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C60 Fullerene, as ultraeff icient quencher of singlet�excited adamantanone
generated in photo� and chemiexcitation
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Quenching of the fluorescence of Ad=O and its singlet�exited state (1Ad=O*) generated in
chemiluminescent reaction of adamantylideneadamantane�1,2�dioxetane (AdOOAd) termolysis
by C60 fullerene was detected and investigated. The "quenching efficiency—C60 concentration"
plots obtained from the decrease in the fluorescence and chemiluminescence intensities obey
the Stern—Volmer law. The bimolecular rate constants (kbim) were determined and the overlap
integrals of the Ad=O fluorescence spectra with the C60 absorption spectra (∫Ov) were calcu�
lated. Based on the nonconstant kbim/∫Ov ratios for different singlet�exited energy donors
obtained for the 1PAH*—C60 systems (PAH are polycyclic aromatic hydrocarbons) and
1Ad=O*—C60, a conclusion is drawn that quenching of 1Ad=O* by C60 fullerene is a result of
inductive�resonant singlet�singlet (major contribution) and exchange�resonant singlet�triplet
(minor contribution) energy transfer.

Key words: C60 fullerene, quencher of exited states, adamantanone, fluorescence,
adamantylideneadamantane�1,2�dioxetane, chemiluminescence.

Research on the deactivation of electronically excited
states (EES) of various classes of compounds by C60
fullerene is of importance for understanding of the pro�
cesses occurring upon photoirradiation of fullerene�con�
taining systems promising for solar energy utilization, pho�
todynamic therapy, optical switches, and for photochemi�
cal synthesis of C60 derivatives.1—4 Earlier,5,6 we have
reported an unusually high efficiency of the quenching of
EES of Ln3+* ions and polycyclic aromatic hydrocarbons
(1PAH*) by C60 fullerene. In this work we detected and
studied the quenching of 1Ad=O* generated by photo�
excitation and in chemiluminescent reaction of AdOOAd
thermolysis by C60 fullerene.

Experimental

Experiments were carried out using commercially avail�
able C60 (purity 99.9%, synthesized at the G. A. Razuvaev Insti�
tute of Organometallic Chemistry, Russian Academy of Sci�
ences, Nizhny Novgorod) and adamantanone ("chemically pure"
grade). Toluene7 and argon8 were purified following the known
procedures. Adamantylideneadamantane was synthesized by re�
duction of adamantanone with zinc dust in THF in the presence
of TiCl4 as catalyst.9 Dioxetane AdOOAd was synthesized by
photosensitized oxidation of adamantylideneadamantane.10

Stock solutions of C60 (10–3 mol L–1) and Ad=O (4.8•10–3

mol L–1) were prepared by dissolving crystalline samples in tolu�
ene in the dark under argon atmosphere. In the fluorescence
quenching studies, solutions of C60 fullerene were added to the

Ad=O solutions and the fall�off of the intensity of Ad=O fluo�
rescence maximum at 23260 cm–1 was measured at 293 K. Ther�
molysis of AdOOAd in toluene (4.5•10–3 mol L–1, 343 K) was
carried out in a Pyrex® cell with optically transparent bottom
(diameter 35 mm). Chemiluminescence of AdOOAd was re�
corded using a FEU�114 photomultiplier. To study the effect of
C60 fullerene on the chemiluminescence of AdOOAd, aliquots
(0.2 mL) of a solution of C60 (10–3 mol L–1, 293 K) were added
to the reaction solution (10 mL). The change in the temperature
measured by a copper�constantan thermocouple upon adding
C60 was at most 0.5 K. The concentration of C60 in the solutions
before and after excitation of fluorescence was monitored
by HPLC.11 The experimental setup and chemiluminescence
measurement procedure were reported earlier.8 The absorption
spectra were recorded on a Specord M�40 spectrophotometer,
the fluorescence spectra with a 2 nm resolution were recorded
on an original spectrofluorimeter based on an MDR�23 mono�
chromator. The overlap integrals of the Ad=O fluorescence spec�
tra with the absorption spectrum of C60 were calculated as re�
ported earlier.5,12

Results and Discussion

The addition of C60 to the Ad=O solution in toluene
causes a decrease in the Ad=O fluorescence intensity, but
the pattern of the fluorescence spectrum remains un�
changed (λmax = 430 nm). The absorption spectrum of
C60 in the presence of Ad=O also shows no changes. The
bimolecular rate constant for quenching (kbim) was deter�
mined from the slope of the Stern—Volmer plot (Fig. 1)
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Table 1. Parameters of quenching of 1Ad=O* by C60 fullerene in toluene

1Ad=O* generation procedure T/K [C60]•104/mol L–1 τ0/nsa kbim•10–11/L mol–1 s–1 ∫Ov•1014

Photoexcitationb 293 0.08—6 9 3.79±0.02 0.18
Chemiexcitationc 343 0.7—3.3 9 3.71±0.03 —

a Lifetime of 1Ad=O* in the absence of quencher.12

b λexc = 315 nm, [Ad=O] = const = 2.4•10–3 mol L–1.
c [AdOOAd]0 = 4.5•10–3 mol L–1.

for the fluorescence quenching efficiency (I0/I, where I0
and I are fluorescence intensities in the absence and in the
presence of C60) (Table 1). Using the known methods,5,6

we calculated the overlap integral (∫Ov) of the fluorescence
spectrum of Ad=O with the absorption spectrum of С60
(see Table 1).

The chemiluminescence spectrum recorded in the
AdOOAd thermolysis (spectrum is due to emission
from 1Ad=O* 13) matches the fluorescence spectrum of
Ad=O and the known13 chemiluminescence spectrum of
AdOOAd. The addition of a solution of С60 to the reac�
tion solution causes the appearance of clearly seen stepwise
chemiluminescence intensity fall�off regions (Fig. 2) fol�
lowed by almost constant chemiluminescence intensity.
The chemiluminescence spectrum retains its pattern.
Using the Stern—Volmer dependence of the chemilumi�
nescence quenching efficiency (ratio of the chemilumi�
nescence intensity before (I0) and after (I ) adding С60)
on [C60] (see Fig. 2), we determined the kbim value (see
Table 1), which appeared to be equal, within the limits of
experimental error, to the kbim value determined from the
fluorescence data.

Taking into account the results obtained and the ab�
sence5,6 of absorption of Ad=O fluorescence by fullerene,

Fig. 2. Effect of additive (solution of C60) on chemilumine�
scence intensity in thermolysis of AdOOAd in toluene (1), 343 К,
[AdOOAd]0 = 4.5•10–3 mol L–1. The dashed line corresponds
to the absence of C60; chemiluminescence quenching efficiency
(I0/I – 1) plotted vs. [С60] (2); I0 and I are the chemilumine�
scence intensities before and after adding С60 (horizontal levels).
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Fig. 1. Stern—Volmer plot of Ad=O fluorescence intensity
vs. [С60] in toluene at 293 К; [Ad=O] = 2.4•10–3 mol L–1,
λexc = 315 nm; I0 and I are the fluorescence intensities in the
absence and in the presence of С60.
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we explain the quenching of 1Ad=O* generated in photo�
and chemiexcitation (reactions (1) and (2), respectively)
by energy transfer to С60 (reaction (3)).

Ad=O + hν    1Ad=O* (1)

AdOOAd    Ad=O + 1Ad=O* (2)

1Ad=O* + C60    Ad=O + C60* (3)

No sensitized luminescence of C60* was detected (for
the reasons for difficulties in recording the phenomenon,
see Refs 5 and 6). Earlier,6 we have shown that quenching
of singlet excited states of PAH (1PAH*) by C60 fullerene
is also characterized by abnormally high values of the rate
constant kbim ((0.18—6.78)•1012 L mol–1 s–1). Based on
the nonconstant kbim/∫Ov ratios for different singlet�excited
energy donors obtained for the systems (1PAH—С60)6

and (1Ad=O*—С60), it was concluded that the mecha�
nism of quenching of 1Ad=O* by fullerene is similar to
that proposed earlier,6 namely, the quenching is a result
of inductive�resonance singlet�singlet (major contribu�
tion) and exchange singlet�triplet (minor contribution)
energy transfer.
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It should be emphasized that the rate constants for
quenching of 1Ad=O* by C60 fullerene obtained in this
work are much higher than the kbim values characterizing
energy transfer from 1Ad=O* to other energy acceptors,
such as lanthanide ions13 (kbim = 2.7•109 L mol–1 s–1)
and 9,10�diphenylanthracene14 (kbim = 3.7•1010

L mol–1 s–1). They also much exceed the rate
constants kbim for quenching of ketone EES in
other energy donor—quencher systems, namely,
1CH3COCH3*—9,10�phenylanthracene (kbim =
6•1010 L mol–1 s–1, S→S energy transfer),15

3C6H5CH2CHO*—9,10�dibromoanthracene (kbim =
3.8•108 L mol–1 s–1, T→S energy transfer),16 and
3C6H5CH2CHO*—naphthalene (kbim = 1.35•1010

L mol–1 s–1, T→T energy transfer).17 Note that these
examples illustrate the maximum efficiency of quench�
ing. Based on these data and taking into account the fact
that quenching of other energy donors (Ln3+* ions5 and
1PAH* 6) by C60 fullerene is also characterized by much
higher kbim compared to other quenchers, we can con�
clude that the unusually high efficiency of C60 as quencher
of EES (energy acceptor) is due to an original electronic
structure of this species, which includes an ensemble of
240 electrons. Probably, the С60 molecule is a more pow�
erful inductor compared to other molecules and has a
strong effect on the electronic structure of the energy
donor molecules, thus inducing nonradiative deactiva�
tion of these species. As was shown earlier (see Refs 1, 5—8
cited in Ref. 5), characteristic of С60 fullerene is the
quenching of fluorescence of different types of EES
through electron transfer to С60 with the formation of
a С60

–• radical anion. In our recent studies5,6 and in this
work we first established that the quenching of EES of
various classes of compounds by C60 fullerene occurs with
record efficiency through energy transfer to C60. There�
fore, this type of EES deactivation can be treated as a new
property of C60 fullerene.

References

1. M. Fujitsuka, O. Ito, H. Imahori, K. Yamada, H. Yamada,
and Y. Sakata, Chem. Lett., 1999, 721.

2. M. A. Yurovskaya and I. V. Trushkov, Izv. Akad. Nauk. Ser.
Khim., 2002, 343 [Russ. Chem. Bull., Int. Ed., 2002, 51, 367].

3. T. N. Yamakoshi, T. Yagami, S. Sueyoshi, and N. Miyata,
J. Org. Chem., 1996, 61, 7236.

4. A. V. Eletskii and B. M. Smirnov, Usp. Fiz. Nauk, 1995, 165,
977 [Russ. Phys. Rev., 1995, 165 (Engl. Transl.)].

5. R. G. Bulgakov, D. I. Galimov, Yu. G. Ponomareva, E. Yu.
Nevyadovskii, and R. Kh. Gainetdinov, Izv. Akad. Nauk.
Ser. Khim., 2006, 921 [Russ. Chem. Bull., Int. Ed., 2006,
55, 955].

6. R. G. Bulgakov and D. I. Galimov, Izv. Akad. Nauk.
Ser. Khim., 2007, 432 [Russ. Chem. Bull., Int. Ed., 2007,
56, 446].

7. A. J. Gordon and R. A. Ford, The Chemist´s Companion:
A Handbook of Practical Data, Techniques, and References,
A Wiley�Intersci. Publ., J. Wiley and Sons, New York—
London—Sydney—Toronto, 1972, 517.

8. R. G. Bulgakov, A. S. Musavirova, A. M. Abdrakhmanov,
E. Yu. Nevyadovskii, S. L. Khursan, and S. D. Razumovskii,
Zh. Prikl. Spektrosk., 2002, 69, 192 [J. Appl. Spectr., 2002, 69
(Engl. Transl.)].

9. E. W. Meijer and H. Wynberg, J. Chem. Educ., 1982,
59, 1071.

10. G. B. Schuster, N. J. Turro, H.�C. Steinmetzer, A. P.
Schaap, G. Faler, W. Adam, and J. C. Liu, J. Am. Chem.
Soc., 1975, 97, 7110.

11. R. G. Bulgakov, E. Yu. Nevyadovskii, A. S. Belyaeva, M. T.
Golikova, Z. I. Ushakova, Yu. G. Ponomareva, U. M.
Dzhemilev, S. D. Razumovskii, and F. G. Valyamova, Izv.
Akad. Nauk. Ser. Khim., 2004, 144 [Russ. Chem. Bull., Int.
Ed., 2004, 43, 148].

12. T. A. Shakhverdov and V. L. Ermolaev, Opt. Spektrosk. [Opt.
Spectrosc.] 1972, 33, 941 (in Russian).

13. G. L. Sharipov, V. P. Kazakov, and G. A. Tolstikov, Khimiya
i khemilyuminestsentsiya 1,2�dioksetanov [Chemistry and
Chemiluminescence of 1,2�Dioxetanes], Nauka, Moscow,
1990, 288 pp. (in Russian).

14. J. C. Hummelen, T. M. Luider, and H. Wynberg, Pure Appl.
Chem., 1987, 59, 639.

15. T. R. Darling and C. S. Foote, J. Am. Chem. Soc., 1974,
96, 1627.

16. V. L. Ermolaev, B. M. Antipenko, E. B. Sveshnikova, V. S.
Tachin, and T. A. Shakhverdov, Molekulyarnaya fotonika
[Molecular Photonics], Nauka, Leningrad, 1970, p. 76 (in
Russian).

17. W. D. K. Clark, A. D. Litt, and C. Steel, J. Am. Chem. Soc.,
1969, 91, 5413.

Received January 12, 2007;
in revised form February 22, 2007



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


