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Some aspects of the photochemistry
of fullerenes
Alguns aspectos da fotoquímica dos fulerenos

MÁRIO N. BERBERAN E SANTOS
CENTRO DE QUÍMICA-FÍSICA MOLECULAR, INSTITUTO SUPERIOR TÉCNICO, 1096 LISBOA CODEX, PORTUGAL

After a short overview of the fullerenes, the more
physical aspects of their photochemistry are reviewed,
with special emphasis on the polarization of the
fluorescence of C60 and C 70, and on the delayed
fluorescence of C70.

Após uma breve panorâmica da origem e presente estado

dos conhecimentos sobre os fulerenos, são apresentados
alguns aspectos da sua fotoquimica, com particular relevo

para a polarização de fluorescência do C 60 e do C 70 , e

para a fluorescência retardada deste último.

1. Introduction

T he discovery of the fullerenes in 1985 by Kroto et

al. [1] immediately arose great interest.
However, it was only after their bulk synthesis in

1990 by Krãtschmer et al. [2, 3] and almost simultane-
ously by Taylor et al. [4], that the proposed molecular
structures were conclusively shown to be correct. It was
also only then that the study of the physical and chemi-
cal properties of fullerenes became possible. In this
work, and after a short overview, the physical aspects of
the photochemistry of the fullerenes will be reviewed,
with special emphasis on the work carried out at Centro
de Química-Física Molecular, 1ST.
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Figure 1 - The structures of Cb0, C70 and C76 . For comparison, typical

carbon-carbon bond length values are: 1.33 A in ethene (double bond),

1.40 A in benzene (aromatic), and 1.54 A in alkanes (single bond); In

naphthalene (see Fig. 2) carbon-carbon bond lengths take values

between 1.37 A and 1.42 A. Of the two possible IPR isomers of C 76, only

the one shown has been isolated. It is optically active, with two enantio-

meric forms.

Fullerenes are clusters composed by an even
number of trivalent (three a bonds and one it bond)
carbon atoms. They have polyhedral shape, with penta-
gonal and hexagonal faces. The three smallest stable
fullerenes are C60 , C70 and C76 (Fig.1). A large number of
higher fullerenes was also isolated and characterised,
namely C 78 , C82, C84 [5 and references therein] and,
more recently, from C86 to C104, and even C120 [6,7]. Still
higher ones, up to C460 , have been observed in mass
spectra. Much larger fullerene-like structures, either
multi- or single-walled, e.g. nanotubes, have also been
produced and are the subject of active research, see e.g.
[8,9]. Since 1990, many fullerene derivatives, mainly of
C60 and, to a minor extent, of C70 , have been synthesised
[10]. They belong to several classes [10b]: (i) exohedral
derivatives, like adducts and salts of fullerides, (ii) endo-
hedral complexes, like He@C60 and Sc 4@C82 (iii) hetero-
fullerenes, like C69N (iv) open cluster compounds, and
(v) degradation products. It is interesting to note that
the total synthesis of fullerenes remains a challenge for
chemists [11].

Among the various clusters originally observed in
the mass spectra of laser ablated graphite (C e , with
n = 24, 28, 32, 38, 40, 42, 44, 50, 60,...) only the heavier
ones correspond to the stable species present in soot
(either prepared by the Krãtschmer-Huffman method [2,
3] or simply from hydrocarbon combustion [12]) that
have been isolated and characterised (C O3 with n = 60,
70, 76, 78,....). The structure and stability of such clusters
can be partially explained on the basis of two simple
rules [5, 13a]: (i) in order to reduce angular strain, only
pentagonal and hexagonal rings are allowed, and (ii) in
order not to reduce the it-energy stabilisation, and simul-
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taneously to reduce angular strain, pentagons must be
surrounded by hexagons (the so-called isolated penta-
gon rule, or IPR). Fulfilment of the first rule, together
with the celebrated Euler theorem, imply that clusters
must have an even number n of atoms and exactly 12
pentagons and (n-20)/2 hexagons [5,13a]. C, 0 , compo-
sed exclusively by pentagons, is therefore the first possi-
ble fullerene cluster. However, the smallest n for which
the 1PR is obeyed is 60, the next value being 70 [13].
This justifies why C60 and C 70 are especially abundant in
the vapour and are the smallest fullerenes to have been
isolated. Above 70, all even n are allowed by the same
rules, and above 74, several IPR isomers exist. However,
the number of observed isomers is in general much
smaller than the maximum possible. For instance, C72
and C 74 are not observed, and of the 35 IPR isomers of
C88, only 2 are known. It is suggested that this is due to
finer aspects of relative stability and to the formation
mechanism of the fullerenes [6]. For very large structu-
res, the possibility of occurrence of heptagons and addi-
tional pentagons (usually associated, the so-called
azulene or 5/7 defects) also exists [8] .

In C60 (symmetry point group lh), all carbon atoms
are equivalent, but there are two different bond lengths
(Fig. 1). In C 70 (symmetry point group D sh), there are five
classes of carbon atoms, and eight different bond lengths
(Fig. 1). In C76 (symmetry point group D 2), there are 19
classes of carbon atoms, and 30 different bonds (Fig. 1).

In fullerenes, 7c-electrons are fairly delocalized, and
a simple quantum [14] (or even classical [15]) picture
of full delocalization over a sphere is able to explain the
gross features of the electronic absorption and disper-
sion spectra of C60. Nevertheless, as show by the obser-
ved diversity of bond lengths, some single-double bond
alternancy is retained (Fig. 1), and this has important
consequences in the reactivity and regiochemistry of
these molecules [10].

2. General aspects of the photochemistry
of fullerenes

Our discussion of fullerenes will be mostly devoted
to C60 and C70 . While some of the general conclusions
probably apply to other members of the family,
photophysical and photochemical informations on the
higher fullerenes are scarce. In fact, little more is known
than their electronic absorption spectra [4, 6, 7, 16]. This
situation will undoubtedly change in the near future.

Absorption and emission

The photophysical properties of these all-carbon
molecules result from: (i) Delocalization of ro-electrons,
(ii) large number of it-electrons and, (iii) high molecu-
lar symmetry. The delocalization of the it-electrons over
a relatively large surface produces electronic absorption
spectra covering most of the visible region, with onsets

in the red (C60 , C70) or in the near infrared (C76 , C78 , ...).
The fluorescence, with negligible Stokes shift, appears
therefore in the red and infrared (C60 , C70), while for the
higher fullerenes (C 76 , C78, ...) it is expected to be loca-
ted in the infrared. Also as a consequence of extended
delocalization and large molecular size, the singlet-
triplet splitting is small [17,18], and phosphorescence
also appears in the extreme red and infrared for C 60 and
C70 . The large number of n-electrons (60, 70,...) implies a
large density of electronically excited states (Fig. 2),
leading to a continuous absorption in the UV and visi-
ble, and also to facilitated nonradiative transitions.
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Figure 2. Comparison of the electronic state diagrams of naphthalene

(10 n-electrons) and Cnl1 (60 it-electrons). The approximate wavelengths

(in nm) of the pure electronic transitions are shown on the left. For both

molecules, only the first triplet (T 1 ) is shown. For C60, only the T15 states

are shown for energies above 3.3 eV. Note the much higher density of

states of C 60 , as well as the much smaller singlet-triplet gap of this

compound. The ionization energies of naphthalene and C, are, respec-

tively, 8.1 eV and 7.6 eV.

Finally, the high molecular symmetry restricts the
number of allowed electronic transitions, rendering for
example forbidden the S t -S0 radiative transition. In this
way, the absorption spectra of both C b0 and C 70 show
weak bands in the visible (%.m. - 540 nm, sm.= 710 M -1

cm -1 , for C60 , and kmax - 470 nm, E. — 14500 M - lcm 1

for C 70) but more intense ones in the violet and UV

(Emax —
 105 M- lcm 1 ) [2, 19-21]. Their solutions display a

wide variety of beautiful colours, ranging from the
"exquisitely delicate magenta" [22] of C 60 , to the orange-
red of C70 , and to the bright yellow-green of C f6 [16]. A
thorough study of the colours of C 60 solutions is given in
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[23]. The high molecular symmetry is also responsible
for a Jahn-Teller distortion in the emissive (S I and T 1 )
states, for intrinsically low values of the polarization of
the luminescence (C60 , C70), and for a relatively large
spin-orbit coupling [24].

Excited state dynamics

For a discussion of the excited state dynamics of
the fullerenes, we refer to the so-called Jablonski
diagram, Figure 3. Some important photophysical para-
meters are given in Table 1. Owing to the small singlet-
triplet gap, and to the forbidden nature of the radiative
S 1 ^S0 process (fluorescence), the dominant S t decay
process for C60 and C70 (and, in all likeliness, for at least
the most symmetric higher fullerenes) is the S 1 -T,
intersystem crossing [17, 18]. Indeed, the quantum yield
of triplet formation is almost unity in both cases. The
fluorescence lifetime is quite short for both molecules,
and is almost equal to the inverse of the S 1 -oT, inters-
ystem crossing rate constant. This process is much faster
than in typical aromatic hydrocarbons. Because it is not
activated, the lifetimes and quantum yields are insensi-
tive to temperature. Consistent with the forbidden
nature of the radiative process, the fluorescence radia-
tive lifetimes are of the order of 1 microsecond, that is,
3-4 orders of magnitude higher than the actual lifetimes.
The quantum yields of fluorescence are therefore small.
However, as will be discussed below, in certain favoura-
ble conditions, the effective fluorescence quantum yield
of C70 may increase 10 to 100-fold as a consequence of
the S 1 -T, back-intersystem crossing [25]. The phospho-
rescence of C60 has been only studied at or below 77 K
[26-28]. Given the variation with temperature observed
in C 70 [25], we regard as provisional the respective
values given in Table 1.
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Figure 3. Simplified diagram of the electronic states and kinetic

elementary steps after photon absorption (Jablonski diagram). As

usual, the radiative processes (S,&-S 0 absorption, S t -sS0 fluorescence

and T,—>S 0 phosphorescence) are represented by straight lines, while

the nonradiative processes (S t —)S0 internal conversion, S,—>T 1 inters-

ystem crossing, S I FT, intersystem crossing, and T,<S 0 intersystem

crossing) are represented by wavy lines. It is possible that one or more

higher triplets (T2 , etc.) also lie below S,, thus participating, as interme-

diates, in the intersystem crossing process.

Table 1. Some photophysical parameters of C 60 and C70

C60 C70

1,.(S 1 -S0) / nm 648 650

X(T 1 -S0) / nm 795 750

4E, / kJ molt 34 25

TF / ns 1.1 0.65
TR / ^lS 2-6 1

43> F 2 x 104 5 x 10-1

0.994

TP / ms 0.4 50
n.a. 10-3

S, a- 1.0 =0.9

Singlet oxygen

One of the interesting aspects of both C60 and C70 is
their ability to produce singlet oxygen 0 2 ( 1 4d with
almost unit efficiency, So = 1 [17, 18, 29]. On the one
hand, their quantum yield of triplet formation is close to
unity, and the quenching of the fullerene triplet by
oxygen through triplet-triplet annihilation, is close to

3Cn* + 302 —> 1 C„ + 1 0; (n = 60, 70)	 (1)

diffusion control. On the other hand, the reverse process
(i.e., quenching of singlet oxygen by ground state fulle-
renes) proceeds at a rate much smaller than diffusion
control [17, 30]. This fact, together with the low fluores-
cence quantum yield, makes the fullerenes very good
photosensitizers [31].

Optical limiting behaviour

Within a certain wavelength range, fullerenes
present the interesting property of an effective absorp-
tion coefficient that increases with the incident light
intensity [32, 33]. In this way, solutions or films of these
compounds respond nonlinearly to the incident light,
being more opaque to the higher intensities. This appe-
ars to occur in those spectral regions where the triplet-
triplet intrinsic absorption coefficients are considerably
higher than the corresponding singlet-singlet ones,
mainly on account of an increasing population of the
triplet state with intensity (reverse saturable absorption,
or RSA). Both the incident pulse duration and repetition
rate play an important role, because the T 1 population
evolution depends on the interplay of external excita-
tion and internal photophysical kinetics. Simplified kine-
tic models for RSA exist [34, 35]. The physical picture is
complicated by the possibility of alternative or at least
co-existing mechanisms, namely thermal lensing and

T,

S0
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nonlinear light scattering [33, 36]. Considerable effort In such a case, both reduce to the fundamental aniso-
towards applications is well underway [37]. 	 tropy ro [39], where <...> is now an average over the

3< cos2 a> -1
3. Fluorescence polarization of C60 and C70 r0 = 0.4 (4)

2

The linear polarization of the fluorescence emitted
at a right angle with the excitation direction is conveni-
ently measured by the quantity anisotropy, r [38],where

I11-11
r-

[^^+21 1

I n is the intensity of the fluorescence with vertical polari-
zation and I is the intensity of the fluorescence with
horizontal polarization, the excitation being made with
vertically polarized light (Fig. 4). For a ground state
isotropic distribution of molecules, the fluorescence

Figure 4. Isotropic sample excited with vertically polarized light. The

fluorescence emitted in the plane perpendicular to the polarisation

direction of the excitation may be decomposed in vertically polarized

(parallel, l) and horizontally polarized (perpendicular, I 1) components.

anisotropy is a direct measure of the angular correlation
between the (one-photon) absorption and the emission
transition dipoles [39]

3 < cos2 a > (t) - 1
(3)

2

angular distribution within the molecular framework.
Upper and lower bounds for the fundamental aniso-
tropy are 0.4 (collinear absorption and emission) and -
0.2 (orthogonal absorption and emission).

If three mutually perpendicular axes are defined with
respect to the molecular framework (molecular frame),
these three axes are frequently non-equivalent from the
symmetry point of view. In that case, the angle a is unique
for a given pair of excitation and emission wavelengths; In
particular it is zero for excitation at the 0-0 band of S 1 ,
provided the emitting S t retains the Franck-Condon
geometry. Hence, the fundamental anisotropy takes its
maximum value, 0.4, when exciting at the S 1 0-0 band.

However, if two of the axes of the molecular frame
are equivalent, x and y say, and if the absorption and
the (several equivalent) emission transition moments
occur in the xy plane, then the fundamental anisotropy
will have as a maximum value only 0.1 [40, 41]. This
was conclusively shown to be the case for benzene
(ground state symmetry point group D 6h) and tripheny-
lene (ground state point group D 3h) [40-42].

For the even more symmetrical molecules belon-
ging to the tetrahedral, octahedral and icosahedral point
groups, where the x, y and z axes are equivalent, the
possibility of intrinsically unpolarized fluorescence arises.

(2)

r(t) =0.4

380
	

480
	

580
	

680

Wavelength/nn,

where a is the angle between absorption and emission
transition dipoles and < > denotes the ensemble
average which is in general a function of time.

If rotation and energy migration do not occur
within the excited state lifetime, the anisotropy in
response to excitation by a S(t) pulse is constant in time
and identical to that obtained for steady-state excitation.

Figure 5. Electronic absorption spectrum (top) and excitation polariza-

tion (bottom) of 2x104 M Cw in toluene-ethanol (10:1) glass at 140 K.

Owing to weakness of the fluorescence, the measured anisotropy

departs from zero in regions B and D, where stray light (B, D) and polari-

zed Raman scattering from toluene (D) have comparable intensity [50].
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An interesting candidate would be the C60 molecule,
that belongs to the icosahedral (I h) point group, as convin-
cingly shown by its 13C-NMR [4, 43], IR absorption [3, 44],
and vibrational Raman [44] spectra. The discovery of C60
weak fluorescence [45-48], prompted us to investigate its
fundamental polarization, predicted some years before to
be nil [49]. It was indeed found that the fluorescence of
C60 had negligible polarization when measured in low
temperature, optically transparent rigid organic glasses
(Figures 5, 6 and 7) [50, 51]. It was thus concluded that
the fluorescence is intrinsically unpolarized, as expected
on theoretical grounds. C60 is probably the first molecule
to display intrinsically unpolarized fluorescence.

ii	 11Ii	 I
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Figure 6. Fluorescence decay of Cho in a methylcyclohexane-toluene

(7:2) glass at 110 K, obtained with the picosecond laser system of CQFM

[51]. [Coll] = 8 x 10-' M. Excitation and emission wavelengths were 595

nm and 690 nm. The time scale was 2.77 ps/channel. The Raman scatte-

ring can be seen as a first peak in the decay (the possibility that it was

due to excitation scattered light is ruled out by its emission wavelength

dependence and because a cut-off filter was used). The decay is well

fitted (reduced chi-squared = 1.21, random residuals and negligible

autocorrelation) by a sum of three exponentials, one of which, of zero

lifetime, accounts for the Raman scattering, the other two having t 1 =

1.09 ns (a 1 = 1.25) and t, = 0.10 ns (a., = -0.25). The 100 ps component is

only observed at low temperature.

From the point of view of symmetry, C70 is again an
interesting molecule. The molecule is known to belong
to the Dsh point group, thus having two equivalent axes
(x and y). The electronic transition moment for S 1 –S0

may in principle occur either along the z-axis or in the
xy-plane. In the first case, the fundamental anisotropy of
C70 may take values between 0.4 and -0.2, depending on
the excitation wavelength. In the second case, the
fundamental anisotropy of C 70 may take values only
between 0.1 and -0.2, depending on the excitation wave-
length. As mentioned above, cases where 0.1 is the
maximum allowed value are known for planar molecu-
les belonging to the Doh point groups (n ? 3). In these,
however, anisotropy values cannot be different from 0.1,
because all singlet-singlet one-photon transitions are in-

0,2
201	 401

	
801	 801

channel

Figure 7. Experimental fluorescence anisotropy decay of Coo in a

methylcyclohexane-toluene (7:2) glass at 110 K, obtained with the pico-

second laser system of CQFM [511. [C 6o] = 8 x 10' M. Excitation and

emission wavelengths were 595 nm and 690 nm. The time scale was

2.77 ps/channel. It is seen that, after the impulse duration (FWHM = 35

ps, or 13 channels), the anisotropy has a nearly constant value very

close to zero (0.001 ± 0.005). Note that the Raman scattering, being

much faster than fluorescence, does not affect the results, that fall into

region D of the steady-state experiment (Fig. 5).

plane, whereas in C70 out-of-plane ones (i.e. along the z-
axis) are also possible. The only available theoretical
calculation on the polarization of the electronic transiti-
ons of C f0 [52], predicts the electronic transition moment
for S t - S0 to be in the xy-plane. Our experimental results
[51] support such a conclusion (Fig. 8): The anisotropy
is never above 0.1, even when close to the

excitation wavelength hen)

Figure 8. (a) Steady-state anisotropy of C 70 in a methylcyclohexane-tolu-

ene (7:2) glass at 110 K, and, (b) Absorption spectrum of C 70 a

methylcyclohexane-toluene (7:2) glass at room temperature, both as a

function of the excitation wavelength. [C 70 ] = 7 x 10' M. The small oscil-

lations observed in (a) are due to noise.

absorption on-set. The first electronic transition of C70 is
thus polarized in the xy plane, in agreement with the
calculations by the tight-binding model [52]. It can also
be seen in Fig. 8 that the anisotropy attains a minimum
at ca. 380 nm. This minimum, close to -0.2, coincides
with the peak wavelength (378 nm) of a strong absorp-
tion band that is therefore z-polarized.

Rey. Port. Quím. 3 (1996)	 7



4. Delayed fluorescence of 
C70

Molecular fluorescence is almost always the result

of a two-step process: a transition from the ground state

to an electronically excited state (absorption) followed

by a transition from the same excited state (or another

one of lower energy, after fast relaxation) to the ground

state (prompt fluorescence, PF), see Figure 3. For the

common case of closed-shell molecules, the states invol-

ved in the last step are S0 (ground singlet state) and

usually S 1 (first excited singlet). However, fluorescence

can also occur by a more complicated route, via the

triplet manifold: after excitation, and once attained S I ,

there is an intersystem crossing to the triplet manifold

(triplet state T i ), and then, after vibrational thermaliza-

tion, a second intersystem crossing back to S i , followed

by emission proper (Figure 3). This second type of fluo-

rescence, called thermally activated delayed fluorescence

(TDF), is significant only if the two following conditions

are met: (i) reasonably high probability of S 1 -T, inters-

ystem crossing, i.e., high quantum yield of triplet forma-

tion 'T where

^7 -	 ^SC

 kkkF +k^+ l
SC

(5)

and, (ii) reasonably high probability ofsubsequent

S I F-7 1 back intersystem crossing, i.e., high quantum

yield of singlet formation, (Ds , which by analogy with Eq.

5 is defined kT

ISC

k 1, +kc +k Isc

is the fraction of triplets whose total internal energy

(electronic + vibrational) is equal or larger than the

electronic energy of S i . Therefore, TDF is only possible

for molecules with small REST and even then at not too

low temperatures.

Although known for many years [53 and references

therein], the phenomenon of TDF remains extremely

rare. In most of the cases studied, including the classic

one, eosin [53], it is exceedingly weak, in the sense that

TDF «OFF'
The known photophysical properties of C 70 ,

namely the quantum yield of triplet formation close to

one [18, 29, 55, 56], the small S, - T i gap [18, 27, 57, 58]

and the long intrinsic phosphorescence lifetime [57-60],

all favour TDF for this molecule.

In fact, we have observed exceptionally strong TDF

(TDF » cl3PF) for C70 dissolved in degassed liquid and

solid paraffin [25]. The same study disclosed an intri-

guing variation of the phosphorescence spectrum with

temperature, and enabled the revision of the published

values of AEsT and of OT , the last one obtained with

unprecedented precision from a new kinetic analysis.

The luminescence spectrum of C 70 in paraffin is

shown in Figure 9. It consists of a high energy system,

fluorescence (630 nm - 750 nm), and a low energy

system, phosphorescence (>750 nm). A Parker plot (i.e.,

ln(l DF / I F) vs. 1/T, where I F is the phosphorescence inten-

sity) of 10-5 M degassed solutions of C70 , from -59°C to

5°C, gives a straight line, from whose slope one obtains

AEST = 26 ±1 kJ/mol. On the other hand, for degassed

solutions and temperatures above -20°C, DF is much

stronger than PF (Figure 10; at the highest recorded

temperature, 70°C, it is 50 times stronger). Using the new

method of analysis described in [25], for temperatures

from -20°C to 70°C, one obtains a singlet-triplet gap of41s-
(6)

In fact, it follows from the kinetic model depicted

in Figure 3 that the steady-state intensities ratio of dela-

yed fluorescence (DF) to prompt fluorescence (PF) is

given by

l PF	 CDPF
	- 1 (7)

'DE 	TDF 1

From the theory of nonradiative transitions, it is

known that high values of kisc are favoured by a small

AEsT (S i - T i gap). The same holds a fortiori for k isc,

because it is approximately given by [53, 54]

	_¡ AEsT 1	 (8)

kT - k isc 
exp 	 JRT

where —k T is the average rate constant for the adiabatic

S i -# T 1 intersystem crossing, and the exponential factor

0 	
600

Wavelength Inml

Figure 9. Luminescence spectrum of C711 dissolved in paraffin, at -30 °C.

[C i11 ] = 2.5 x 10 5 M. Excitation and emission slits were 18 nm and 2 nm,

respectively. The fluorescence spans the range 630 nm - 750 nm. The

fluorescence band at 642 nm appears to be a hot band. The phospho-

rescence begins at ca. 750 nm, and extends further to the infrared (not

shown).

700	 800 900
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Figure 10. Low resolution fluorescence spectra of a 1.4x10' M solution of

C70 in liquid paraffin. Degassed solution at 23 °C, 50 °C, and 70 °C. The

intensity of the non degassed solution is independent of temperature, and

is entirely due to prompt fluorescence. The rise with temperature obser-

ved in the degassed solutions results from the increasing contribution of

delayed fluorescence to the total intensity. Emission slits were 9 nm.

25 ±1 kJ/mol, in good agreement with the value recove-
red from the Parker plot. From the accepted spectrosco-
pic assignment of 652 nm as the 0-0 band of the fluores-
cence [58, 61], the determined range of values of AE sT
(24 kJ/mol - 27 kJ/mol) places the 0-0 band of the phos-
phorescence in the range 750 nm - 765 nm. The phos-
phorescence spectrum recorded at -85 °C, where dela-
yed fluorescence is negligible, has indeed its on-set at
ca. 750 nm (Fig. 11). Careful examination of the

Figure 11. Phosphorescence spectrum of C70 in solid paraffin at -85°C.

The residual delayed fluorescence is seen as two very weak bands on

the left. Time delay: 10 ms.

room temperature luminescence spectrum of a degas-
sed solution (dominated by delayed fluorescence, Fig.
12) shows again a weak shoulder at 776 nm and weak
bands at 791 nm and 830 nm, making very likely that
the phosphorescence spectrum does not change signifi-
cantly for temperatures higher than at least -85 °C.
Previous studies of the phosphorescence spectrum [26,
27, 46, 57, 58] have not explored the temperature region
above 77 K and, as a consequence, the high energy
bands were not observed. This occurs because on
cooling down to ca. 77 K or less, and thus well below
the temperature region where significant TDF is obser-

Figure 12. Luminescence of a 10 5 M degassed solution of C70 in liquid

paraffin, at room temperature. The phosphorescence barely emerges

from the fluorescence tail.

ved, the high energy system of bands looses intensity,
and the first noticeable band of the phosphorescence
spectrum appears at 788 nm (77 K), or even at 806 nm
(methylcyclohexane at 10 K) [58]. This peculiar behavi-
our could be due to solid matrix effects [10].

The data analysis performed according to the new
method also yields k 1 , '10 7 s-1 .   This value is to be compa-
red with that of the direct intersystem crossing, kiss = 2 x
109 s 1 , which is simply computed as the inverse of the
fluorescence lifetime (ca. 650 ps). The difference between
the two rate constants does not appear unreasonable, in
view of the much higher density of final states expected
for the direct intersystem crossing case.

A quantum yield of triplet formation CDT = 0.994 ±
0.001, is also obtained. This value is to be compared with
the published ones, obtained by more sophisticated
techniques [18, 29, 55, 56], 0.76 ± 0.15, 0.97 ± 0.03, 1 ±
0.15, and 0.90 ± 0.15, and is believed to be substantially
more accurate, especially as a lower bound. Using the
determined value of (I) T and Eq. 7, one obtains

for the high temperature limit (Os = 1), that (  'DO  )

lPF
= 166. In this way, the global fluorescence quantum
yield (c13F = (13PF + CI)DF) of C70 can in principle be 167
times higher than that of prompt fluorescence, and thus
attain the very respectable value of 167 x 5 x 10—t = 0.08.

5. Concluding remarks

The chemistry and photochemistry of fullerenes
and derivatives is an area in great expansion, and with
almost unlimited possibilities, given the diversity of
structures covered. As regards applications, it also offers
great promise.
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