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Quenching of electronically excited Ln3+* ions by C60 fullerene
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Quenching of electronically excited states of Ln3+* ions generated upon photoexcitation of
toluene solutions of Ln(acac)3•H2O (Ln = Tb, Eu) complexes by C60 fullerene at 293 K was
detected and investigated. The dependences of quenching efficiency on С60 concentration
obtained from data on the decrease in the photoluminescence intensity and Ln3+* lifetimes
obey the Stern—Volmer law. Quenching is due to inductive—resonant energy transfer from
Ln3+* to C60 fullerene. The bimolecular rate constants for quenching, the overlap integrals of
the Ln3+* photoluminescence spectra with the C60 absorption spectra, and the critical energy
transfer distances were determined. No sensitized luminescence of C60 in the system studied
was detected.
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Processes occurring under photoirradiation of solu�
tions containing fullerene C60 have been intensively stud�
ied in connection with prospects for the design of novel
C60�based photoactive systems for conversion and utili�
zation of solar energy,1 photodynamic therapy,2,3 and la�
ser shutters.4 Irradiation of such systems is accompanied
by excitation of C60 or other components followed by
energy and/or electron transfer between them. In this
connection investigations on the efficiency of C60 fullerene
as acceptor of energy of different types of electronically
excited states are topical. Often, photoactive systems in�
clude such components as solutions containing C60
fullerene and metal compounds, e.g., Fc—ZnP (Fc is
ferrocene and P is porphyrin),1 ZnP,5 ZnP—H2P,6 ZnO,7

and [Ru(bpy)3]2+ 8 that act as energy donors (D*).
Quenching of the donors is attained through formation
of complexes between D* and C60 followed by electron
transfer

1D* + C60    D•+ + C60
•–.

No quenching of metal complexes by fullerene by the
mechanism of "pure" energy transfer (with no transfer of
an electron and formation of a complex of C60 with D)
was reported as yet. As to electronically excited states of
the metal complexes that luminesce due to transitions
between electron energy levels of the metal ion, informa�
tion on their deactivation by C60 fullerene is also unavail�
able. Here, classical examples are provided by the elec�
tronically excited states of lanthanide ions Ln3+* that
emit rather bright luminescence over a broad spectral re�

gion and can act as both energy donors9—11 and accep�
tors.12 In this work we first detected and studied quench�
ing of Ln3+* ions (Ln = Tb, Eu) generated under photo�
irradiation of toluene solutions of Ln(acac)3•H2O com�
plexes by fullerene C60.

Experimental

Compounds used in this study were commercially available
C60 (99.9% purity) and hexahydrates LnCl3•6H2O (Ln = Tb,
Eu) of chemically pure grade. Toluene was purified following a
known procedure.13 Complexes Ln(acac)3•H2O were synthe�
sized following a published procedure;14 Ln3+ and water were
determined complexonometrically and according to Fischer,15

respectively. Argon was purified following a known procedure.16

Stock solutions of C60 (10–3 mol L–1) were prepared in the dark
by dissolving a weighed sample of fullerite in toluene in argon
atmosphere in order to preclude the photochemical oxidation
of C60. Solutions of the lanthanide complexes were prepared by
dissolving Ln(acac)3•H2O crystals in toluene in argon atmo�
sphere. In order to study quenching of Ln3+*, different amounts
of the C60 solution were added to the solutions of the lanthanide
complexes until a volume of 3 mL ([Ln(acac)3•H2O] = 3.5•10–4

mol L–1). The content of C60 in the solutions before and after
excitation of photoluminescence was monitored by HPLC, as
reported earlier.16 Absorption spectra were measured on a
Specord M�40 specrophotometer and the lifetimes of Tb3+* and
Eu3+* ions were measured using an installation including a
LGI�21 pulsed nitrogen laser (λex = 337 nm). Photolumine�
scence spectra with a resolution of 2 nm were measured with an
original spectrofluorimeter based on MDR�23 monochromator.
Numerical values of the overlap integrals (∫ov) of the Ln3+*
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photoluminescence spectra with the C60 absorption spectrum
were obtained using the Origin 7.0 and Maple 7.0 programs that
were preliminarily tested on the published10 photoluminescence
spectra of other lanthanide complexes and absorption spectra of
several dyes. Differences between our results and the ∫ov values
reported in Ref. 10 were at most 2%.

Results and Discussion

Positions of maxima in the photoluminescence spec�
tra of the toluene solutions of the Tb and Eu complexes
(Fig. 1) match those reported earlier.7,8 The maxima are
due to radiative transitions between 4f�energy levels of
these ions (Tb3+*, λmax/cm–1: 20400 (5D4—7F6), 18350
(5D4—7F5), 17240 (5D4—7F4), and 16000 (5D4—7F3);
Eu3+*, λmax/cm–1: 16300 (5D0—7F2), 16780 (5D0—7F1),
and 17240 (5D0—7F0)). The effect of C60 fullerene on the
photoluminescence intensity of the Ln3+* ions was esti�
mated from the changes in the photoluminescence inten�
sity at two spectral maxima, at 545 nm for Tb3+* and at
613 nm for Eu3+*. The absorption spectrum of C60 plot�
ted in the ε—ν coordinates is shown in Fig. 1. The ε values
were calculated using the absorption spectrum of C60 mea�
sured in this work and the relation A = εlc, where A is
absorbance, c is the C60 concentration (10–5 mol L–1),
and l is the cell thickness (1 cm). The photoluminescence
spectra of both lanthanide complexes are overlapped with
the absorption spectrum of C60.

The addition of C60 to the toluene solutions of
Tb(acac)3•H2O and Eu(acac)3•H2O is followed by a de�
crease in the Ln3+* photoluminescence intensity and life�
times, but positions of the spectral maxima are retained

even at low C60 concentrations. For instance, the photo�
luminescence intensity of the Tb3+ and Eu3+ ions is halved
at a C60 concentration of 1.1•10–5 mol L–1 for the former
and 1.9•10–5 mol L–1 for the latter. Since C60 solutions
are photosensitive,17 a decrease in the Ln3+ photolumi�
nescence intensity could be due to the photochemical
reactions of C60 with Ln3+ ions. However, HPLC moni�
toring revealed no reduction of the C60 concentration in
the solution on the time scale of photoluminescence de�
tection.

Quenching of Ln3+* by C60 fullerene could also be
due to trivial reasons,18 namely, internal filter effect ow�
ing to absorption of the excitation light by C60, and reab�
sorption of the Ln3+* luminescence by C60 fullerene.
These effects are favored by fact that the C60 absorption
spans a broad spectral region (200—665 nm) including
the spectral range of the excitation light and the region of
lanthanide photoluminescence. Specific adjustment of the
photoluminescence excitation and detection geometry,
which ensured luminescence of thin solution layers
(~1.0 mm thick), allowed the internal filter effect to be
almost excluded. In the presence of C60 we observed an
insignificant reduction of the intensity of the excitation
light and the corresponding spectral band was detected
along with the Ln3+* photoluminescence maxima. Reab�
sorption of Ln3+* photoluminescence by fullerene esti�
mated by comparing the Tb3+* and Eu3+* photolumines�
cence spectra and the transmission spectrum of C60 (not
shown) at the maximum concentration of C60 (6•10–5

mol L–1) was at most 5%.
A characteristic feature of C60 fullerene is quenching

of various types of electronically excited states by the
electron transfer mechanism.1,5—8 At the same time
quenching of Ln3+* ions by such strong electron accep�
tors as hydrocarbon radical cations11 involves no electron
transfer. In order to estimate the probability of quenching
of the Ln3+* photoluminescence by electron transfer in
the reaction

Ln3+* + C60    Ln4+ + C60
•–,

we calculated the Gibbs free energy of electron transfer
(∆G) from the Weller equation19

∆G (eV) = E(Ln4+/Ln3+) – E(C60/C60
•–) –

– ke2/εr – E*(Ln3+), (1)

where E(Ln4+/Ln3+) and E(C60/C60
•–) are respectively

the redox potentials of the electron donor and electron
acceptor, E*(Ln3+) is the excited�state energy of the do�
nor, e is the charge of electron, ε is the dielectric constant
of the solvent (0.59 for toluene, see Ref. 20), and r is the
distance between the Ln4+ ion and C60

•– in the radical
ion pair formed (0.5 nm, see Ref. 21). The ∆G values for
europium and terbium obtained by substituting the corre�

Fig. 1. Normalized photoluminescence (PL) spectra of solu�
tions: Tb(асас)3•Н2О (1) and Eu(асас)3•Н2О (2) and the ab�
sorption spectra of fullerene C60 solutions (1´, 2´) in the vis�
ible spectral region (toluene, 293 K, λex = 313 (Tb3+) and
325 nm (Eu3+)).
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sponding values into Eq. (1) show that electron transfer
from the Ln3+* ion is an endothermic process

∆G(Eu3+) = E(Eu4+/Eu3+)22 – E(C60/C60
•–)23 –

– ke2/εr – E*(Eu3+) =

= 6.4 – (–0.83) – 1.2 – 2.02 = 4.0 eV (392 kJ mol–1),

∆G(Tb3+) = E(Tb4+/Tb3+)22 – E(C60/C60
•–)23 –

– ke2/εr – E*(Tb3+) =

= 3.12 – (–0.83) – 1.2 – 2.53 = 0.22 eV (21 kJ mol–1),

i.e., quenching of Ln3+* ions by fullerene as a result of
electron transfer can be excluded.

The aforesaid suggests that the most probable mecha�
nism of Ln3+* quenching is energy transfer to fullerene.

The photoluminescence intensity and excited�state
lifetime measurements for the Ln3+* ions showed that the
efficiency of quenching of Tb3+* and Eu3+* ions increases
in proportion to the C60 concentration (Fig. 2) in accord
with the Stern—Volmer law

I0/I – 1 = K1
St—V[C60] = k1

bimτ0[C60], (2)

τ0/τ – 1 = K2
St—V[C60] = k2

bimτ0[C60], (3)

where I0 (τ0) and I (τ) are the Ln3+* photoluminescence
intensities (lifetimes) in the absence and in the presence
of quencher, respectively; [C60] is the quencher concen�
tration; KSt—V is the Stern—Volmer constant, and kbim is
the bimolecular rate constant for quenching.

The kbim values (Table 1) calculated using Eqs (2)
and (3) and the data of measurements of quenching effi�
ciency from a decrease in the photoluminescence inten�
sity (I0/I ) and from reduction of the decay constant (τ0/τ)
of Ln3+* photoluminescence coincide within the limits of
experimental error (10%). This indicates24 a dynamic
character of quenching of Ln3+* ions by C60 fullerene.
The absence of complex formation between C60 and
Ln(acac)3•H2O in the ground and excited states is also
substantiated by the fact that the absorption spectrum of
C60 and the photoluminescence spectra of Tb3+* and
Eu3+* remain unchanged when all compounds are simul�
taneously present in solutions.

Analysis of the available data9—12 showed that the best
quencher of luminescence of Ln3+* ions is Bengal rose dye
(k3

bim = 5.9•108 L mol–1 s–1 for quenching of Tb3+*).10

Based on comparison of the k3
bim value and the k1,2

bim
values obtained in our experiments for quenching of Tb3+*
by fullerene, C60 can be characterized as efficient quencher
of Ln3+* ions. For quenching to occur, the energy of the

Fig. 2. Photoluminescence intensity (1, 2) and lifetime (1´, 2´) of Ln3+* ions plotted vs. С60 concentration in toluene at 293 К in the
Stern—Volmer coordinates: Tb(асас)3•Н2О solution (3.5•10–4 mol L–1), λex = 313 nm (1, 1´) and Eu(асас)3•Н2О solution
(3.5•10–4 mol L–1), λex = 325 nm (2, 2´).
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radiative level of the energy donor should be higher than
that of the energy acceptor. The energies of the radiative
levels of Ln3+* ions estimated from positions of maxima
in the photoluminescence spectra shown in Fig. 1 are
2.53 eV (Tb3+*) and 2.02 eV (Eu3+*). Different val�
ues of 1C60* energy are available in the literature,
namely, 2.0 25 and 2.2 26 eV. Comparison of these data
shows that the Tb3+* (not Eu3+*) energy is much higher
than the 1C60* energy and that energy transfer from Tb3+*
can occur at both values of the 1C60* energy. At the same
time, energy transfer from Eu3+* is only possible if the
1C60* energy is at most 2.0 eV. Since the experimental
results do indicate energy transfer from Eu3+*, the value
of 2.0 eV for the energy of the radiative level of 1C60*
seems to be more correct.

The overlap integrals of the Ln3+* photoluminescence
spectra with the C60 absorption spectrum (see Fig. 1) were
calculatd using the expression9

, (4)

where FD(ν) is the quantum intensity distribution in the
photoluminescence spectrum of the donor and εA is the
molar decimal extinction coefficient of the acceptor.

Energy transfer from Ln3+* to C60 can proceed by the
exchange�resonant or inductive�resonant mechanism. Ac�
cording to published data,9—11 proportionality between
the k1,2

bim and ∫ov values obtained for quenching of Tb3+*
and Eu3+* (see above) and similar (according to criteria
formulated in Ref. 27) kbim/∫ov ratios (see Table 1) should
be treated as substantiation of the inductive�resonant
mechanism. This is also confirmed by the absence of com�
plex formation between Ln3+* and C60 (see above). Table 1
also lists the critical energy transfer distances (R0) calcu�
lated from a known equation10

(5)

where q0(Ln3+*) is the quantum yield of photolumine�
scence of the energy donor in the absence of quencher
and n is the refractive index of toluene. The q0(Tb3+*) and
q0(Eu3+*) values were taken from Ref. 28 and the n value
was taken from Ref. 13.

We also calculated the k1
theor and k2

theor values using
the Galanin—Franck (6) and Tunitsky—Bagdasaryan (7)
equations (see Ref. 10).

, (6)

where τ0(Ln3+*) is the excited�state lifetime of the energy
donor in the absence of quencher; R(Ln3+*) and R(C60)
are the molecular radii of the energy donor and energy
acceptor (molecular radii of Ln(acac)3•H2O (~4.8 Å)
were calculated using the relation10 4/3πR3 = 0.74VM/N
assuming spherical symmetry of the species and close
packing of spheres of the same radius and with allowance
for voids; the molar volumes (VM) were determined using
the Le Ba relationship;29 the C60 radius (3.5 Å) was taken
from Ref. 30).

, (7)

where N is the Avogadro constant and R0 is the critical
energy transfer distance (see Table 1).

Comparison of the k1,2
bim values (see Table 1) with

the theoretical values showed good agreement between
theory and experiment. The k1,2

bim and k1
theor = k2

theor
values differ by at most a factor of 1.4 for Eu3+ and by a
factor of 1.8 for Tb3+. According to Ref. 10, quenching
can be treated with certainty as proceeding by the induc�
tive�resonant mechanism of energy transfer (no exchange�
resonant transfer) even at fourfold difference between kbim
and ktheor.

Based on the results obtained and on the published
data,9—11 processes occurring under photoirradiation of
solutions containing C60 and lanthanide complexes can
be described by the following scheme.

Ln3+ + hν1    Ln3+* (8)

Ln3+*    Ln3+ + hν2 (9)

Ln3+* + C60    Ln3+ + 1C60* (10)

1C60*    1C60 + hν3 (11)

1C60*    3C60* (12)

3C60*    1C60 + hν4 (13)

Table 1. Characteristics of quenching of Ln(acac)3•H2O (Ln = Tb, Eu) complexes by C60 fullerene in toluene (293 K)

Ln [C60] τ0 k1
bim•10–8 k2

bim•10–8 ∫ov•1014 kbim/∫ov•10–22 R0 k1
theor•10–8 k2

theor•10–8

/mol L–1 /µs
L mol–1 s–1 /Å

L mol–1 s–1

Tb 10–6—10–5 769 1.20+0.12 1.01+0.10 0.67 1.8 22 0.68 0.65
Eu 7•10–6—6•10–5 234 2.18+0.22 2.05+0.21 0.72 3.0 21 1.62 1.62



Quenching of Ln3+* by fullerene Russ.Chem.Bull., Int.Ed., Vol. 55, No. 6, June, 2006 959

For brevity, here we show only Ln3+ ions and present
a simplified description of the Ln3+* excitation. But al�
though the process described by Eq. (8) does occur,18

initial absorption of light by the ligand followed by energy
transfer from the triplet�excited ligand to the Ln3+ ion is
more efficient. Radiative deactivation of Ln3+* (Eq. (9))
occurs at such C60 concentrations that are insufficient for
complete quenching of Ln3+* by fullerene, as indicated
by retention of the patterns of the photoluminescence
spectra of the lanthanide complexes under conditions of
partial quenching by C60. Energy transfer from Ln3+*
causes fullerene to go to the singlet�excited state 1C60*
(Eq. (10)). This is not accompanied by electron transfer
from Ln3+* to C60. We failed to detect fluorescence
of C60 fullerene (Eq. (11)) because of low quantum yield
(2•10–4)31 and, apparently, insufficiently low sensitivity
of the installation for photoluminescence measurements.
It should be noted that detection of room�temperature
fluorescence of 1C60* presents some difficulties (pioneer�
ing attempts failed32); therefore, the first reliable detec�
tion of room�temperature photoluminescence of C60 in
toluene was treated as considerable advance.32 The yield
of the intersystem crossing of 1C60* to the triplet state
(Eq. (12)) approaches unity.33 At the same time the de�
tection of phosphorescence (Eq. (13)) is even more com�
plicated task. Indeed, room�temperature emission of the
3C60* state generated under photoexcitation in C60 solu�
tions was not observed so far; it was detected34 only in
frozen C60 solutions (77 K) in the presence of heavy�atom
compounds (EtI). Additionally, we detected room�tem�
perature luminescence of 3C60* upon generation of 3C60*
in a chemiluminescent reaction of sodium fullerides with a
Ce4+ complex.35 Sensitized luminescence of C60 fullerene
was also not detected by the researchers who studied
quenching of photoluminescence of other compounds by
fullerene.6,36 To date, sensitized luminescence of C60*
was detected in a single study37 and upon energy transfer
from the energy donor D* bound in a strong complex
with C60.

Summing up, in this work we studied quenching of
photoluminescence of lanthanide ions by C60 fullerene.
We established that fullerene can quench electronically
excited states by the energy transfer mechanism without
electron transfer and formation of complexes between
C60 and energy donors.
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