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Abstract 

Solutions of the fullerene C60 and a substituted naphthalene give rise to a new absorption band that is not observed from solutions containing 
only C60 or the naphthalene. The absorption maximum of this new band successively shifts to a longer wavelength as the ionization potential 
of the naphthalene decreases. These data reflect a C60-naphthalene cooperative absorption from a ground-state contact complex to form an 
excited-state complex with charge-transfer character. This excited-state C60-naphthalene complex decays to yield the localized C60 singlet 
excited state which, in turn, yields the C~o triplet state with approximately unit efficiency. 
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1. Introduction 

In the course of recent experiments in which the fullerene 
C6o was used as a singlet oxygen photosensitizer [ 1 ], we 
recorded the C6o absorption spectrum in a variety of solvents 
(acetone, n-heptane, C6HsCF3, 1,4-dioxane, dichlorome- 
thane, cyclohexane, benzene, bromobenzene, iodobenzene 
and carbon disulfide). Although we observed solvent- 
dependent spectral shifts of less than ~ 4 nm on the C6o 
absorption profile, the general features of the spectrum, as 
described by Leach et al. [2] and Hare et al. [3], were 
independent of the medium in which C6o was dissolved. 
These C6o solutions were purple owing to absorption bands 
between 450 and 630 nm. However, when C6o was dissolved 
in the colorless liquid 1-methylnaphthalene, the solution 
appeared yellow-red, not purple, and the absorption spectrum 
showed a distinct feature that had previously not been 
observed in other solvents. This effect was also observed for 
other substituted naphthalenes. 

Changes in the absorption spectrum of solution-phase C6o 
have been observed when amines are co-dissolved with the 
C6o [4--9]. However, these changes appear principally as 
amine-enhanced C6o transitions; the intensity of the 450--650 
nm C6o band increases on addition of the amine. To our 
knowledge, there have been no reports of discrete new 
absorption bands for solutions of C6o dissolved with an addi- 
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tional solute. In the present work, we used ground-state 
absorption, flash absorption and emission spectroscopy to 
examine various aspects of the C6o-substituted naphthalene 
interaction. 

2. Experimental 

The experiments were performed with C6o obtained from 
three different sources: Aldrich, Fischer and MER. The C6o 
was used as received. Naphthalene (Aldrich Gold Label) 
was used as received. The substituted naphthalenes (Aldrich) 
were purified by chromatography on silica gel as described 
previously [ 10]. 

Ground-state absorption spectra were recorded on a Beck- 
man DU-40 spectrophotometer using 1 cm path length cells. 
In all cases, the spectrum of liquid toluene was used as a 
background. In addition, the spectrum of naphthalene (1.8 
M) was subtracted from the spectrum recorded from a solu- 
tion of C6o co-dissolved with naphthalene. 

Flash absorption spectra were obtained using instruments 
and techniques that have already been described [ 10,11 ]. 
Briefly, both the second (532 nm) and third (355 nm) har- 
monics of the Nd:YAG fundamental lasing wavelength were 
used for sample excitation. In addition, the first Stokes line 
obtained by stimulated Raman scattering of 355 nm in hydro- 
gen gas allowed us to excite samples at 416 nm. A 150 W 
xenon lamp was the probe source. The detector used was a 
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silicon diode whose response function was exponential with 
a lifetime of 100 ns. 

Emission spectra were recorded using a Perkin-Elmer LS- 
5 spectrometer. 

3. Results and discussion 

3.1. Ground-state absorption spectra 

Absorption spectra recorded in toluene solvent are shown 
in Fig. 1. The spectrum of C6o at 1 × 10 - 4  M is consistent 
with that previously reported [2,3]. At 1.8 M, the naphtha- 
lenes do not absorb at wavelengths longer than ~ 400 nm 
(nevertheless, for the data shown in Fig. 1, the naphthalene 
spectrum was subtracted from the corresponding spectrum of 
that naphthalene co-dissolved with C6o). When 1 × 10 - 4  M 
C6o is co-dissolved with 1.8 M 1-chloronaphthalene (CN), 
absorption in the spectral region ~ 390--460 nm increases 
relative to that observed from the C6o solution lacking the 
naphthalene. Spectra of C6o co-dissolved with naphthalene 
(N) and 1-bromonaphthalene (BN) are very similar to that 
recorded from the C6o---CN solution. In a mixture of 1 × I0-4 
M C6o and 1.8 M 1-methylnaphthalene (MN), an absorption 
is observed in the spectral region ~ 390-500 nm that is (a) 
more pronounced and (b) red-shifted relative to data 
recorded from the C6o-CN solution. Finally, when 1 × 10 -4 
M C6o is co-dissolved with 1.8 M 1-methoxynaphthalene 
(MON), a distinct absorption band in the region ~ 420-520 
nm becomes apparent. In all cases, because the 405 and 600 
nm C6o bands do not shift in wavelength with added naph- 
thalene, naphthalene-dependent changes in a given spectrum 
are consistent with the superposition of a second absorption 
profile on the C6o spectrum. 

Difference spectra were obtained from the data in Fig. 1 
by subtracting the C6o spectrum from the spectrum of C6o co- 
dissolved with the naphthalene (Fig. 2). Distinct bands were 
observed with maxima at ~ 390, 425 and 450 nm for the 

0.4 

',, 

0.3 'i', 

i 0.2 

0.1 

0 
350 400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 1. Absorption spectra recorded in toluene: C ~  at 1 × 10-4M ( . . . . .  ), 
C ~ + C N  ( -  - - ) ,  C6o+MN (---) and C ~  + MON ( - - ) .  In each case, the 
naphthalene concentration is 1.8 M. 
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Fig. 2. Difference spectra obtained from Fig. 1 by subtracting the C6o spec- 
trum from ( 1 ) the C~o + CN spectrum ( -  - - ) ,  (2) the C6o + MN spectrum 
(---) and (3) the C6o + MON spectrum ( - - ) .  

solutions containing CN, MN and MON, respectively. At 
wavelengths below ~ 420 nm, the apparent structure on the 
difference spectra reflects the fact that discrete C6o absorption 
bands (e.g. the band at 405 nm) are slightly broadened by 
the presence of the naphthalene. Nevertheless, on the basis 
of the absorbance data shown in Fig. 1, we feel that the general 
profile of these difference spectra are accurate to wavelengths 
as short as ~ 380 nm. 

Our data are consistent with (a) formation of a ground- 
state complex between C6o and the naphthalene and (b) a 
transition in which an excited state of the C6o-naphthalene 
complex is populated. The adiabatic ionization potentials of 
N, CN, BN, MN and MON are 8.14, 8.13, 8.09, 7.85 and 
7.70 eV, respectively [ 12,13]. The Am~ of the new absorp- 
tion band 1 successively shifts to a longer wavelength as the 
ionization potential of the naphthalene decreases. Therefore, 
it is likely that at least the excited state populated by absorp- 
tion of light has charge-transfer (CT) character in which the 
naphthalene acts as an electron donor. Although the ground 
state may also have some CT character, the data indicate that 
the amount of such character cannot impart an attractive inter- 
action between C6o and the naphthalene that exceeds a cor- 
responding interaction in the excited state (i.e. the energy 
gap between the ground and excited states must decrease with 
an increase in CT character). Such a condition can be met if 
the ground state acquires CT character from an excited state 
via configuration interaction [ 14]. 

Ground-state complexes between C6o and electron donors 
have been observed in solid-phase and crystalline samples 
[9,15-18]. In solution, changes in the ground-state absorp- 
tion spectrum have been observed when a variety of amines 
are co-dissolved with C6o [4-9].  Seshadri et al. [7] sug- 
gested that these changes may indicate an amine-enhanced 
C6o transition. Certainly, discrete bands separate from those 
of C6o, such as those shown in Figs. l and 2, are not apparent 

i We also used the wavelength at which the absorbance of the respective 
difference spectra equals a given value (e.g. 0.05). 
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in the C6o-amine spectra. Nevertheless, it has been proposed 
that a weak ground-state complex is formed in these systems 
which, in turn, can absorb light to populate a CT state. 

Rao and co-workers also proposed that C6o forms a ground- 
state complex with molecules that contain an aromatic 7r 
system [7,8]. In this case, however, the supporting evidence 
is not particularly pronounced. In brief, they examined the 
effect of  solvent on the ~ 330 nm absorption band of C6o and 
noted that the ~max for this band in benzene, toluene, p-xylene 
and mesitylene was red shifted by about 4 nm relative to that 
observed in cyclohexane. Furthermore, they showed that this 
red shift was about 2 nm greater than what would be expected 
~olely on the basis of  a change in the solvent polarizability. 
Mthough the C6o ~max in benzene did not differ from Amax 
values observed in the alkylated benzenes, it was suggested 
that these data reflected a unique ground-state interaction 

between C6o and the arene. 
In our experiments, we observed a red shift of 2 nm in the 

C6o bands at ~ 405 and ~ 490-630 nm as the solvent was 
:hanged from cyclohexane to benzene. Furthermore, this 
=hange in solvent seemed to broaden the latter bands slightly. 
[t is important to note, however, that the magnitude of the 
,yclohexane/benzene solvent effect on the C6o absorption 
spectrum is extremely small in comparison with the phenom- 
enon we report in Figs. 1 and 2. Specifically, the C6o-naph- 
thalene data we report using a solvent of  toluene do not 
change significantly if cyclohexane is used as the solvent. We 
-hose to work in either toluene or benzene, as opposed to 
,yclohexane, because of  the better solubility of C6o in the 
arene solvent [ 19]. 

We used the Drago-Rose modification of  the Benesi-Hil- 
debrand approach [20-23]  to quantify the equilibrium con- 
stant K~q for ground-state complex formation between C6o 
and MN in toluene. A 1:1 stoichiometry between C6o and 
MN was assumed. Absorption spectra were recorded from 
solutions in which (a) the C6o concentration was fixed at 
1 × 10 -4 M and (b) the MN concentration was varied over 
the range 0.32-6.4 M. The resultant Drago-Rose plots were 
characteristic of  those observed for the formation of  very 
weak or "contac t"  complexes [23,24]. This conclusion is 
supported by the small value of  K~q obtained from these plots 
(0.08 ___ 0.02 M -  1 ) 2. We did not observe an isosbestic point 
in the C6o-MN absorption spectra, which is likewise consis- 
tent with the interpretation of a ground-state complex that is 
not bound. The extinction coefficient e for the C6o-MN co- 
operative transition obtained from the Drago-Rose analysis 
i s ( 1 . 1 + 0 . 2 ) × 1 0 a M  ~cm - ~ a t 4 2 5 n m .  

2 It should be noted that if a ground-state complex indeed exists between 
toluene and C~o, then our results likely underestimate the stability of the 
C~o-MN complex. The following equilibrium constants for ground-state 
complex formation, obtained from Benesi-Hildebrand studies, have been 
reported for the interaction between C6o and amines: Cro-N,N-dimethylan- 
iline, 0.047 +0.010 M-1 in toluene [4]; Cro-triethylamine, 0.36 M -1 in 
benzene [6] ; Cro~liphenylamine, 0.04 M- ~ in benzene [6] ; C~o-triphen- 
ylamine, 0.05 M ~ in benzene [6]; Cro-N,N-diethylaniline, 0.18+0.04 
M- ~ in methylcyclohexane [5]. 

Caution must be exercised in relying too heavily on values 
of K~q and E obtained from a Drago-Rose analysis for weak 
complexes. At the least, it should be established that such 
values were obtained under experimental conditions in which 
the probability of  binding or complex formation is apprecia- 
ble. For our data in particular, the saturation fraction S of  the 
dilute component exceeds the minimum quantity of  ~ 0.2 
desired by Deranleau [25] for accurate data only at MN 
concentrations in excess of  ~ 3  M { S = K ~ q [ M N ] /  
( 1 + K~q[MN] ) }. A less stringent requirement for accuracy 
was set forth by Person [26] in which, for our case, the MN 
concentration should at least exceed ~ 1.3 M (i.e. ~ 0.1 / 

Ko.). 

3.2. Emission spectra 

With the hope that we might be able to observe a distinctive 
emission from a C6o-naphthalene complex, we recorded 
steady-state emission spectra from toluene solutions of C6o 
and C6o co-dissolved with MON. Upon excitation of  both the 
C6o and C6o-MON solutions at wavelengths ranging from 
355 to 532 nm, we observed the comparatively weak ~ 650-  
800 nm fluorescence [27,28] from C6o (Fig. 3). At wave- 
lengths shorter than ~ 620 nm in the C6o solution, we also 
observed Raman scattered light derived from the solvent. In 
our spectra, this scattered light appeared with a tail that 
extended out to about 620 nm. As expected for Stokes scat- 
tering, this apparent emission shifted to longer wavelengths 
by an amount that equaled a corresponding red shift in the 
excitation wavelength. The C6o emission band shown in Fig. 
3 did not shift with a change in excitation wavelength. In 
solutions containing a high concentration of  MON, the inten- 
sity of Raman scattered light at wavelengths less than ~ 650 
nm, although still weak, was nevertheless larger than that 
observed in the absence of  MON. Because of  the masking 
effects of  such scattering subsequent to irradiation into the 
C6o-MON absorption band, we are hesitant to ascribe any 
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Fig. 3. Emission spectrum recorded over the range 600-800 nm subsequent 
to 500 nm excitation of C6o in toluene ( A,,~ = 720 nm). 
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"emission" observed at ~ 500-650 nm to a C6o-MON exci- 
plex. 

Solutions of C6o and C6o co-dissolved with MON were 
prepared such that the absorbances at 500 nm were identical. 
In the C6o-MON solution, where a large fraction of the inci- 
dent light at 500 nm pumps the C6o-MON cooperative tran- 
sition (Figs. 1 and 2), the intensity of the emission with '~max 
at 720 nm was the same as that observed subsequent to exci- 
tation of the solution lacking MON 3. These data indicate that 
the C6o-MON state initially populated by light absorption 
principally decays to yield the locally excited fluorescent state 
of C6o. 

3.3. Flash absorption spectra 

Upon 416 nm excitation, flash absorption spectra were 
recorded from toluene solutions of C6o and C6o-MN over the 
range 640-800 nm. For both solutions, a spectrum identical 
with that reported for the C6o triplet state [29-31] was 
recorded (Am~x ~ 740 rim; shoulder at ~ 670 nm). With 
reference to the discussion by Bensasson et al. [29], we 
obtained a ratio of absorbance values at 740 and 670 nm of 
1:0.48. When optically matched solutions of C6o and C6o- 
MN were irradiated at 416 nm (A416=0.40), the triplet 
absorbance at 740 nm was essentially identical for both the 
C6o and C6o-MN solutions 4. Because the quantum yield of 
C6o triplet is ~ 1 [32-34], it thus appears that the state ini- 
tially populated by irradiation into the C6o-MN absorption 
band relaxes to form the localized triplet state of C6o with 
unit efficiency. 

4. Conclusions 

C6o forms a ground-state contact complex with naphtha- 
lenes that absorbs light to populate what appears to be an 
excited state with CT character. Although there is published 
precedent to indicate that singlet CT states can intersystem 
cross to populate directly a locally excited triplet state [ 35 ], 
our system behaves otherwise. Specifically, the C6o-naphtha- 
lene complex initially populated by light absorption decays 
to yield the locally excited fluorescent state of C6o which, in 
turn, is the precursor to the locally excited C6o triplet state 
(Scheme 1 ). 

3 Upon excitation of a C6o-MON solution at a wavelength where the CT 
state does not absorb (e.g. > 600 rim), the emission intensity at 720 nm 
was the same as that observed upon excitation of a C6o solution lacking 
MON. These data indicate that MON does not significantly perturb C6o 
fluorescence. 

4 Upon excitation of a C6o-MN solution at a wavelength where only C6o 
absorbs, the resultant triplet absorbance at 740 nm was the same as that 
observed from a solution lacking MN. If the C a  triplet yield is independent 
of MN, then these data indicate that a high concentration of MN does not 
change the C~o triplet absorption coefficient. 

Naph  + C60 ( 

t(Naph +" C6o-" ) ~, Naph + 1C60 

"[' intersystem 
hv ~ crossing 

3C60 

l (Naph  ... C60) 

Scheme 1. 
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Note added in proof 

Sibley et al. (J. Phys. Chem., 99 (1995)  5274)  recently 

reported discrete C T  absorpt ion bands for complexes  o f  C6o 

with a variety of  aromatic  amines,  


