (g = 2.0037) is also generated by photolysis of solutions obtained after interaction in the
(C60—R3Al)—O2 system. In the presence of dioxygen, the FR is not oxidized but yields
complexes with O2, which appear as broadening of the ESR signals. Chemiluminescence
arising in the (C60—R3Al)—O2 system is much brighter (Imax = 1.86•108 photon s–1 mL–1)
than the known background CL (Imax = 6.0•106 photon s–1 mL–1) for the autooxidation of
R3Al and is localized in a longer�wavelength spectral region (λmax = 617 and 664 nm). This
CL is generated as a result of energy transfer from the primary emitter 3СН3СНО* to the
products of FR transformation: RnС60Hm, RpC60, and EtС60С60Et.

Key words: fullerene С60, alkylaluminums, fullerenyl radicals, fullerene ethylhydrides,
C60 dimer, chemiluminescence.

In investigations of the physicochemical properties of
unstable fullerene derivatives, substantial attention is given
to the generation and transformations of fullerenyl radi�
cals (FR).1—4 Usually FR are generated due to the inter�
action of С60 with organic radicals (reaction (1)). Then
the FR are transformed via two main routes2: dimeriza�
tion (reaction (2)) and/or addition of organic radicals to
form the corresponding molecules (reaction (3)).

(1)

(2)

(3)

X• = R•, RO•, (RO)2
•P(O) (R is Alk)

It is known5,6 that only the FR that are monoadducts
of С60 enter into dimerization. Unlike processes of FR
generation studied in detail, the products of transforma�
tions of these species are poorly understood. Conclusions
about their nature are based,1,2 as a rule, only on analysis
of regularities of the appearance and disappearance of
FR signals in the ESR spectra on heating or photo�
irradiation of the systems under study. Traditional sources
of organic radicals are photolysis or thermolysis of the

corresponding compounds. At the same time, it is well
known that free radicals are generated in many chemical
reactions. A striking example is the chain free�radical
oxidation of alkylaluminums (R3Al) with dioxygen7—9

forming the whole series of radicals: R•, RO•, and RO2
•.

In the present work, we studied for the first time a possi�
bility of FR generation in the chemical reaction using as
an example the oxidation of toluene solutions of Et3Al or
Bui

3Al with dioxygen in the presence of fullerene С60.
Taking into account the ability of fullerene to enter into
chemiluminescence reactions10—14 and a glow arising
upon R3Al oxidation with dioxygen,8 we studied the na�
ture of chemiluminescence (CL) arising upon interaction
in the (С60—R3Al)—O2 system (R = Et, Bui).

Experimental

Fullerite С60 (obtained from the G. A. Razuvaev Institute of
Organometallic Chemistry, Russian Academy of Sciences,
Nizhny Novgorod), whose purity (99.8%) was checked by HPLC
and elemental analysis, was used. Reagents Et3Al and Bui

3Al
were purified by vacuum distillation of 98 and 91% gaso�
line solutions.15 Toluene (reagent grade) was treated with
98.3% H2SО4, washed with water, distilled, and then refluxed
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and distilled above metallic sodium under argon.16 The degree
of dehydration of toluene was monitored by the absence of the
band at 3400 cm–1 (OH) in the IR spectrum and ethane evolu�
tion upon treatment with Et3Al. Argon was purified in the PG
gas purification device to remove CO2, O2, and organic and
mechanical admixtures. Oxygen was dried by passing through a
system of columns with concentrated H2SO4, КОН, and mo�
lecular sieves 4 А. Stock solutions of С60 (3.6•10–3 mol L–1)
were prepared in the dark by dissolution of a fullerite weighted
sample in toluene under argon with magnetic stirring. The reac�
tivity of С60 toward Et3Al (Bui

3Al) was tested by monitoring the
intensity of the С60 peaks in the HPLC chromatograms of
hydrolyzates obtained by the addition of a 5% solution of HCl
(3 mL) to a С60—R3Al mixture in toluene. Solutions of
С60—R3Al and R3Al in toluene were oxidized with dioxygen in a
special cell mounted in the chemiluminescence setup.12 In stan�
dard experiments, aliquots of toluene solutions of С60 and R3Al
were syringed under argon into the chemiluminescence cell;
then the chemiluminescence compartment was closed and О2
was purged through a С60—R3Al solution ([C60]0 = 7.4•10–4

mol L–1, [R3Al]0 = 1.4•10–1 mol L–1). In particular runs oxi�
dation was performed by the introduction of an aliquot of
С60—Et3Al solutions in toluene through a septa into the Schlenk
flask containing О2�saturated toluene and connected to the gas
burette filled with О2. Brown homogeneous solutions formed
upon oxidation (20 mL) were hydrolyzed with a 5% aqueous
solution of HCl (3 mL). This procedure gave an easily separated
precipitate and a toluene solution, and the latter was washed
with water from HCl to neutral pH and dried above СаСl2. Thus
obtained liquid hydrolyzate (LH) was analyzed by HPLC,
UV spectroscopy in the visible region, and ESR. Photolysis of
the LH after evacuation (10 Torr) was carried out in quartz
ampules with the focused non�filtered light of a DRSh�500 mer�
cury lamp. After toluene was removed from the LH (303 K,
10—20 Torr), a dark brown powered product (PP) was analyzed
by IR spectroscopy (KBr pellets) and mass spectrometry.
An HP 1090 chromatograph with the analytical column
(250×4.6 mm), a UV detector (λ = 340 nm), and toluene as the
mobile phase (w = 0.8 mL min–1) were used for HPLC. ESR
spectra were recorded on a Radiopan EPR Spectrometer
SE/X 2542 instrument. The g�factors of samples were measured
relative to diphenylpicrylhydrazyl (DPPH) as the standard and
calculated by the formula17

gx = gs – (∆H/Hs)•gs, (4)

where gs is the g�factor of the standard (DPPH); gх is the g�factor
of the desired sample; ∆H is the difference of magnetic fields
corresponding to the centers of the spectra; Hs is the magnetic
field in the center of the spectrum of the standard. The measure�
ment error of the g�factor (±0.0005) is caused by inaccuracy of
determination of the centers of signals when the spectra of DPPH
and the sample under study are overlapped.

UV spectra in the visible region and IR spectra were re�
corded on Specord М 40 and Specord 75 IR spectrophoto�
meters, respectively. Mass spectra of negative ions were ob�
tained on a MI�1201V static mass spectrometer re�equipped for
operation in the resonance electron capture mode. The tem�
perature in the ionization chamber (448—473 K) was monitored
by a thermocouple calibrated by a reference thermoresistor. The
ionization energy was calibrated by the reference signal of
SF0

–/SF6 (0 eV).

Results and Discussion

Generation of FR in the (С60—R3Al)—O2 system. As
known, fullerene С60 under normal conditions, i.e., at
room temperature and without catalysts and photo�
activation, reacts readily with such alkylmetals as
ButLi 18,19 and AlkMgBr.18,20,21 Unlike this, we found
that under similar conditions С60 and R3Al in toluene do
not enter the chemical reaction, which fact was evidenced
by unchanged intensity of the С60 peak in the HPLC
chromatograms of the hydrolyzates of solutions obtained
after storage of a С60—Et3Al (or С60—Bui

3Al) mixture
for 3 h at room temperature under argon (Fig. 1). In this
case, the characteristic maxima of С60 (330, 408, 546,
and 600 nm) in the UV absorption spectra in the visible
region undergo no changes. The absence of interaction in
the С60—R3Al system under these conditions agree with
the known data22 on the reaction of С60 with Et3Al cata�
lyzed by Cp2ZrCl2.

When С60—R3Al solutions are exposed to О2, the con�
centration of С60 decreases rapidly and becomes unob�
servable already ~40 s after О2 purging (according to the
data of HPLC and UV spectra). After the reaction, the
solution remains homogeneous and turns brown. Similar
solutions are formed for a shorter О2 purging (incomplete
conversion of С60). After hydrolysis of the solutions (at
100% and incomplete conversion of С60), a white pre�

Fig. 1. HPLC chromatograms of the reaction products in
the (С60—R3Al)—О2 systems: solution of fullerene С60 (1);
hydrolyzates of solutions obtained before and after storage of the
С60—Et3Al mixture for 3 h under argon (2); LH of the reaction
products in the (С60—Et3Al)—О2 system (3) and the LH of the
products in the same system but after 30 min of UV irradia�
tion (4) and 30 min of heating (5) at 343 K; solution of the
FEH—EF mixture obtained by the method22 (after chromato�
graphic removal of С60) (6); LH of the reaction products in the
(С60—Bui

3Al)—О2 system (7). Solvent toluene, 298 K, [С60]0 =
7.4•10–4 mol L–1, [R3Al]0 = 1.4•10–1 mol L–1.
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cipitate and a brown LH, which contains no Al according
to elemental analysis data, are formed. The precipitate
contains no С60 or its derivatives (no C), being Al(OН)3.
Found (%): Al, 34.23; Н, 3.78; О, 61.72. Calculated (%):
Al, 34.61; Н, 3.84; О, 61.53. According to the published
data,15 Al(OН)3 is formed upon hydrolysis of the final
products of R3Al oxidation, viz., alkoxides (RO)3Al. After
toluene was removed in vacuo at room temperature from
the LH obtained by the complete conversion of С60, a
solid brown residue remained. The residue is insoluble in
organic solvents (toluene, o�dichlorobenzene, EtPh, ac�
etone, hexane, alcohols, AcOH, CS2), water, and HCl.
The composition of this, most likely, polymeric product
was not determined.

After interaction in the (С60—Et3Al)—O2 system
(О2 purging during several seconds), the peak of С60 (tr =
8.72 min) decreases and three new peaks (tr = 5.76, 11.61,
and 17.51 min) (see Fig. 1) with the ratio of surface areas
9.3 : 32.4 : 4 (in %) appear in the HPLC chromatogram
of the LH. Similar chromatograms were obtained for the
(С60—Bui

3Al)—O2 system (see Fig. 1). In this case, the
tr values of the corresponding peaks differ insignificantly
(by <1 min) upon changing the nature of R3Al. The in�
tensities of all HPLC peaks of the LH are retained upon
heating for 30 min below 343 K or storing in the dark for
~4 days at 298 K, indicating that the products formed are
stable.

It seems reasonable that the new HPLC peaks belong
to the products of addition to С60 of the R•, RO•, and
RO2

• radicals generated7,8 upon the oxidation of R3Al
with dioxygen. If the RO2

• radical interacts with С60, the
effect of fullerene inhibition of R3Al oxidation with
dioxygen would be observed. However, the rates of
O2 absorption from the gas burette during Et3Al oxidation
in the absence and presence of С60 are the same (Fig. 2).
These results agree well with the earlier23 observation that
fullerene С60 is unreactive toward the RO2

• radicals gen�

erated by the liquid�phase oxidation of hydrocarbons in
the presence of С60. To reveal which of two other radi�
cals, namely, R• or RO•, attacks С60, we performed mass
spectrometric analysis of the PP obtained by О2 purging
through a С60—Et3Al solution for 30 s. The mass spec�
trum of negative ions detected at 448—453 K contains the
following lines, m/z (Irel (%)): 720 [С60] (40), 750
[С60EtН]– (67), 778 [С60Et2]– (40), 780 [С60Et2Н2]– (40),
808 [С60Et3Н]– (50), 810 [С60Et3Н3]– (53), 836 [С60Et4]–

(32), 838 [С60Et4Н2]– (37), 840 [С60Et4Н4]– (100), 866
[С60Et5Н]– (82), 868 [С60Et5Н3]– (78), 870 [С60Et5Н5]–

(46), 894 [С60Et6]– (32), 896 [С60Et6Н2]– (18), 898
[С60Et6Н4]– (12), and 900 [С60Et6Н6]– (30).

Therefore, fullerene ethylhydrides (FEH) and ethyl�
fullerenes (EF) are formed as the major reaction products
in the (С60—Et3Al)—O2 system. At this stage of the work,
we did not study in detail hydrogen addition to the С60
cage in FEH. This is the matter of our further studies.
Earlier22 FEH and EF were found in the hydrolyzate
(hereinafter LH�1) of the products of cycloalumination
of С60 with triethylaluminum catalyzed by Cp2ZrCl2. The
HPLC chromatograms of the reaction products of the
(С60—Et3Al)—O2 system and products obtained indepen�
dently by a described procedure22 contain the general
peaks of С60 (tr = 8.72 min) and the peaks with tr =
5.76 min. The peaks with tr = 11.61 and 17.34 min are
recorded only for the (С60—Et3Al)—O2 system (see
Fig. 1). When the LH�1 (from which С60 was removed by
chromatography) was added to the LH, the intensity of
only one peak with tr = 5.76 min increased by ~3.6 times
(see Fig. 1). This means that the peak of the LH with tr =
5.76 min concerns to a mixture of FEH and EF and the
peaks with tr = 11.61 min and tr = 17.34 min are of
different nature.

It is interesting that FEH with the composition
Н4С60Et4 is present in the predominant amount in both
the LH and LH�1 obtained by quite different methods.
Note that the synthesis of FEH and EF using Cp2ZrCl2 as
the catalyst by a described procedure22 takes ~26 h at
303—313 K, whereas in the (С60—R3Al)—O2 system these
products are obtained only within ~30 min at 298 K with�
out a catalyst.

The results of mass spectrometric analysis of the
PP show the formation of a higher number of prod�
ucts than it follows from the HPLC data (see Fig. 1).
Probably, this is related to the fact that one HPLC peak
contains several products with different numbers of
the Et groups and H atoms and with possible decompo�
sition of unstable С60 derivatives in the mass spectro�
meter.

The above mentioned resemblance of the composi�
tion of the products formed in the (С60—Et3Al)—O2 sys�
tem in the catalytic reaction studied in Ref. 22 is an addi�
tional argument in favor of the fact that these products are
alkyl rather than alkoxy derivatives of С60.

Fig. 2. Kinetics of О2 absorption from a gas burette by solutions
of Et3Al (1) and С60—Et3Al (2). [С60]0 = 7•10–4 mol L–1,
[Et3Al]0 = 1.4•10–1 mol L–1, measurement accuracy V(O2) =
±0.8 mL.
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Thus, of the series of the R•, RO•, and RO2
• radicals

generated in the reaction of R3Al with O2, only the
R• radical interacts with С60. This seems surprising be�
cause the reactivity of the RO• radical is higher than that
of R•.24 We believe that the preferential interaction of С60
with the R• radical in the system under study is caused by
a substantially higher rate of reaction (5) than that of
reaction (6)

, (5)

, (6)

where the formula >AlR designates (in the general form)
the initial R3Al radical and intermediate products7,8 of its
oxidation, namely, R2AlOR and RAl(OR)2. This is re�
lated to a much higher concentration of R3Al (1.4•10–1

mol L–1) compared to the C60 concentration (7.4•10–4

mol L–1).
Published data on the k5 and k6 values are lacking for

the EtO• radical and other alkoxy radicals, which im�
pedes estimations of the effect of k5 and k6 on the rates of
these reactions.

Thus, the RO• radical is consumed only in faster steps
of R3Al oxidation and not in addition to C60. Note that
the final product of R3Al oxidation with dioxygen, namely,
Al(OR)3, is formed7,8 just in reaction (5).

It is of interest to elucidate the difference in composi�
tions of the reaction products in the (С60—Et3Al)—O2
system and for liquid�phase hydrocarbon oxidation in the
presence of С60 using a described procedure,23 because
the same radicals, viz., R• and RO2

•, are generated in
both cases. However, no addition products of any of these
radicals to С60 was observed,23 which is especially inter�
esting in the case of the R• radicals decaying in the both
systems by the reaction with high k7 = 5•107 L mol–1 s–1.24

(7)

This difference can be due to the following fact. Ac�
cording to known data,25 when hydrocarbons are oxi�
dized by molecular oxygen, its concentration ranges at
some constant level, enabling the kinetic regime of the
reaction when all R• radicals transform into RO2

• in
reaction (7).

As a result, although the k8 value is high (4•107

L mol–1 s–1),26 no alkyl derivatives of С60 are formed in
this system. Unlike this, R3Al is oxidized7,8 with dioxygen
in the diffusion regime due to the very high reaction rate.
Finally, the rate of dissolution of purged O2 is lower than
the rate of О2 consumption in the reaction. This creates a
deficiency in О2 because of which not all R• radicals
decay in reaction (7) and some small part of these radicals
react with С60 in the reaction

. (8)

Analogous deficiency in О2 distinctly appears in the
kinetics of background CL (BCL) upon R3Al oxidation in
another regime,27 i.e., when R3Al is introduced into tolu�
ene saturated with oxygen (О2 purging continues after
saturation is achieved). In this case, the rapidly arising
BCL then sharply and almost completely decays due to
the instant consumption of dissolved O2, and only after
supply of an additional amount of O2 to the reaction
solution the BCL intensity again increases.

As can be seen from the data in Fig. 1, the HPLC
chromatograms of the LH, in addition to the peaks of
С60, FEH, and EF, contain two new peaks with tr = 11.61
and 17.34 min. Based on the data of HPLC, mass spec�
trometry, and experiments on LH photoirradiation (see
below), we assigned these peaks to the EtС60С60Et dimer
and EtxС180 trimer, respectively. Unlike the FR dimers,
the structure of even "classical" С180 trimer has not been
established so far,28, and data on the synthesis of the
trimers containing functional groups are lacking. There�
fore, the formula of the trimer is presented above in the
general form. The tr values for the "classical" С120 dimer
(14.75 min)29 and С180 trimer (17.34 min)28 are lower by
~2 and 3 times, respectively, than tr for С60 (7.41 min).
As turned out, a similar proportionality is valid in our
case: tr(FEH, EF) : tr(EtС60С60Et) : tr(EtxС180) =
5.76 : 11.61 : 17.34 = 1 : 2.02 : 3.01. The assignment of
the HPLC peak with tr = 17.34 min to the trimer is pre�
sumable, unlike the identification of the dimer, whose
existence was confirmed by us using ESR.

It is known1,2 that irradiation of solutions of
the Х´С60—С60Х´ dimers (Х´ = Ме3С, Ме3ССН2,
1�С10Н15, etc.) produces the ESR signal of the FR, which
rapidly disappears after switching off the light. The
ESR effects are the major arguments in favor of formation
of the fullerene dimers of different structure due to FR
dimerization. Based on these data, we obtained similar
evidences for FR formation in the (С60—Et3Al)—O2 sys�
tem. No ESR signal is observed before irradiation of
the LH, but a singlet line (g = 2.0037) appears upon
UV irradiation of the LH and disappears immediately
after irradiation was switched off (Fig. 3). These appear�
ance and disappearance of the ESR signal upon switching
on and switching off the light can be observed repeatedly.
The results of these experiments and known data1,2 sug�
gest that the ESR signal belongs to the EtС60

• FR formed
upon photodissociation of the dimer in the reaction

. (9)

An additional support for this conclusion could be the
coincidence of the g�factor measured by us with the lit�
erature value. However, known data on FR of the RC60

•

type are restricted by the data on MeC60
• only (g = 2.00229

and 2.00231 for different sources of radicals R•).30 At the
same time, g = 2.0024 for EtС70

• was reported.2 To reveal
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the nature of the observed ESR signal, we photoirradiated
the hydrolyzate (hereinafter LH�2) obtained after inter�
action in the (С70—Et3Al)—O2 model system. In this case,
the same ESR effects as for the (С60—Et3Al)—O2 system
were observed. The g�factor of the ESR signal from the
irradiated LH�2 is 2.0024, i.e., coincides with published
data.2 These results confirm that our assignment of the
ESR signal to EtС60

• is correct. In addition to measure�
ments of the g�factor of EtС60

•, we attempted to estimate
the strength of the C—C bond in the EtС60С60Et dimer.
The bond between two С60 cages in the dimers is known1,2

to be weak. For example, for the dimer of the (RO)2
•P(O)

radical ∆Н = 13 kcal mol–1.6 No published data on ∆Н for
the EtС60С60Et dimer are available, but those for dimers
of other radicals are known. For instance, for the dimer of
the Me2СНС60

• radical, ∆Н = 35.5 kcal mol–1.31 Ac�
cording to published data,31 the ∆Н value is higher for
the dimers of simpler radicals. Therefore, the ∆Н value
for the EtС60С60Et dimer should somewhat exceed
35.5 kcal mol–1. This value is comparable with the aver�
age ∆Н value of the O—O bond cleavage in organic per�
oxides32 decomposing at 343—423 K. Therefore, the ab�
sence of peaks of the dimers and trimers in the mass
spectrum of the PP is related, most likely, to their thermal
decomposition in the ionization chamber, where the tem�
perature is substantially higher (448—473 K).

The IR spectrum of the PP samples contains the fol�
lowing bands/cm–1: 2960 sh, 2925 s, 2864 m, 1620 s,
1453 m, 1426 m (С60), 1380 w, 1260 w, 1220 v.w, 1190 m,
1185 m (С60), 1155 w, 1145 w, 1100 m, 1090 v.w, 1030 v.w,
862 w, 800 v.w, 794 v.w, 770 w, 761 w, 745 v.w, 738 v.w,
731 v.w, 711 v.w, 708 v.w, 660 v.w, 611 w, 580 v.s (С60),
572 m, 562 m, 552 w, 546 v.w, 541 w, 526 v.s (С60),
523 v.w, and 479 w. As can be seen from these data, the
spectrum contains no bands at 1736 and 1720 cm–1, i.e.,
no keto derivatives of fullerene are formed in the system
under study. Therefore, oxygen oxidizes R3Al only rather

than fullerene and its derivatives. With an elongation of
the interaction in the (С60—R3Al)—O2 system, the inten�
sity of the characteristic bands of С60 (526, 580, 1185, and
1426 cm–1) decreases and several new bands appear, whose
positions coincide with or close (with a difference of
2—9 cm–1) to those of the bands recorded earlier in the
IR spectra of the FEH,18 С120 dimer,29 and С60Hx hy�
drides (x = 2—36).33 These bands are not assigned to
vibrations of particular bonds,18,29,33 except for the data33

where the band at 2853 cm–1 in the spectrum of С60H36 is
attributed to vibrations of the C—H bond. The band with
a close position (2866 cm–1) is observed in the IR spec�
trum of the FEH synthesized in Ref. 18. Therefore, it can
be assumed that the band at 2864 cm–1 in the IR spectrum
of the PP is also caused by vibrations of the C—H bond of
the FEH. In addition, we can conclude that the band at
1380 cm–1 in the IR spectrum of the PP is due to absorp�
tion of just the FEH, because it is absent from the
IR spectra of С60Hx (Ref. 33) and the С120 dimer.29 All
other strong and weak bands in the IR spectrum of the PP
are also observed in the spectra of different С60 deriva�
tives: FEH,18 С120,29 and С60Hx.33

The UV spectra in the visible region of solutions after
interaction in the (С60—Et3Al)—O2 system before hy�
drolysis and the spectra of the LH (Fig. 4) contain maxima
(326, 408, 436, 465, and 484 nm), which have earlier been
detected (but not assigned) in the spectra of EtC60H 18,20

and С60Н2 33 obtained by other methods. Evidently, the
maxima at 326 and 408 nm belong to unreacted С60. The
most intense new maximum at 436 nm is characteristic34

of the 1,2�adducts of С60: the position of this maximum is
independent of the radical nature.35

Summing up the results of the "dark" study of the
(С60—R3Al)—O2 system, we can conclude that of the
three radicals (R•, RO•, RO2

•) generated by R3Al oxida�

Fig. 3. ESR spectra recorded during photoirradiation of the
hydrolyzates (LH and LH�2) of the reaction products in the
(С60—Et3Al)—О2 (1, 1´) and (С70—Et3Al)—О2 (2) systems af�
ter three freezing—evacuation—thawing cycles (1, 2) and
in air (1´).

331.0 331.5 332.0 B/mT

1
1´

2

Fig. 4. Absorption spectra of solutions obtained after the inter�
action in the (С60—Et3Al)—О2 system before and after hydroly�
sis (1, 2). Solvent toluene, 298 K, [С60]0 = 7•10–4 mol L–1,
[Et3Al]0 = 1.4•10–1 mol L–1, l = 0.1 cm.
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tion only the alkyl radicals add to С60 and its derivatives
to form FEH, EF, the EtС60С60Et dimer, and, possibly,
the EtxС180 trimer as the major products. Varying the
nature of the alkyl substituent in R3Al, different alkyl
derivatives of C60 can be obtained by a simple method at
room temperature and without a catalyst by the interac�
tion in the (С60—R3Al)—O2 system.

CL generation in the (С60—R3Al)—O2 system. We ob�
served earlier undescribed CL upon О2 action on
С60—R3Al solutions (Fig. 5). Its parameters differ com�
pletely from the characteristics of the known8 BCL aris�
ing upon the oxidation of R3Al with dioxygen. For in�
stance, for the (С60—Et3Al)—O2 system the CL intensity
(Imax = 3.2•107 photon s–1 mL–1 at [C60]0 = 7.4•10–4

mol L–1) is much higher than that of BCL (Imax = 6.0•106

photon s–1 mL–1). The ratio of the CL and BCL intensi�
ties is 5.3. At [C60]0 > 7.4•10–4 mol L–1 the CL spectrum
lies in a longer�wavelength region (λmax = 617 and 664 nm)
compared to the BCL spectrum (λmax = 420 nm) (Fig. 6).

Two most probable alternative mechanisms can be
proposed for the CL observed in the (С60—R3Al)—O2
system. The first mechanism is analogous to that accepted
to the liquid�phase CL for hydrocarbon oxidation36—39

and includes the following key steps: FR oxidation with
dioxygen to peroxyl radicals i.e., RC60О2

•, and their sub�
sequent disproportionation (photostep).

(10)

(11)

Р are stable products

The second mechanism assumes energy transfer from
triplet�excited aldehyde, viz., BCL emitter (3СН3СНО*

for the (С60—Et3Al)—O2) system), to one of the reaction
participants.

Several serious arguments contradict the first mecha�
nism. In fact, if the CL is generated in reactions (10)
and (11), the oxygen�containing С60 derivatives would be
formed in the (С60—R3Al)—O2 system, which contra�
dicts the results of IR spectroscopic and mass spectromet�
ric analyses of the products. Unlike the well studied fast
reaction of the R• radicals with О2 with the k value close
to kdiff, data on quantitative parameters of FR interaction
with О2 are restricted by qualitative estimates only. For
instance, it is reported40 that the (ButO)nC60

• reacts slowly
with О2. Data on the reactions of EtnC60

• and Bui
nC60

•

with dioxygen are lacking. Therefore, to estimate the re�
activity of the EtnC60

• radicals to О2, we tested the effect
of О2 on the ESR spectrum of the FR generated by
LH photolysis. It turned out that the ESR signal of the
EtC60

• radical does not decrease in intensity upon
LH irradiation in air (see Fig. 3). However, the line in the
ESR spectrum is much broader than the signal detected
upon irradiation of the LH deaerated by three freez�
ing—evacuation—thawing cycles. Similar "oxygen" broad�
ening of the ESR signal of the (RO)2

•P(O) FR has been
observed for the first time in Ref. 6. We believe that this
reversible ESR effect is caused by the formation of an
FR complex with О2. These experiments show that the
FR formed in the (С60—R3Al)—O2 system are not oxi�
dized with dioxygen and, hence, the CL is generated by
the mechanism different from that accepted for liquid�
phase oxidation of hydrocarbons.

When the C60 concentration increases, in the CL spec�
trum detected for the (С60—Et3Al)—O2 system the inten�

Fig. 5. Background chemiluminescence (1) and chemilumine�
scence (2) kinetics. Observation conditions: solvent toluene,
298 K, [С60]0 = 7.4•10–4 mol L–1, [Et3Al]0 = 1.4•10–1 mol L–1,
О2 purging through solutions of Et3Al (1) and С60—Et3Al (2).
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Fig. 6. Background chemiluminescence (1) and chemilumine�
scence (2, 2´) spectra. Observation conditions: solvent toluene,
298 K, [Et3Al]0 = 1.4•10–1 mol L–1, [С60]0 = 7.4•10–4 (2) and
9.6•10–6 mol L–1 (2´), О2 purging through solutions of Et3Al (1)
and С60—Et3Al (2, 2´). The spectra were measured using a set of
boundary light filters.
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sity of the band with λmax = 420 nm decreases down to the
complete disappearance at [C60]0 = 7.4•10–4 mol L–1.
The intensity of the bands with λmax = 617 and 664 nm
increases simultaneously. This means that the CL is acti�
vated and excited due to energy transfer from 3СН3СНО*
to the initial С60 or products, viz., FEH, EF, dimer, and
trimer.

It turned out that the increase in the CL intensity with
an increase in the C60 concentration (Fig. 7) is not due to
energy transfer to fullerene. Indeed, the CL spectrum
(λmax = 617 and 664 nm) differs substantially from the
spectra of fluorescence (λmax = 720—750 nm)41 and phos�
phorescence (λmax = 796 and 812 nm)42 of С60. In addi�
tion, we have earlier43 shown that С60 is characteristic of
quenching of the electron�excited states of different
chemical nature rather than activation. When a ful�
lerene solution ([C60]0 > 2•10–3 mol L–1) is added at
the moment of BCL detection, the glow intensity de�
creases sharply due to quenching of the primary emitter
3СН3СНО* by fullerene (Fig. 8). At the same time, the
addition of the LH or LH�1 to the reaction solution dur�
ing BCL detection (see Fig. 8) enhances the glow. There�
fore, the glow activators are stable reaction products in
the (С60—R3Al)—O2 system, namely, FEH, and the
С60 dimer and trimer. At this stage of investigation, we
could not estimate the relative contribution of each prod�
uct to the BCL activation, because the effect of additives
of individual products on the efficiency of BCL activation
should be studied to solve this problem. Two factors favor
energy transfer. First, the energy level of the 3СН3СНО*
donor (λmax = 420 nm, Е = 2.95 eV) should be higher
than the radiative levels of the energy acceptors estimated
by the position of the short�wavelength maximum in the
CL spectrum (λmax = 617 nm, E = 2.0 eV). Second, the

luminescence spectra of 3СН3СНО* (see Fig. 8) well over�
lap with the absorption spectra of the acceptors, viz., the
reaction products (see Fig. 4). If the activation is caused
only by the purely physical process of energy transfer
from 3СН3СНО* to activator molecules, the kinetic curves
of BCL and glow after addition of activating additives
should be parallel and differ only in intensity. However,
after the additives are introduced, the glow decays more
slowly than the BCL does (see Fig. 8). This retardation
can presumably be caused by the fact that activator intro�
duction induces energy transfer from 3СН3СНО* to the
activators and also initiates the attack by the R• radicals
(generated in the reaction of R3Al with O2) to EtnС60Hm
and EtpC60 with n, p < 6 (as shown above, n = 1—6,
p = 2—6). As a result of this attack, the contents of
EtnС60Hm and EtpC60 with high n and p increase in the
reaction solution. It is most likely that with an increase in
n and p the reaction rate of these compounds with the
R• radicals is retarded and the luminescence yield of
these activators increases with a decrease in symmetry of
the molecules. The longer duration of the CL observed in
the (С60—R3Al)—O2 system compared to that of BCL
can be explained similarly (see Fig. 5).

Thus, the increase in the CL intensity with an increase
in the C60 concentration is caused by the formation of a
large amount of activating products. The plots of the
CL intensity vs. [C60]0 and, correspondingly, the product
concentration achieves a plateau. The plateau appears
because at some threshold concentration of the prod�
ucts they accept an energy from all primary emitters
3СН3СНО. This is confirmed by the disappearance of the
luminescence maximum of 3СН3СНО at 420 nm in the

Fig. 7. Plot of the maximum CL intensity (ICL) vs. С60 concen�
tration in the (С60—Et3Al)—О2 system. Solvent toluene, 298 K,
[Et3Al]0 = 1.4•10–1 mol L–1.
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Fig. 8. Effect of the quenching and activating additives on the
BCL kinetics: without additives (1); with additives of 2•10–3 М
solution of С60 (2), LH of the reaction products in the
(С60—Et3Al)—О2 system (3); FEH—EF mixture obtained by
the method22 (4). A is the moment of introduction of an addi�
tive. Solvent toluene, 298 K, [Et3Al]0 = 1.4•10–1 mol L–1.
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CL spectrum. The decrease in the CL intensity after the
plateau is caused by absorption of the CL by unreacted
С60 and the reaction products. The transmission of visu�
ally non�transparent LH obtained at [C60]0 = 7.4•10–5

mol L–1 is 70 (λmax = 617 nm) and 30% (λmax = 664 nm).
Based on the obtained results and according to pub�

lished data,8,9,27,44 the mechanism of CL generated in the
(С60—R3Al)—O2 system can be described as follows.

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Here P are oxygen�containing by�products27; Em desig�
nates FEH, EF, the dimer and trimer. Reactions (18),
(19), and (22) are given for CL in the (С60—Et3Al)—O2
system.

The R•, RO•, and RO2
• radicals are formed in reac�

tions (12)—(17).27,44 Transformations of these primary
radicals give the products of R3Al oxidation: stable
Al(OR)3 and unstable >AlOOR in which the Al atom is
bonded to the R and RO moieties.27,44 The BCL emitter
(3СН3СНО*) appears upon the disproportionation of the
RO2

• radicals in reaction (18).8,9 A small portion of the
alkyl radicals, which avoid the attack of О2 by reac�

tion (15), add to С60 to form the FR in reaction (20), and
they are further transformed into the stable products P
(FEH, EF, dimers, and, possibly, trimers) in reaction (21).
The energy of the primary emitter 3СН3СНО* is trans�
ferred to the products of FR transformations. The latter
are transformed in reaction (22) into the electron�excited
states, which are deactivated with the CL emission in
reaction (23). The presence or absence of luminescence
of 3СН3СНО* in the CL spectrum depends on [С60]0.

Thus, in the present work we found that the interac�
tion in the (С60—R3Al)—O2 system generates the FR and
CL caused by the emission of the electron�excited states
of the products of FR transformations. These results
can be used to develop a new approach to fullerene
functionalization producing FEH, EF, and FR dimers
and trimers.
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