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Abstract

Photophysical and photochemical properties of tbgflbe particles (GoFP) which were prepared by the reprecipitation method were
examined by the time-resolved fluorescence and laser flash photolysis methods. Fluorescence decay of the fine particles can be divided
two components: emission from free exciton and self-trapped exciton. Rapid decay of the broad absorption after nanosecond-laser excitat
was attributed to triplet—triplet annihilation due to migration of energy of triplet state within the fine particle. After the annihilation, the
energy of triplet state localized org&molecule. Energy transfer from the localizegy@iplet state in the fine particle was confirmed
for energy acceptors such as @nd3-carotene. Photoexcitation of thedEP in the presence of electron donor in solution resulted in
photoinduced electron transfer. The reaction rate constant was one order smaller than that in solution, suggesting small collision frequer
of the localized triplet state in4gFP. Oxidation of the fine particle was also observed by using methylacridinuim ion and biphenyl as a
sensitizer and a cosensitizer, respectively. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction been discussed based on the results of several experimental
techniques such as dynamic light scattering. The dimen-
Fine particle or microcrystal with nanometer-order diam- sion of these aggregates varies from about 100 to 1000 nm
eter attracts a lot of interest because of its size-dependendepending on several experimental conditions such as con-
properties such as confinement effect (for example [1]). centration. The laser flash photolysis study shows that the
These interesting properties have been investigated for un-photophysical and photochemical properties g blution
derstanding the basic physical and chemical phenomena andire sensitive to the formation ofsgaggregates.
for the application to non-linear optics of fine particle [2]. In the present paper, we have prepared well-controligd C
Furthermore, chemical reactivity of these fine particles are fine particles (GoFP) by the reprecipitation method for bet-
much higher than bulk materials due to its wide surface ter understanding of the photophysical and photochemical
area. While almost these investigations have been made orproperties of these fine particles. Its structural information
inorganic semiconductors and metallic materials, organic was obtained by transmission electron microscopy (TEM),
molecule can also be regarded as a promising candidate foelectron diffraction, and dynamic light scattering methods.
interesting materials. Recently, organic fine particles have For GsoFP dispersion in ethanol, photophysical and photo-
been prepared by several methods: reprecipitation methodchemical properties were examined by several time-resolved
[3,4], evaporation method [5], and so on [6]. spectroscopies such as nanosecond-laser flash photolysis.
Fullerenes are also considered to be one of the candi-
dates for organic fine particles with interesting properties. )
Fullerenes are reported to form aggregates in poor sol-2: Experimental
vents [7-9]. Generation mechanism of the aggregates has

2.1. Materials
* Corresponding author. Fax:81-22-217-5610. Ceso (99.5%) was purchased from Term Qé-Methyl-
E-mail addressito@icrs.tohoku.ac.jp (O. Ito) acridinium hexafluorophosphate (NMA was synthesized
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by the procedure reported by Gebert et al. [10]. Other chem- lattice fringes inside with 0.8 nm spacing (Fig. 1(a)), which

icals are of the best commercial grade available. is almost the same with a molecular size afpCindicat-

ing close-packed structure [12]. The close-packed struc-
ture of GoFP was supported by the electron diffraction

pattern with the hexagonal symmetry coinciding with the

. face-centered-cubic structure, which results from structure
Time-resolved fluorescence spectra were measured by

: ; . analysis of Gg single crystal [13]. The TEM picture (Fig.
a single-photon counting method using a second har- . .
monic generation (SHG, 410nm) of a Ti:sapphire laser 1(a)) represents parallel lattice fringes extended from one

(Spectra-Physics, Tsunami 3950-L2S, 1.5ps FWHM) and edge to another without any dlslocat|_ons. Therefore, it can
. reasonably be concluded that thggEP in the present study
a streakscope (Hamamatsu Photonics, C4334-01) as an : ) .
o . is a single crystal. Slight disordered structure was formed
excitation source and a detector, respectively.

. . on the surface, which may play an important role in local-
Nanosecond-transient absorption measurements were car:.

ried out using third harmonic generation (THG, 355 nm) of izattion of the excited energy.

. From the dynamic light scattering measurement on an
an Nd:YAG laser (Spectra-Physics, Quanta-Ray GCR-130, . . . .
6ns FWHM) as an excitation source. For transient absorp- ethanol dispersion (Fig. 1(b)), averaged diameter g€

o specta n he near R region (00-1400n, ma- e ST OSSO0 THeBEn s bl
toring light from a pulsed Xe-lamp was detected with a >0 P 9 ' y

. . color of Gsp. An absorption spectrum ofggFP dispersed in
Ge-avalanche photodiode (Hamamatsu Photonics, B2834). .
For the visible region (400-1000 nm), an Si-PIN photodiode ethanol showed a peak at 350 nm accompanying shoulders

(Hamamatsu Photonics, S1722-02) was employed as a de5':1round 450 and 620 nm (Fig. 2). Although the absorption

. e - ) bands are broad, the spectral features gf &e retained.
tector. Photoinduced events in micro- and millisecond time These spectral features rather resemble es6lid which
regions were measured using a continuous Xe-lamp (150 W) P

and an InGaAs-PIN photodiode (Hamamatsu Photonics,
G5125-10) as a probe light and a detector, respectively.
Details of the transient absorption measurements have beer(a)
described in our previous papers [11]. All the samples in
quartz cell (1cnx1cm) were deaerated by bubbling Ar
through the solution for 15 min.

Transient absorption spectra in the picosecond region
were measured using the SHG (532 nm) of an active/passive
mode-locked Nd:YAG laser (Continuum, PY61C-10, 35ps
FWHM) as an excitation source. Probe light which was
generated by breakdown of Xe gas was detected with a
streak scope (Hamamatsu Photonics, C2830) and a cooled
CCD camera (Hamamatsu Photonics, C4880) after passing
through the sample solution.

Steady-state absorption spectra in the visible and near-IR
regions were measured on a Jasco V570 DS spectro-
photometer.

TEM observation and electron diffraction were carried
out using JEOL JEM-2000FX with an accelerating voltage
of 200 kV.

Dynamic light scattering (Otsuka Electronics, DLS-7000) (b)

2.2. Apparatus

40
was used to estimate the size of the fine particle dispersed
in liquid. § il
c
S
. _ 3 20t
3. Results and discussion £
s b
3.1. Preparation and ground state properties gEP §
L. . 0 | 1 b E1 6 1 1 1 1 1 1
CgoFP was prepared by the reprecipitation method; 0.2 ml 70 178 502 1415 3990

CS solution of Go (1 mM) was injected into 10 ml of
ethanol under continuous stirring at room temperature. A
TEM picture of GoFP shows hexagonal outline and clear Fig. 1. (a) TEM picture of GoFP. (b) Size distribution of §FP.
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Fig. 2. Absorption spectra ofdgFP dispersion in ethanol (solid line)g§

Fig. 4. Transient absorption spectra 0§oEP dispersed in ethanol at
solid dispersed in KBr pellet (broken line), andoGn benzene (dot line). g b P o P

50ns (solid circle) and 500 ns (open circle) after 355 nm laser irradiation.
Insert: absorption—time profile at 740 nm.

is dispersed in KBr pellet as also shown in Fig. 2, while
subtle peak shifts from g solid are observed. 3.3. Triplet properties of gFP

3.2. Fluorescence property ofs6FP The excited state properties ob4EP were also exam-
ined by nanosecond-laser flash photolysis. Fig. 4 shows

CeoFP in ethanol shows fluorescence upon excitation. Its ransient absorption spectra ofdEP. Immediately after
fluorescence band was also broad comparedstarCsolu- nanosecond-laser excitation, quite a broad absorption band

tion. The peak was observed around 730 nm, which means@PpPeared in the wide region (400-1000nm) with a peak
its peak position is similar to that of¢g solution in ben- ~ &round 700nm. As shown in an inset of Fig. 4, the broad

zene. The fluorescence decay curve was obtained at 77 Kabsorption decayed within 50ns, a sharp absorption band
by the single photon counting method as shown in Fig. 3. remaining at 740 nm, which is similar to that & in so-

Fluorescence decay curve can not be analyzed by a Sing|éution [16] and can be attributed to the triplet-excited state

exponential decay function. Energy relaxation mechanism of CeoFP (SCGQFPk)- ] .
of the singlet-excited state ofe single crystal has been From transient absorption measurements by picosecond-

reported by Yang et al. [14]. For the dual fluorescence de- 1aser flash photolysis (Fig. 5), it was confirmed that the
cay of Gy solid, they proposed emission from free exciton broad absorption band around 700 nm was generated at a
and self-trapped exciton, which have been often employed'ate (2.0<10s™) which is similar to the decay rate of the
for the excited singlet energy relaxation mechanism of or- free exciton (1.%10°s™) estimated in Fig. 3. This find-
ganic crystals (for example [15]). In the present case, fluo- N9 indicates that the'broad absorptlon.band around 700 nm
rescence decay curve ok§EP was analyzed by assuming 1S generate_d by the intersystem crossing process from the
two components. Curve fitting (solid line in Fig. 3) gives singlet-excited state of ggFP. Therefore, the broad absorp-
0.8 and 2.1ns of lifetimes, which can be attributed to free tion band observed in the picosecond-laser photolysis can be
exciton and self-trapped exciton, respectively. The observed?tt”byted to a triplet-excited state ob§FP also, in which
lifetimes are somewhat longer than those reported by Yang~Ceo interacts with other g5 molecules in the gFP.

et al. for Ggg solid [14].
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Fig. 5. Absorption-time profile of §FP dispersed in ethanol at 740 nm
Fig. 3. Fluorescence decay profile around 730 nm g@fF€ dispersed in after picosecond-laser irradiation at 532 nm. Insert: transient absorption
an ethanol/methanol mixture at 77 K. Solid line is the fitted curve. spectrum at 1.4 ns after picosecond-laser irradiation.
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Fig. 6. Excitation laser power dependence of absorption—time profiles of 9

CeoFP dispersed in ethanol at 740 nm. Characters show excitation laser (b)
power.
In the time profile observed in nanosecond-laser photoly- ™
sis, the initial absorbance of the broad band largely depended Y
on the excitation laser intensity. The initial broad band could T 06
not be observed when the laser power was smaller than 6 mJ j 0.4 4
per pulse (Fig. 6). Therefore, the fast decay of the broad o2 L
absorption band is considered to indicate an annihilation '
of the triplet energy which migrates withinggFP. Apply- 0.0 ! ' ! !
ing a second-order plot to the absorption—time profile at 60 01 02 03 04 05
740 nm kr1/e((3Co)del) Was estimated to be -A0cmst [carotene] / mM

wherekrt and ¢((3C are second-order rate constant
FT_T T ihil t(( Goédel) tincti fficient of del lized Fig. 7. (a) Transient absorption spectra observed by 355 nm laser irradia-
of 1=1annihiflaion and exunction coetiicient or delocalized ., ¢ CsoFP in the presence @-carotene (0.4 mM) in ethanol at 250 ns

SCEO in CeoFP, respectively. Assuming tha((3C20)de|) is (solid circle) and 2.5us (open circle). Insert: absorption—time profiles at
the same as the extinction coefficient%ﬁfgO in solution, 540 and 740 nm. (b) Dependence of the quenching kate) (Of 3CeoFP*
(8(3C§0)=l6 100Micm? [17]), 1x10%M—1s 1 of krT on concentrations of8-carotene.

was obtained. Based on the same assumption, a fraction of

the triplet—triplet annihilation to the initially generated triplet
state was e_snmated to be ca. 0.6 whegRP was excited observed by the 355nm-laser light irradiation ofpEP

by a laser mtens!ty larger than 14 mJ per pulsg. After the in the presence of-carotene in ethanol. At 250ns after
fast decay, the 'trlplet energy seems to be localized on theIaser irradiation, {CeoFP")ioc is confirmed by an absorp-
_C6o _molecular site as suggested by the sharp peak at 740 NMion peak at 740nm. The absorption band 3EdoFP*)ioc

n Fig. 4. The slow degay compon_ent_ can be ana!yzed by adecayed as shown in the inserted time profiles of Fig. 7(a);
first-order decay function and its lifetime was estimated to a new absorption band appeared at 540 nm which can be
be 22us, which is shorter than that ofegin CS; solution assigned to the triplet-excited stateftarotene in solution

energy [18]. Fig. 7(a) shows transient absorption spectra

(47 ps). [19]. The appearance Gf(3-caroteng* with the decay of
(3CeoFP")0c supports the following energy transfer process
3.4. Energy transfer process (Eq. (2)):

In the presence of oxygen, the transient absorption band kent 5
due to the localized triplet-excited state was quenched. Since("CeoFP")ioc + B-carotene— CgoFP + *(B-caroteng”
oxygen is a triplet energy quencher, quenching of the local- 2)
ized 3CgoFP* ((3CgoFP")i0c) Can be attributed to an energy

transfer process betweetCgoFP*)ioc and oxygen (Eq. (1): From a dependence of the generation rat&ptcaroteng*

(CCo0FP)i0c 4 302 —> CooF P+ 103 1) on the concentration op-carotene (Fig. 7_(b)), an en-

ergy transfer rate constankefy) can be estimated to be
This finding indicates that3CeoFP*)ioc can react with 1.5x10°M~1s 1 which is somewhat smaller than the
reagent in the solution. In order to confirm the reactivity of diffusion-limiting rate in ethanol Kyt =5.4x10 M~1s™1)
(3C60FF”‘)|0C with the reactant in the solution, energy trans- [18]. Since pseudo-first-order plot shows a linear line within
fer process witl-carotene was attempted, sirg&arotene the examined concentration rangeietarotene, the adsorp-
is a good triplet energy acceptor due to its low triplet tion of B-carotene on the surface ogFP may be small.
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3.5. Photoinduced reduction ofs6FP 740nm was efficiently quenched and a new absorption
band appeared at 1080 nm at a similar time scale as shown

Ceso is known as an excellent electron acceptor in in the inserted time profile of Fig. 8(a). The latter can be
its excited state. In the presence of appropriate elec-attributed to Go*~ [20]. This finding indicates that elec-
tron donors such as aliphatic amines, photoexcitation of tron transfer takes place from DABCO ®Q60FP)10c (EQ.
Cep results in electron transfer from the donors%éo, (3)). The peak position of the slightly broadened absorption
generating a radical anion of ¢ (Ceo®~) [20]. Here band of Go*~ in CgoFP is quite similar to that of £§5°~
1,4-diazabicyclo[2.2.2]octane (DABCO) was employed as in solution, indicating that interaction betweeggC™ with
an electron donor. The oxidation potential of DABCO is Ceo in CgoFP is weak.
reported to be 0.57V versus SCE [21] from which a suf-
ficiently negative free energy change47 kJmotl) was
evaluated for the electron transfer%ﬁgo. It is known that
Cso and DABCO form a weak 1:1 charge transfer com-
plex in both polar and non-polar solutions [22]. However,
the ground state absorption spectrum of ethanol contain-
ing CgoFP and DABCO was essentially the same as that
of CgoFP in the examined concentration range of DABCO
E:Seolzigmc')\:l])li/ U:]edrgfotrﬁé tgreeslaei?r;;(%rgriﬂei'?j n::)nz)i(t(i:(l)tr?ss. rate constant for3CgoFP*)ioc is smaller than the diffusion

. : . limit (ethanol 5.4<10° M~1s™1 [18]), which is reasonable
Fig. 8 shows transient absorption spectra observed by the o o
- . for electron transfer on the surface: since the distribution of
355 nm-laser excitation of ggFP in the presence of 5mM

DABCO in ethanol. The fast decaying part was not changed (3C§0.Fpk)'°° will be low due to efficient T—T annihilatign,
by the existence of DABCO, because of a fast T-T an- collision frequency betweer’CeoFP*)ioc and DABCO is

D . considered to be small. Employing the reported extinction
nihilation process. However, the slowly decaying part at coefficient for Gg*~ (12100 M-Ecm-1) [24], the yield of

the Gso* ~ via ((CgoFP*)joc Was estimated to be 0.4, which is
(a) somewhat smaller than the yield of electron transfer between

(3CeoFP*)ioc + DABCO %8 CgoFP*~ + DABCO**  (3)

From dependence of the quenching rates 3@s¢FP*)ioc

on the concentration of DABCO (Fig. 8(b)), the bimolecu-
lar rate constant of the quenching GCgoFP*)ioc Was es-
timated to be 2108 M~1s~1, which is smaller than that
observed in the electron transfer process betv?@g and
DABCO in benzonitrile (BN), 410°M~1s~1 [23]. The

0.06 3C§0 and DABCO in BN, 0.6 [23]. In the present electron
0.15} 720 nm transfer betweer?CgoFP*)1oc and DABCO, the contribution
o 2 8;2,2_ A of DABCO adsorbed on the surface o§dEP is considered
2 0.04 - SR pr—— to be small, because the reaction with adsorbed molecule
8 0.02- 5 should be fast, while the absorption—time profile (insert of
go.oz 0 e Fig. 8(a)) did not show any sign of fast electron transfer
P « time / ps reaction. Furthermore, a linear pseudo-first-order plot indi-
cates that the electron transfer with DABCO adsorbed on
0.00 , the surface of ggFP may be small.

600 700 800 900 1000 1100 1200

3.6. Photoinduced oxidation ofggFP

Wavelength / nm

Nonell et al. reported that the radical cation @Q@Cg0° 1)
can be generated in a high yield by the photosensitized elec-
tron transfer process using a cosensitizer in solution [25].
For example, using NMA and biphenyl (BP) as a sensi-
tizer and a cosensitizer, respectivelyoC" was generated
by following reaction schemes (Egs. (4) and (5)):

NMA* -2 SNvA+ BE NMAC 4 BP* (4)
oo | | 1 BP** + Cgo — BP + Ceo® ™ (5)
00 4.0 8.0 12.0 16.0

Recently, we reported that the same oxidation is also appli-

cable to other fullerenes such asCCz6, and G2 [26,27].

. _ _ ~ Here, GoFP was examined to donate an electron td BP

Elg. 8. (a) Trapsuent absorption spectra observed by 355nm laser |rrad|a-in this reaction system. Immediately after the 355 nm-laser

tion of CgoFP in the presence of DABCO (5.0mM) in ethanol at 100 ns itati hich ites NMA inl t ient ab

(solid circle) and 500 ns (open circle). Insert: absorption—time profiles at e_XCI ation which excites ma'_n y, a ran5|en_ absorp-
tion band appeared at 980 nm which can be attributed to the

720 and 1060 nm. (b) Dependence of the quenching kage of 3CgoFP*
on concentrations of DABCO. radical cation of goFP from comparison with the spectrum

[DABCO]/ mM
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