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Using a picosecond laser photolysis system, the absorption spectra of excited states of Cep in twelve solvents were
measured in the 590—1190 nm wavelength range. The absorption spectra observed immediately after a 532 nm picosecond
laser excitation and those in the late-time region depended upon the solvents. In particular, the former dependence was
much larger than the latter one. Their spectral shapes did not correlate with either dielectric constant of the solvents or their
refractive index, but with their ionization potential (I;). The early-gated absorption spectra of Cg in solvents with a small
I, were extraordinary broad compared with those in solvents with a large 7,. In addition, the absorption changed to those
observed in the late-time region both with a decay time constant of 1.24+0.05 ns and with keeping the isosbestic points.
This time constant was the same as the lifetime of the Cgo-singlet excited state (' Cgy) reported previously, and the presence
of the isosbestic points was also the same as that observed during spectral evolution from S, S, absorption of Cg to its
Tp+—T one. Combining the results of the resonance Raman spectra by Gallagher et al. with the present ones suggested
that the solvent-dependent early-gated absorption spectra of the Cso-excited state are ascribed to 'CF, with a distortion
induced by specific interactions with solvents molecules through the donation of their m-electron density without forming
obviously excited-state complexes. The transient absorption spectra observed immediately after the direct excitation of
ground-state charge-transfer complexes formed between Cep and solvent molecules with a small /, were not due to ionic
species, but to ' Cd,, suggesting that the photogenerated ionic species undergo a very rapid charge-recombination reaction
to result in 'C%, and the ground-state solvent molecule. The absorption spectra in the late-time region, which showed a
slight dependence on I, of the solvent molecules, as aforementioned, were assigned to the T,« T, absorption of Ceo; the
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dependence was considered to be also ascribed to the same reason as that for 1cs.

Fullerene (Cgp) has attracted much attention owing to its
highly symmetrical structure and its unique electronic struc-
ture; also, its photophysical, photochemical, and charge-
transfer properties have been investigated. During the course
of elucidating photoinduced electron-transfer processes of
Cso, the absorption spectra of transient intermediates, such
as the triplet excited state (*Cgo*) and the radical anion (Ce)
of Cgp, have been reported.'* In these reports, the absorption
spectra of 3Cep™ and Cg, show no variation from experiment
to experiment. On the other hand, little attention has been
paid to the absorption spectrum of the singlet excited state
of Cgo ('Cgp™) compared to the above-mentioned species,
because experiments for the photoinduced electron-transfer
reaction have been performed mainly for the triplet excited
state. Firstly, the S,«—S; absorption spectrum of Cgy with
peaks around 520 and 870 nm in toluene was reported as the
result of a picosecond laser photolysis of Cgp in the 400—
960 nm wavelength range.’ The spectrum, however, has not
subsequently been reproduced. Lee et al. reported on the
broad absorption spectrum of 'Cgo™* with a peak around 920
nm in the 620—1010 nm wavelength range, excited by a 587
nm picosecond laser.* From the time evolution of the time-
resolved absorption spectra with an isosbestic point, they de-
termined the lifetime of 'Cgp* to be 1.31+0.2 ns.* After that,

the spectra of 'Cgo™ in poly(methyl methacrylate) (PMMA)
and in polystyrene (PSt) films were measured using a 355 nm
picosecond laser.® During the time evolution of the time-re-
solved spectra, the intersystem crossing process from 'Cgo*
to 3C¢o* was demonstrated: with a time constant of 1.2 ns,
both a decrement in the absorption intensity of 'Cg™ and
an increment in that of 3Cg™ were observed with the iso-
sbestic point at 770 and 790 nm for C¢g—PMMA and —PSt
films, respectively. However, the spectral shape of 1Ce0*
in the monitored wavelength region (700—980 nm) was not
identical between these two Cgp—doped polymer films. Re-
cently, both using a probe beam based on broad-band optical
parametric generation and using an InGaAs multichannnel
detector, time-resolved absorption spectra of a Cgo—benzene
solution in the near-IR region from 700 to 1300 nm were
measured, excited with a 532 nm picosecond pulse.® Al-
though an isosbestic point was not observed clearly during
the time evolution of their spectra, a broad absorption band
of 'Cgo* with a peak at 970 nm was observed, which was
insisted to be the first observation of the absorption spectrum
of 'Ceo™ including its absorption edge. More recently, the
broad absorption band of !Cgy* with a peak around 900 nm
was reported for a Cgp—benzonitrile solution.” The lifetime
of the S; state was estimated to be 1.16 ns from the growth
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rate of the triplet absorption, and the shape as well as the
peak position of the T, «T, absorption of the solution were
reported to be very similar to those in a decalin and benzene
solution.

In order to reveal photoinduced electron-transfer processes
in poly(N-vinylcarbazole) (PVCz) films doped with Cgp, we
measured the time-resolved absorption spectra of the films
in the 590—1180 nm wavelength range, excited with a 532
nm picosecond laser.® In the spectrum observed immediately
after excitation, the spectra of the PVCz cation (PVCz") and
Cgo were observed. While carrying out this investigation, we
measured the time-resolved spectra of Cg in benzene and in
inert poly(isopropyl methacrylate) (PIPMA) films as their
reference spectra. The absorption band of 'Cgo™* was clearly
observed immediately after excitation, and the time evolution
of the spectra with isosbestic points to 3Ceo* was observed
with a time constant of 1.2 ns. Although the absorption
spectra of 'Cgo™® with a peak around 975 nm in these media
were similar to each other, they were slightly different from
those in PMMA and PSt films.>*

Unlike the absorption spectra of 'Cgy™, when the fluores-
cence spectra of Cgg and their quantum yields in substituted
benzenes were investigated using a near-IR-sensitive detector
in detail, the fluorescence spectra in a given solvent observed
by excitation on the first and second absorption bands were
the same, and their fluorescence quantum yields were almost
independent of the solvents.’ In addition, even if the ground-
state contact CT complex formed between Cg and naphtha-
lene derivatives in toluene was excited, the fluorescence was
reported to be the same as that for the Cgp—toluene solution.’

It is indispensable to elucidate the details of the discrep-
ancy among reported !Cgy*-absorption spectral shapes and
its origin not only for further investigation of photochemical
and photophysical dynamics of Cgp, but also for its appli-
cation to photoconductive, photovoltaic, and photorefractive
devices. Moreover, understanding them may help to better
control the optical limiting properties of Cgo-solutions.'"'?
In the present paper, we report on the transient absorption
spectra of Cg in various solvents, measured in the 590—
1190 nm wavelength range and in the 0 ps—6 ns time re-
gion, as well as their time evolution. Considering both the
ground-state absorption spectra of Cg and its solubility, we
employed twelve solvents for measuring them. It is widely
known that the colors (the ground-state absorption spectra)
of Cgo-solutions depend on the solvents used.

Experimental

Ceo (99.9%) was purchased from Shinku-yakin Co. and used
without further purification. trans-Decalin (Tokyo-kasei, GR
Grade) was purified through a silica-gel column. Anisole (Wako,
Special Grade) was purified by removing impurities with HSO.,
drying it with CaCl,, and distilling it under reduced pressure.
Mesitylene (Wako, Special Grade) and 2-ethylnaphthalene (Tokyo-
kasei, GR Grade) were distilled under reduced pressure. Benzene
(Dotite Luminazol), chlorobenzene (Wako, Special Grade), toluene
(Dotite Spectrosol), o-chlorobenzene (Tokyo-kasei, GR grade), o-
xylene (Nacalai Tesque, Special Grade), 1,2,3,5-tetramethylbenzene
(Aldrich, 80% and the remaining fractions being other isomers),
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veratrole (Tokyo-kasei, GR grade), and 1,4-dimethylnaphthalene
(Tokyo-kasei, EP Grade) were used without further purification.

The ground-state absorption spectra were measured using a
Shimadzu MPS-2000 multipurpose spectrometer at room tempera-
ture. Transient absorption spectra were measured using the appa-
ratus described in a previous paper at 2142 °C."* A second-har-
monic pulse of a custom-built repetitive mode-locked Nd** : YAG
laser (532 nm, 16 ps fwhm) was used as an excitation source. A
picosecond laser pulse of 450 nm, obtained by optical parametric
generation based on two KDP crystals pumped by a 355 nm third
harmonic laser pulse, was also used.

All measurements were performed under an O,-free condition.

Results and Discussion

Listed in Table 1 are the physical properties of the solvents
employed: the ionization potential (), dielectric constant
(&), and refractive index (n), where the solvents are listed
in order of their I,. Before describing and discussing the
absorption spectra of the Cep-excited states, we discuss the
ground-state absorption spectra of Ceg in the present solvents.

Ground-State Absorption Spectra of Cg.  Figure 1
shows the ground-state absorption spectra of Cg in twelve
solvents. The spectra were normalized by the absorption
intensity at 602.4 nm, and are shown in order of the I, of the
solvent molecules. The absorption spectra of Cgo in PIPMA
and PVCz films are also shown for a comparison.® Since
there exists no specific interaction between Cgg and PIPMA,
the absorption spectrum of Cgg—doped PIPMA films is as-
cribed to Cgp molecules having no specific interaction with
the environment. On the other hand, the absorption spectrum
of Cgp—doped PVCz films is different from it: The enhanced
and broad absorption band in the 400—700 nm wavelength
range was assigned to a ground-state CT complex formed
between Cgg and carbazoly! chromophore (Cz) by Wang and
Kamat et al.>!*'> The assignment was also confirmed by the
fact that the absorption spectra of the ionic species (Cg, and
PVCz*) are observed for the spectra monitored immediately
after a 532 nm picosecond laser excitation.®

The spectra of Cgg in solvents are different from that of
Cgo—doped PVCz films. The spectrum of Cg in trans-de-
calin, having no m-electron, shows fine structures, which is
similar to that of Cgg—doped PIPMA films. This means no
specific interaction between Cgg and frans-decalin molecules.
As shown in Fig. 1, the first absorption band in the 500—
650 nm wavelength range is almost the same in all of the
solvents except, for the fine structure of the trans-decalin
solution, whereas a new absorption band is observed in the
spectral valley between the first and second absorption bands
for Cep in solvents with small /, (2-ethylnaphthalene, vera-
trole, and 1,4-dimethylnaphthalene ((10), (11), and (12) in
Fig. 1)). Although aggregates of Cgp are known to show
broad absorption around 450 nm,' the new band observed
for these solutions is not ascribed to the Cgy aggregates.
Because the Cgo—2-ethylnaphthalene solution diluted to one
tenth of the concentration also showed new absorption, in
addition Cgg in mixed solvents of veratrole—trans-decalin or
1,4-dimethylnaphthalene—trans-decalin also showed the new
one.
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Table 1. Ionization Potential (/,), Dielectric Constant (¢), and Refractive Index (n) of Solvents

Used

No. Solvents I, (eV) £? n®

1 trans-Decalin 9359 2.172 1.467

2 o-Dichlorobenzene 924 9.93 1.549

3 Benzene 9239 2275 1.498

4 Chlorobenzene 9079 5.621 1.525

5 Toluene 8.829 2.379 1.494

6 o-Xylene 8.56 9 2.568 1.503

7 Mesitylene 8.42¢ 2.279 1.497

(1,3,5-Trimethylbenzene)
8 Anisole 839 ¢ 433 1.514
(Methoxybenzene)

9 1,2,3,5-Tetramethylbenzene 8.07°¢ 3P 1.513
10 2-Ethylnaphthalene 7.959 3B.oP 1.5999
11 Veratrole 789 4.09 1.532

(1,2-Dimethoxybenzene)
12 1,4-Dimethylnaphthalene 7.82 £0.037 Qnv 1.6127

a) M. J. Dewar and S. D. Woriey, J. Chem. Phys., 50, 654 (1969).
S. Masuda, K. Ohno, and Y. Harada, J. Phys. Chem., 95, 4250 (1991).

b) S. Jujisawa, I. Oonishi,
c¢) J. O. Howell, J. M.

Goncalves, C. Amatore, L. Klasinc, R. M. Wightman, and J. K. Kochi, J. Am. Chem. Soc., 106,

3968 (1984).

d) L. Klasins, B. Kovac, and H. Gusten, Pure Appl. Chem., 55, 289 (1983).
Domelsmith and K. N. Houk, NIDA Res. Monogr. 22, 423 (1978).
von Rosenberg, and K. Hatner, Nouv. J. Chim., 1, 105 (1976).

e) L. N.
f) E. Heibronner, T. Hoshi, J. L.
g) J. A. Riddick and W. B. Bunger,

“Techniques of Chemistry, Vol. II: Organic Solvents,” ed by A. Weissberger, Wiley-Interscience, New

York (1970). h) Estimated values.

Colors of Cgg-solutions are widely known to depend on
the solvents.>!"=2 Although the formation of CT complexes
of Cgo with aromatic amines was confirmed,” and it was
reported that the absorption spectra of Cgp in substituted
benzenes should be analyzed in regard to any CT effects,"
the formation of ground-state complexes between Cgp and
other aromatic molecules was unclear.>!%'"1%2 For example,
Catalan showed that there are two patterns in the absorption
spectra of Cgg in eleven monosubstituted benzenes with vari-
able electron-withdrawing and electron-donating ability:'®
one is spectra showing a broad band centered at 550 nm with
a minimum at 440 nm; the other spectra do not show the min-
imum at 440 nm. These changes, however, were not ascribed
to the formation of CT complexes in the ground state. Thus,
he did not infer a single rationale for the spectral behavior of
Ceo in fifty-two solvents.?® On the other hand, on the basis of
the absorption spectra of Cg in fifteen solvents, Gallagher
et al. considered that the spectral shift observed in benzene-
derived aromatic solvents is responsible for solvent—solute
n-staking resulting in the stabilization of Cgo and 'Cgp™*.*
Since the solvent with the smallest I, among aromatic sol-
vents used by them was mesitylene (I, = 8.42 eV), the new
absorption band is unlikely to be observed between the first
and second absorption bands. On the other hand, a ground-
state contact CT complex between Cg and substituted naph-
thalenes was reported to be formed in toluene.'’ Recently, Ma
and Sun examined the absorption and fluorescence spectra of
Csp and its fluorescence quantum yields in ten solvents.” In a
series of methyl-substituted benzenes, the second absorption
band shifted to a longer wavelength along with an increase
in the number of methyl substitutions; also the valley be-
tween the first and second absorption bands was observed,

while the valley was not observed for 1-methylnaphthalene
solution. Integrating these results with the absorption spec-
tra of Cg in other solvents, they proposed that the unusual
solvatochromism observed for the solvent series of methyl-
substituted benzenes is more likely to be due to a result of
specific interactions besides any ground-state complexes.

The observation of the red shift for methyl-substituted
benzenes solutions shown in Fig. 1 is the same as the re-
sults of Ma and Sun.” As pointed ot by Catalan et al.,'"* two
kinds of absorption spectra are observed: the presence and
absence of the minimum around 450 nm between the first and
second absorption bands. Concerning the solvents that we
employed, the latter type spectra were observed for solvents
with small /,, as aforementioned. In addition, for solvents
with a smaller /, than that of anisole, the tail of the second
absorption band expands to long wavelengths with decreas-
ing I, of the solvent molecules. Furthermore, one can see
that a new band showing a shoulder between the first and sec-
ond absorption bands shifts to long wavelengths along with
a decrease in the I, of the solvent molecules. These results
suggest the new absorption band observed for Cegy in aro-
matic solvents with a small /;, is responsible for a transition
with the CT character. This is similar to the fact that the max-
imum of the absorption (contact CT complex) observed for
the toluene solution of Cgg and naphthalene derivatives shifts
to long wavelengths as the /;, of the naphthalene derivatives
decreases.'® Recently, CT complex formation of Cgy with
naphthalenes, phenanthrene, and pyrene in toluene has been
reported.'*?

In the next part, the irradiation at 532 nm corresponds to
the excitation of the first absorption band of Ceg, but not to
that of the new absorption band, as shown in Fig. 1. In the
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Fig. 1.  Ground-state absorption spectra of Cgg in solution:
(1) trans-decalin (slightly less than saturated concentra-
tion), (2) o-dichlorobenzene (concentration: 9.7x107*
moldm™?), (3) benzene (3.8x10™* moldm™?), (4) chlo-
robenzene (7.2%10™* moldm™?), (5) toluene (1.4x1073
mol dm™?), (6) o-xylene (1.3 x 10~ mol dm—3), (7) mesity-
lene (slightly less than saturated concentration), (8) anisole
(1.7x107* moldm™), (9) 1,2,3,5-tetramethylbenzene
(1.3x10™* mol dm ™), (10) 2-ethylnaphthalene (6.5 x 10~*
moldm™?, (11) veratrole(slightly less than saturated con-

centration), and (12) 1,4-dimethylnaphthalene (9.0x10™*

moldm™?). The spectra are presented in order of I, of

solvents. Reference spectra: (13) PIPMA (5.5x 1072

mol dm™2) and (14) PVCz (4.4x10~2 moldm™3) films.

The concentrations of Ceo in these films are one or two

orders of magnitude larger than those in solution system.

subsequent part we discuss the transient absorption obtained
by excitation upon the new absorption band.

Absorption Spectra of Cgp-Excited State Observed Im-
mediately after Excitation. Figure 2 exhibits the ab-
sorption spectra of Cgy observed immediately after a 532
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Fig. 2. Absorption spectra of Cep-excited states observed im-
mediately after excitation: (1) trans-decalin, (2) o-dichlo-
robenzene, (3) benzene (1.5x 107 moldm™?), (4) chlo-
robenzene, (5) toluene, (6) o-xylene, (7) mesitylene, (8)
anisole (7.5x10™% moldm™? ), (9) 1,2,3,5-tetramethylben-
zene, (10) 2-ethylnaphthalene, (11) veratrole, and (12) 1,4-
dimethylnaphthalene. The spectra are presented in order of
I, of solvents. Unless specified otherwise, concentrations
are the same as those in Fig. 1. These spectra were ob-
served at 40 or 60 ps after excitation. Reference spectra:
(13) PIPMA films and (14) the time-resolved absorption
spectrum of Cgo—doped PVCz films, which shows anion of
Ceo (Ceo™ ) and cation of PVCz (PVCz*).

nm picosecond laser excitation, being in order of the I, of
solvent molecules.” The absorption spectra of Cgo—doped
PIPMA and —doped PVCz films are also shown for a com-
parison. In order to avoid a strong 1064 nm fundamental
laser pulse entering the sample, the fundamental pulse was
removed from the monitoring picosecond white light. As
previously reported,? the transient absorption band with a
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peak around 970 nm observed for C¢p—doped PIPMA films
is safely assigned to 'Ceo™* on the basis of the coincidence
of the spectral band shape and its maximum with those pre-
viously reported.>® For Cgo—doped PVCz films, the absorp-
tion band in the wavelength range above 850 nm (a peak
around 930 nm and a peak estimated to be between 1050
and 1080 nm) is ascribed to Cg,, and the absorption band
at 770 nm to PVCz*” indicating that the charge-separated
state (PVCz*—Cg,) between PVCz and Cg is produced im-
mediately after excitation with a picosecond 532 nm laser
pulse. One notices the following two points in Fig. 2: (1)
the absorption spectra observed immediately after excitation
depend on the solvents and (2) although the spectrum for the
Cgo—1,4-dimethylnaphthalene solution is markedly different
from that for Ceg—PIPMA films, it is not assigned to that of
Ceo ™.

Since the transient absorption spectra of the Cgg—trans-
decalin, —o-dichlorobenzene, and —chlorobenzene solutions
are very similar to those of !Cg* in PIPMA films as well as
in benzene and toluene solutions reported previously,” ® the
spectra of these solutions are safely assigned to the S,«S;
transition of Cgp. This assignment is supported by the spec-
tral evolution of the time-resolved absorption spectra of these
solutions. As a typical example, the spectral evolution for
the Cgo—trans-decalin solution is shown in Fig. 3. With an
increase in the delay time after excitation, the absorption
with a peak around 740 nm appears and increases. This ab-
sorption is safely assigned to the triplet state of Cgp (*Cgo™)
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Fig. 3. (a) Time-resolved absorption spectra of Ceo in the

trans-decalin solution (concentration: slightly less than sat-
urated solution), excited with a 532 nm picosecond laser
pulse. (b) Time profiles of transient absorbance at 960 and
740 nm of the same sample solution. The solid lines repre-
sent the time constant of 1.2 ns.
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on the basis of an agreement of the spectral band shape and
its maximum with those previously reported.'™%'* During
the temporal evolution of the spectra, isosbestic points are
detected at ca. 595 and 792 nm. As shown in Fig. 3b, the de-
cay profile of the absorbance at 960 nm corresponds with the
growth profile of 3Cgy* monitored at 740 nm, and the time
constant of the spectral change was found to be 1.2 ns. This
time constant is equal to the lifetime (1.2 ns) reported for
ICe0™ in toluene and benzene solutions and in PSt, PMMA,
and PIPMA films.>—>* Strictly viewing the spectra of 'Cgo*
of these five solutions ((1)—(5) in Fig. 2), we notice that the
spectra slightly depend on the solvents.

Figure 4 shows the time-resolved absorption spectra of a
Cgo— 1,4-dimethylnaphthalene solution excited with a 532
nm picosecond laser pulse and the time dependence of the
absorbances monitored at 745 and 937 nm, respectively. This
solution shows the most different transient absorption spec-
trum from those of 'Cgo* of the above five solutions among
the Cgo-solutions measured (Fig. 2); its ground-state absorp-
tion spectrum is also the most different because of the appear-
ance of the CT transition (Fig. 1). With the delay time after
excitation, an absorption with a peak around 750 nm appears
and increases. Although this absorption spectrum is similar
to the 3Cg*-absorption spectra reported previously as well
as that of the above Cgo—trans-decalin solution (Fig. 3a), it
may not be simply ascribed to *Cgo*, because its bandwidth
is slightly broad and its peak shifts slightly to longer wave-
lengths compared to the latter spectra (vide infra). During
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Fig. 4. (a) Time-resolved absorption spectra of Cgo in the 1,

4-dimethynaphthalene solution(9.0x10™* mol dm™%), ex-
cited with a 532 nm picosecond laser pulse. (b) Time pro-
files of transient absorbance at 937 and 745 nm of the same
sample solution. The solid lines represent the time constant
of 1.2 ns.
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spectral evolution, isosbestic points are observed at ca. 630
and 810 nm. The decay time (1.2 ns) of the absorbance
monitored at 937 nm is in agreement with the growth time of
the absorbance monitored at 745 nm. That is, the transient
absorption spectrum observed immediately after excitation
for the Cgo—1,4-dimethylnaphthalene solution has the same
decay-time constant as the lifetime of ' Cgo™ in the above five
solutions as well as in PSt, PMMA, and PIPMA films,?>— al-
though its spectral shape is considerably different from those
(the spectrum of ' C¢o*) of the five Cg solutions. In addition,
the early-gated absorption changes to absorption similar to
that of 3Cgp™*, both with the decay-time constant of 1.2 ns
and with keeping isosbestic points.

Also, for all of the other Cgy-solutions examined in the
present work, we observed time evolutions of the time-re-
solved absorption spectra similar to those shown in Figs. 3a
and 4a, where the spectra at the early gated window depend
on the solvent as aforementioned (Fig. 2), and those in the
late time region are also slightly dependent on the solvent
(vide infra). On the contrary, the decay profiles of the ab-
sorbance monitored around 935—970 nm corresponded to
the growth ones of the absorbance around 745—740 nm, the
same as those in Figs. 3b and 4b. In addition, the time con-
stants were found to be 1.24:0.05 ns for all solutions. Thus,
for all Cgp-solutions which contain solutions showing clear
ground-state CT absorption spectra, the transient absorption
spectra observed immediately after excitation change to ab-
sorption spectra similar to those of 3Cgp™* both with the same
time constant (1.2 ns) as the lifetime of !Cg* and with the
isosbestic points, whereas their spectral shapes depend on the
solvents. Such a solvent-dependence of the spectral shape
of the Cgp-transient absorption has never, to the best of our
knowledge, been reported before.

Here, we discuss the transient absorption observed im-
mediately after excitation (the early-gated absorption). In
terms of the ground-state absorption spectra of Cgg in so-
lution, Gallagher et al. suggested the presence of an ax-
ial quadrupole in 'Cgy*, which is preferentially stabilized
by polar solvents or by solvents with a tendency to inter-
act through st-stacking. The interaction through rm-stacking
was deduced from the observation that the shift of the ab-
sorption increases from benzene-derivatives substituted with
electron-withdrawing groups, though benzene, to benzene
substituted with electron-donating groups.?! Although chlo-
robenzene has an electron-withdrawing group and both its
dielectric constant and refractive index are large compared
with those of the other solvents (Table 1), the early-gated
transient absorption spectrum of Cg in chlorobenzene shows
a spectral shape intermediate between the Cgp—benzene and
—toluene solutions. In addition, although the dielectric con-
stant of o-dichlorobenzene is very large, the spectral shape of
the Cgy—o-dichlorobenzene solution is intermediate between
the Cgo—trans-decalin and —benzene solutions. Furthermore,
although veratrole is a benzene derivative substituted with
two methoxy groups, the spectral shape of the transient ab-
sorption of Cgp in veratrole is similar to that of the Cgy—1,4-
dimethylnaphthalene solution; these two solvents with small
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I, form ground-state CT complexes with Cgp. These results
indicate that the early gated absorption spectra of Cg in so-
lution do not correlate with the number of n-electrons of the
solvent molecules, the properties of their substituents, their
refractive indexes, or their dielectric constants, but to the /,
of the solvent molecules.

As shown in Fig. 2, the spectral deviation from the ab-
sorption spectrum of 'Cgo™® of the trans-decalin or o-dichlo-
robenzene solution increases as the /; of solvent molecules
decreases. The absorption band for solvents with small I, is
extraordinarily broad, which may indicate that it is composed
of more than one broad transition. That is, one may see that
in addition to the absorption band of 'Cgy™ observed for the
Ceo—trans-decalin or —benzene solution, a new absorption
band appears and its intensity increases with a decrease in
the I, of the solvent molecules, although the mesitylene and
1,2,3,5-tetramethylbenzene solutions ((7) and (9) in Fig. 2)
are exceptional for the increase in the intensity. This suggests
a possibility that the spectral change depending on the /; of
solvent molecules can be ascribed to the appearance of a tran-
sition with the CT character. However, as we can see from
Fig. 2, even if I, of the solvent molecules of the donors varies
from 8.82 eV for toluene to 7.82 eV for 1,4-dimethylnaph-
thalene, the estimated spectral shift is remarkably small (ca.
470 cm™!, i.e. 0.06 eV).?* That is, this finding is at variance
with a relation for the usual CT absorption band observed for
a change of the donor or acceptor in a given solvent. Hence,
it is difficult to ascribe the solvent-dependent spectral shape
of the early-gated absorption band to the appearance of a
transition from 'Cgo* to the excited CT state.

Here, in order to examine the role of the solvent molecules
with a small /, in determining the spectral shape of the early-
gated absorption, we measured the time-resolved absorp-
tion spectra of a benzene solution containing Cey and N-
ethylcarbazole (ECz) or PVCz, because the CT complex for-
mation between PVCz and Cg is experimentally confirmed,
as aforementioned. As shown in Fig. 5a, the irradiation at
532 nm corresponds to excitation of both the ground-state
CT complexes and Cgo. Since the energy level of the ion-
pair states (Cz*~Cg,) produced by the direct excitation of the
CT bands in a nonpolar benzene solution is higher than that
of 'Cg™, a rapid charge-recombination reaction in the ion-
pair states takes place, thus producing 'Csp™ and a neutral
ground-state carbazolyl (Cz) chromophore within the laser
pulse width (vide infra). Since 'Cgo™ produced by the re-
combination reaction is adjacent to the Cz chromophore with
small I, its absorption spectral shape is expected to be af-
fected by the neighboring Cz chromophore. In fact, the early-
gated absorption spectra of the ECz— and PVCz-Cg¢ benzene
solutions are not due to ionic species (Cz* and Cgp ™ ); further,
they are different from that of 'Cgy* in a benzene solution
(Fig. 5b), whereas the time evolutions of their spectra (the
presence of isosbestic points, an appearance of 3Cgy™ and its
increase with a decrease in 'Cgp™) were the same as those
observed for the above-mentioned other solutions. In addi-
tion, using mixed solvents of veratrole—trans-decalin or 1,
2-dimethylnaphthalene~trans-decalin, we found that the de-
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PVCz, (4) saturated concentration of ECz. As references:
(1) Ceo—benzene solution and (5) C¢o—PVCz films.
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viation of the early-gated absorption spectra of Ceo in these
mixed solvents from the 'Cgy*-absorption spectrum of the
trans-decalin solution increased with the content of veratrole
or 1,2-dimethylnaphthalene, whereas the temporal evolutions
of their absorption spectra were the same as those for all other
solutions. These results indicate that when one electron-do-
nating molecule capable of forming CT complexes with Cg
is adjacent to 'Cg™, the spectral shape of the early-gated
absorption differs from that of the normal 'Cgo™ in a solvent
such as trans-decalin and benzene.

Because there exists a correlation between the spectral
shape of the excited states of Ceo and the I, of solvent
molecules, a candidate for the interpretation of the solvent-
dependent spectral shape may be an excited-state complex
(exciplex) formation between 'Cgy™ and solvent molecules.
Here, the exciplex means excited-state complexes with
a large contribution of the full CT-state (I(C&)—Solvent
molecule*)*) configuration compared to that of the locally
excited-state one. However, it is difficult to accept this candi-
date for the interpretation because of the following reasons:
(1) As aforementioned, even the spectrum of the Cgp—1,4-di-
methylnaphthalene solution is not assigned to that of Cep ™.
(2) Both the presence of the isosbestic points observed during
the spectral evolution and the constant decay time of 1.2 ns,
irrespective of solvents, require the establishment of rapid
equilibrium between 'Cgp™* and the excited-state complexes.
However, since the energy level of the excited-state com-
plexes depends on the solvents of donors, it is impossible to
establish such rapid equilibrium for all of the Cgp-solution
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systems examined; in fact, the energy levels of the full CT
state in these solvents are estimated to be higher than that of
1Ce0™.

Above, we described that it is difficult to accept the appear-
ance of a transition with the CT character and the appearance
of absorption due to excited-state complexes formed between
'Cep™ and solvent molecules to interpret the solvent-depen-
dent early-gated absorption spectra of Ceo. However, since
Ceo 18 a spherical large molecule having a three-dimensional-
like m-electronic system, the behavior of CT interaction con-
cerning Ceo molecules may be different from those of normal
compounds having planar m-electronic systems. Hence, the
above two interpretations referring CT character might not
be completely denied.

On the basis of detailed studies of resonance Raman spec-
tra of Cgo in solution, the following items have been re-
ported: numerous observed features are due to relaxation
of the Raman selection rules caused by a reduction of the
high symmetry of Cg in the solvent environment; a solvent-
induced distortion of Ceyp which removes the degeneracy of
its LUMO probably occurs through a donation of solvent-
electron density to Cgp via an enlarged external pm lobe at
each carbon; and the distortion is pronounced for aromatic
solvents where the interaction is expected to occur through a
ni-stacking arrangement.”® Integrating these reports, the cor-
relation between the spectral shape of the Cgy-excited states
and the /, of the solvent molecules, and the constant decay
time of 1.2 ns irrespective of solvents, we can ascribe the
solvent-dependent early-gated absorption spectra of Cgg to
Cgo™ with a distortion induced by specific interactions with
solvents molecules through the donation of their m-electron
density without forming obviously excited-state complexes.
Since such an electron-donating interaction increases with
decreasing I, of the solvent molecules, a decrease in the 1,
of the solvent molecules should result in an increase in the
deviation of the 'Cgo*-absorption spectra from those in a
solvent with a large /.

The specific interactions that induce a distortion of 'Cgo*
may, in a sense, imply 'Cgo*-solvent complex formation,
although evidence of Cegg-solvent complex formation in the
ground state is not found appreciably for the ground-state
absorption spectra of Cgp-solutions, as aforementioned, but
is suggested by their resonance Raman spectra.”® In other
words, this suggests that the locally excited state of Cgg
('C¢o*~Solvent-molecule) with an extremely small contribu-
tion of the full CT-state configuration is likely to be responsi-
ble for the solvent-dependent early-gated absorption spectra
of Cgg. Although the contribution of the full CT-state config-
uration to the locally excited-state one is extremely small, a
slight increase in the contribution induces an increase in the
distortion of 'C¢; because of the high symmetrical structure
of Cgp, which situation results in an increase in the deviation
of the 'Cgy™*-absorption spectra from those in a solvent with
alarge I,.

The excited state of Cg affected by such specific interac-
tions is expected to result not only in a spectral change in the
'Cgy-absorption band, but also in a change in its decay time.
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As aforementioned, however, the decay times of 1.24+0.05
ns are independent of the solvents. Ma and Sun reported that
the fluorescence spectrum of Cgo in a 1-methylnaphthalene
solution is slightly red-shifted and that its fluorescence yield
is slightly large compared to those in the other solvents.® This
suggests that a specific interaction induced by the donation
of solvent-electron density to Ceo is so weak that probably
no change in the decay time of !Cgy* is found. Since the
S,<S; absorption spectra of Cgq are observed in the low-en-
ergy range (long wavelength range), a change in the spectral
shape is most likely observed with an enhancement, even if
such specific interactions are small.

As for methyl-substituted benzenes, in particular for
mesitylene and 1,2,3,5-tetramethylbenzene, the change in
the absorption spectral shape shows a slightly different ten-
dency compared with those for the other solvents, as shown
in Fig. 2. This suggests the presence of a steric effect on the
solvent-induced distortion of Ceg.

Transient Absorption Spectra upon Excitation of the
Ground-State CT Absorption Band around 450 nm. We
reported that the ionic species of Cgy and PVCz* were de-
tected for time-resolved absorption spectra monitored im-
mediately after direct excitation of the CT absorption band
of Cgg—doped PVCz films.® Here, we measured the transient
absorption spectra upon excitation of the ground-state CT
absorption band around 450 nm of Cgp-solutions. Figure 6a
shows time-resolved absorption spectra of the Cgo—2-eth-
ylnaphthalene solution excited with a picosecond 450 nm
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Fig. 6. (a)Time-resolved absorption spectra of Ceo in the 2-

ethylnaphthalene solution (6.5x10™* moldm™?), excited
with a 450 nm picosecond laser pulse. (b) Time profiles of
transient absorbance at 938 and 744 nm of the sam sample
solution. The solid lines represent the time constant of 1.2
ns.
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laser pulse. Even in the spectra observed immediately after
excitation, no absorption spectra of the ionic species of 2-
ethylnaphthalene cation (with peaks at 630 and 690 nm)?*’
and Cgp~ were found, but the same spectra as that observed
upon direct excitation of Cgo ((10) in Fig. 2) were observed.
As shown in Fig. 6b, the temporal evolution of the absorption
spectra is also the same as that of the time-resolved absorp-
tion spectra upon excitation of a 532 nm picosecond laser
pulse, where the decay and growth of the spectra around
938 and 744 nm, respectively, are demonstrated both with
a time constant of 1.2 ns and with isosbestic points. In
addition, when the Cgo—veratrole solution was excited with
a 450 nm picosecond laser pulse, neither veratrole cation®’
nor Cgy~ were detected for the early-gated spectra, but both
the spectra and their temporal evolution were the same as
those observed on direct excitation of Ceg. Thus, even if
the absorption band of CT complexes formed between Cg
and solvent molecules with a small I, is excited, the same
transient absorption spectra and their time evolution as those
upon direct excitation of Cgg are observed. Since the direct
excitation of CT bands creates charge-separated (CS) states
¢ (C6_O—Solvent~molecule+)*), very rapid charge-recombina-
tion reaction most probably takes place to result in 'Cgo*. In
fact, its reaction rate was estimated to be 4x10'2 s~! # on
the basis of the energy gap (0.81 and 0.72 eV for 2-ethyl-
naphthalene and veratrole systems, respectively)® between
the CS state and 'Cg™ (2.0 €V). That is, the rapid charge-
recombination process in the CS state is expected to be com-
pleted within the excitation-laser pulse width of the present
measurement system.

Scurlock and Ogilby have reported that the excitation on
ground-state contact CT complexes between Cep and sub-
stituted naphthalenes results in the normal fluorescence of
Ceo, which is the same as that observed for the Cgp—tolu-
ene solution without naphthalenes, and that an excited-state
complex with the CT character decays to yield a locally ex-
cited fluorescent state of Cgo.'° As aforementioned, Ma and
Sun have reported that the fluorescence spectral shape of the
Cgo— 1-methylnaphthalene solution is similar to those in the
other solvents used, although its spectral peak is slightly red-
shifted and its fluorescence yield is slightly large compared
with those in the other solvents.” Thus, the present results
concerning the transient absorption measurement are consis-
tent with those of these fluorescence measurements.

The fact that the same absorption spectral shapes of Cgg-
excited states are observed irrespective of the excitation of
Ceo or CT complexes is consistent with the above interpre-
tation—the solvent-dependent transient absorption spectra
of Cgg are responsible for the distortion of !Cgp™* which is
specifically induced by solvent molecules through the dona-
tion of their m-electron density without forming obviously
excited-state complexes.

Absorption Spectra of Cg-Excited State Observed in
Late-Time Regions. Figure 7 shows the absorption spectra
of the excited state of Cgg-solutions observed in the late-time
region. As aforementioned, all of the spectra rose both with a
time constant of 1.2+0.05 ns and with keeping the isosbestic
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Fig. 7. Absorption spectra of Cgp~excited state observed in
the late-time region: (1) trans-decalin, (2) o-dichloroben-
zene, (3) benzene, (4) chlorobenzene, (5) toluene, (6) o-
xylene, (7) mesitylene, (8) anisole, (9) 1,2,3,5-tetramethyl-
benzene, (10) 2-ethylnaphthalene, (11) veratrole, and (12)
1,4-dimethylnaphthalene. Concentrations are the same as
those in Fig. 2. The spectra are presented in order of I,
of solvents. These spectra were observed at 6 ns after
excitation.

points. One notices that the spectra become broader along
with decreasing I, of the solvent molecules and, in particular,
that the spectra for the methyl-substituted benzenes become
broader along with an increase in the number of methyl sub-
stitutions. However, the deviation of the spectra from that of
the Cgo—trans-decalin solution (the absorption spectrum of
3Cgo™) is considerably small compared with those of ' Cgo*,
which is consistent with the fact that the previously reported
3C¥,-absorption spectra have not shown any large variation
from experiment to experiment. The specific behavior of
the absorption spectra for the methyl-substituted benzene
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solution system is similar to that observed for the 'Cgo*-
absorption spectra.

As aforementioned, the absorption spectra of the
Cgo—solutions in the late time region slightly depend on I,
of the solvent molecules. Assuming that the deviation in
the spectral shape from that of 3Ceo™ in trans-decalin is also
ascribable to the same reason as that for 'Cy, these spectra
are assigned to the T, T, absorption of Cgy. That is, the
spectra of 3Ceo™* are also responsible for the distortion of Ce
induced by solvents molecules through the donation of their
m-electron density without forming obviously excited-state
complexes.

Conclusion

The absorption spectra of Cgo-excited states in twelve sol-
vents did not depend on the dielectric constant of the solvents
or their refractive index, but on their ionization potential.
The dependence was large for the spectra of 'Cgo™ observed
immediately after excitation, while they were considerably
small for those of *Cgo* in the late-time region. The spec-
tra of 'Ceo™ in solvents with small I, were rather broad
compared with those in solvents with a large I,. The broad
1Cgo™-spectra also changed to the spectra of >Cgo™®, both with
isosbestic points and with a time constant of 1.2 ns. These
solvent-dependent spectral shapes of the Cgg-excited states
were considered to be ascribed to Cgg, which is specifically
distorted by solvents molecules through donation of their
nt-electron density without forming obviously excited-state
complexes.

Even if the ground-state CT absorption band around 450
nm, observed only for Cg in non-polar solvents with small 7,,,
was excited, no absorption of the ionic species was found, but
the spectra were the same as those observed upon the direct
excitation of Cgp. This indicates that the photogenerated
ion-pair states (' (Cso~—Solvent-molecule™)*) undergo a very
rapid charge-recombination reaction resulting in 'Cgp™* and
the ground-state solvent molecule.
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