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The mechanism involved with (1) energy and electron

transfer by Cg in the aqueous phase during UV irradiation

and (2) subsequent production of reactive oxygen species (R0S)
such as singlet oxygen and superoxide radical anion was
investigated. Electron paramagnetic resonance (EPR) study
showed that Cgy embedded in micelles of nonionic surfactant
(Triton X 100) or anionic surfactant (sodium dodecylbenze-
nesulfonate) produced ROS, but aggregated Cg did not, consistent
with our earlier findings made using indicator chemicals.
Nanosecond and femtosecond laser flash photolysis showed
that the aggregation of Cgp significantly accelerates the decay of
excited triplet state Cg, which is a key intermediate for
energy and electron transfer, thus blocking the pathway for
ROS production. This finding suggests that Cg clusters will not
contribute to oxidative damage or redox reactions in natural
environment and biological systems in the same way molecular
Ceo in organic phase reportedly does. In contrast, Cg embedded
in surfactant micelles produces ROS and the evidence is
presented for the formation of Ce radical anion as an intermediate.

Introduction

Understanding photochemical properties of Ce is critical to
accurately assess Cgo’s ecotoxicological impact upon un-
wanted release to the natural environment (I-3). When
irradiated with UV light (4), Cg is photochemically excited
to singlet state (1Cso*), which subsequently converts to triplet
state (3Cgo*) through intersystem crossing (5-7). The excess
energy in 3Cg* is efficiently transferred to oxygen present in
the same media as Cg returns to ground state (6, 7), producing
singlet oxygen, 'O, (5, 8-11). In the presence of an electron
donor with an adequate redox potential, *Cg* can be
reductively converted to Csp radical anion (Cgo"") (9-12), which
further transfers an electron to oxygen, producing superoxide
radical anion, O,"~ (9-11). Such electron transfer mechanisms
are thermodynamically much more favorable with 3Cgo* than
ground-state Ceo (E0(3C60*/3C60._) =4+1.1 VNue VS E0(1C60/1C60._)
= —0.2 Vnue (13)). Therefore, it is possible that photoexcited
Ceo can be involved in various redox reactions as either an
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electron acceptor or electron shuttle. These properties,
particularly Cey’s ability to produce reactive oxygen species
(ROS) such as 'O, and O*~, have been proposed as the
mechanism of observed toxicological effects of Cg (2, 14, 15).

However, Cg does not always exhibit the above intrinsic
molecular properties. Our past study (9) suggested that when
Ceo formed stable aggregates in water, !0, and O~ pro-
duction was not measurable by wet chemical methods. Note
that the aggregate forms of Cg can be produced via different
preparation methods including (1) solvent exchange using
polar organic solvent such as tetrahydrofuran (16-18), (2)
contacting organic solvent containing Csy with water and
applying ultrasound (9, 19, 20), or (3) mixing dry Cg with
water for an extended period (I16), among others. These
aggregate forms of Cgp have raised an environmental issue
as the new form of Ce that can potentially contaminate
natural waterways (1-3, 18, 21, 22). In contrast, when Cg was
associated with encapsulating agents such as surfactant or
polymer, Cg retained its intrinsic photochemical reactivity
(9-11, 23). These findings are significant as they suggest that
Ceo released to the aqueous environment as aggregates may
not be directly involved with ROS-induced toxicological
effects reported in the past, as long as they are not physically
or chemically modified as they enter a biological system.

The present study provides key experimental evidence to
elucidate the mechanisms of how energy and electron transfer
by Ceo are affected by the dispersion status of Cg in the
aqueous phase. We hypothesized in our past study (9) that
when Cg forms aggregate, the reaction intermediate, i.e.,
photoexcited triplet Cey (*Cs0*), is quenched by surrounding
ground-state Cg (self-quenching) and another triplet Ceo
(triplet-triplet annihilation), resulting in loss of intrinsic
photochemical reactivity. This hypothesis is tested herein
by measuring the lifetime of key intermediate species for
energy transfer (3Cg*) and electron transfer (Cg"~) using
nanosecond and femtosecond laser flash photolysis. In
particular, detection of Cgo*~ in the presence of strong electron
donor (i.e., triethylamine (TEA)) would indicate that a direct
involvement of Cgp as an electron acceptor or mediator in
various redox reactions might be possible in the natural
environment and biological systems. We examine several
representative water stable Cg samples, including Cs ag-
gregates prepared according to previously established meth-
ods (9, 19) and Cg associated with two different types of
surfactants, Triton X 100 (TX 100, nonionic) and sodium
dodecylbenzenesulfonate (SDBS, anionic), that were applied
either below or above critical micelle concentration (c.m.c.).
In our past study (9), ROS productions were indirectly
measured using furfuryl alcohol and nitro blue tetrazolium
as an indicator for !0, and O;"~ respectively. In this study,
we apply an electron paramagnetic resonance (EPR) spin
trapping technique which is more commonly used to detect
radical species.

Experimental Section

Materials. Chemicals used as received in this study include:
Ceo (99.9%, sublimed, MER Corp.), SDBS (Aldrich, c.m.c. =
ca. 1.7 g/L), TX 100 (Sigma-Aldrich, c.m.c. = ca. 0.16 g/L),
TEA (Aldrich), toluene (Fisher Scientific), 2,2,6,6-tetramethyl-
4-piperidone (4-oxo-TEMP, Tokyo Chemical Industries), 5,5-
dimethyl-1-pyrroline- N-oxide (DMPO, DOJINDO Labora-
tories), FeSO, (Sigma-Aldrich), and diethylenetriaminepentaacetic
acid (DETAPAC, Sigma-Aldrich). Ultrapure water (resistance
>18.2 MQ) produced by a Milli-Q water purification system
(Millipore, Billerica, MA) was used for the preparation of all
solutions.
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Preparation of Aqueous Stable Cgo. Ultrasound (50/60
Hz, 125 W) was applied to a heterogeneous mixture of 10 mL
of toluene containing 5 mg of Cs and 90 mL of ultrapure
water in a sealed bottle for 24 h using an ultrasonicator (model
8845-40, Cole-Parmer). The ultrasound was further applied
to the mixture open to atmosphere for an additional 24 h at
60 °C to evaporate toluene. The solution was then filtered
through a 0.45-um PTFE filter (Millipore Corp.). The aqueous
suspension of aggregate form of Cey prepared according to
this specific method is herein referred to as son/Ce. Cso
associated with surfactants was prepared following the same
procedure except that the ultrapure water contained sur-
factant. These are referred to in this study as Ce/TX 100 or
Ceo/SDBS.

EPR Analysis. EPR analyses were performed using a Bruker
EMX spectrometer under the following conditions: temper-
ature = 298 K, microwave frequency = 9.8 GHz, microwave
power = 16 mW, field modulation = 0.1 mT at 100 kHz, and
scan time = 89.3 s.

(1) 'O Detection. Production of 'O, was monitored using
4-oxo-TEMP as a spin-trapping reagent (I11). Experimental
solution with the target Cg concentration of 5 mg/L was
prepared by mixing 1 M 4-oxo-TEMP (20 uL), 12.5 mg/L Cg
stock suspension (100 xL), 250 mM phosphate buffer at pH
7.0 (50 uL), and ultrapure water (80 uL). The solution was
placed in a cylindrical quartz cell and UV light (350-400 nm)
was irradiated using six 4-W black light bulbs (BLB, Philips
TLAW). After the light irradiation for 3-20 min (i.e., not beyond
30 min to avoid the excessive degradation of 4-oxo-TEMP),
the test cell was quickly subjected to EPR measurement. When
10, was produced, 4-oxo-TEMP was oxidized by 'O, to
produce 4-o0xo0-2,2,6,6-tetramethyl-1-piperdinyloxy radical
(4-oxo-TEMPO). The EPR signals for 4-oxo-TEMPO therefore
indicated the formation of '0..

(2) O2"~ Detection. The generation of O,*~ was indirectly
measured by converting O,*~ to “OH in situ and monitoring
*OH, since *OH can be more sensitively detected by the EPR
spin-trapping technique (11). Fe(I) ~-DETAPAC complex was
used to reduce O,"~ to *OH [k(Fe(II) - DETAPAC + O,"") = (2
+ 0.5) x 10" M~1s7! (29]. DMPO was utilized as a spin-
trapping agent for "OH and TEA was used as an electron
donor. The reaction mixture was prepared by mixing DMPO
(20 uL), 5 mM Fe(II)-DETAPAC in 250 mM phosphate buffer
(50 uL), 12.5 mg/L Cep stock suspension (100 xL), 100 mM
TEA (25 uL), and distilled water (55 uL). The photochemical
reaction was performed following the same procedure
described above for '0, and EPR signals of DMPO-OH adduct
were monitored.

Laser Flash Photolysis. (1) Decay Kinetics of *Cso*. Both
nanosecond and femtosecond laser flash photolysis experi-
ments were carried out to trace the decay kinetics of 3Ceo*
in different aqueous Cg, samples. The experimental solution
contained 5 mg/L of Csp and was buffered at pH 7. To inhibit
the pathway for energy transfer from 3Cgo* to oxygen, solution
(3 mL) was placed in a rectangular cell, bubbled with argon
gas for 30 min, and sealed from the atmosphere. For
nanosecond experiments, a 355 nm laser pulse (10 m]J, pulse
width = 6 ns) from a Quanta Ray Nd:YAG laser system was
used as an excitation source and a xenon lamp was used as
a monitoring source. Instantaneous formation of 3Ceo* after
laser pulse and subsequent decay were monitored at 740 nm
(6). For the Cg samples with 3Cg* having short life times
(less than a nanosecond), femtosecond laser flash photolysis
experiments were performed using a Clark-MXR 2010 laser.
A 387 nm laser pulse (attenuated to 5 uJ, pulse width = 150
fs) obtained by introducing a second harmonic generator to
the path of the laser beam from a Clark laser system was
used as an excitation source. Time-resolved spectra in the
wavelength region from 425 to 800 nm were obtained using
aHelios transient absorption spectrometer (Ultrafast System).
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FIGURE 1. UV-visible absorption spectra of son/Cg and Cg

colloids associated with TX 100 and SDBS applied below and
above c.m.c. ([TX 100 (below c.m.c.)l, = 0.1 g/L; [TX 100 (above
c.m.c.)y = 50 g/L; [SDBS (below c.m.c.), = 0.2 g/L; [SDBS
(above c.m.c.)ly = 20 g/L; [phosphate]l, = 50 mM; pH; = 7).

Decay kinetics for 3Cep* was obtained from the time-resolved
data using absorbance at 740 nm.

(2) Decay Kinetics of Cg°'~. Transient formation of Cey'~
through one-electron transfer from TEA under UV irradiation
and subsequent decay were monitored using a nanosecond
laser flash photolysis which was conducted with 308 nm laser
pulses from Lambda Physik excimer laser system (10 m],
pulse width 10 ns). The experiments were carried out under
the anoxic condition (by Argon purging) so that energy
transfer from 3Cgo* to O, and electron transfer from Ceo*~ to
O are both blocked. Concentration of Cg"~ was monitored
by recording the transient absorption at 1050 nm in Near-IR
region (25).

Results and Discussion

Photochemical Production of Singlet Oxygen. UV-vis
spectra of son/Cg and Cg associated with TX 100 or SDBS
(Figure 1), suggested that son/Cg and Cg associated with TX
100 and SDBS applied below c.m.c. formed aggregates, as
evidenced by a rather strong broad band absorption in the
wavelength region from 400 to 500 nm (17, 18). Ceo aggregates
in these samples are ca. 50—200 nm in size according to
dynamic light scattering (DLS) measurements by our past
study as well as others (9, 19, 20). In contrast, when surfactants
were applied above c.m.c. aggregation was considerably
reduced, as evidenced by lower absorbance in the visible
regions and less red-shifted specific peaks compared to
UV-vis spectrum of son/Cg (17, 18, 26). It is suspected that
Cgo associated with SDBS applied above c.m.c. might have
a minor degree of aggregation, while no definite evidence
was possible. Note that DLS measurements of these samples
approached the instrument detection limit (ca. 5 nm).
Microscopic imaging using transmission electron microscope
(TEM) was not possible as excessive surfactant deposited on
the carbon grid prevented clear images.

Figures 2a and 2b show that the specific EPR signals for
4-0x0-TEMPO (i.e., 'O, adduct with 4-oxo-TEMP) were
produced when the UV light was irradiated to the Cg
associated with TX 100 and SDBS (above c.m.c.). The peak
height increased as UV irradiation time was increased. In
marked contrast, Cg associated with TX 100 and SDBS (below
c.m.c.) and son/Cg did not produce any specific EPR signal
for 4-oxo-TEMPO (Figures 2c-2e). These Cg present as
aggregate form exhibited strong broad band visible light
absorption. These EPR observations are consistent with our
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FIGURE 3. EPR spectra of DMPO adduct with OH radical produced in the UV-vis illuminated suspension of (a) Cg/TX 100 (above

c.m.c.), (b) Ce/SDBS (above c.m.c.), (c) son/Ce, (d) Ceo/TX 100 (below c.m.c.), and (e) Ce/SDBS (below c.m.c.) with Fe(ll)-DETAPAC
and TEA as an electron donor ([son/Ceslo = [Ceo/TX 100]y = [Cs/SDBS]y = 5 mg/L; [DMPO], = 0.72 M; [Fe(ll)-DETAPAC], = 5 mM;

[TEA], = 10 mM; [phosphate], = 50 mM; pH; = 7).

past conclusion driven from wet chemical analyses that Ce
with greater degree of aggregation is less photochemically
active with respect to 'O, production (i.e., inefficient transfer
of energy from 3Ce* to oxygen) (9). It is also noteworthy that
Ceo encapsulated in the micelles of TX 100 produced stronger
EPR signals than that with SDBS. TX 100 prohibited Ceo
aggregation more effectively than SDBS, resulting in lower
visible light absorption, more 'O, production, and stronger
4-0xo0-TEMPO signals.

Photochemical Production of Superoxide Radical Anion.
The EPR signals of DMPO—OOH adducts that are produced
from a slow reaction between DMPO and O,"~ [k((DMPO +
0,7) = 10 M!s7! (24)] were short-lived and exhibited
complicated patterns (data not shown). Although the ap-
pearance of signals indicated the generation of O,"~ in some
samples (i.e., Cgp associated with TX 100 and SDBS applied
above c.m.c.), it was difficult to draw a definite conclusion
based on these signals. As an alternative approach, O,"~ was
converted to *OH insitu by ferrous complex (Fe(I) ~-DETAPACQ),
and DMPO—OH adduct that results from the reaction
between DMPO and "OH was examined. A control test was
performed with Fe(II)—~DETAPAC in the absence of Cs, and
no DMPO—OH signals were detected during UV irradiation,
suggesting that the iron catalyst would not contribute to
formation of both OH radical and O,"".

As shown in Figure 3, Cg associated with TX 100 and
SDBS applied above c.m.c. produced specific signals for
DMPO-O0H adducts of which strengths were dependent on
UV irradiation time. In contrast, son/Cs and Ce associated
with TX 100 and SDBS applied below c.m.c. did not. This
result suggests that electron transfer from TEA to oxygen is
effectively mediated by Cg embedded in micelle assembly
which inhibits Csy aggregation. Accordingly, Cgo encapsulated

with TX 100 showed greater signal strength than SDBS, as TX
100 was more efficient for inhibiting Cg clustering in the
aqueous phase. These EPR results are consistent with our
past conclusion, similar to 'O,, that production of O,"" is
also dependent on the degree of Cg clustering, i.e., the greater
the degree of aggregation, the less O,*~ production (9).

Decay Kinetics of 3Cg*. The above phenomena might
result as 3Cgo*, a critical transient intermediate for both energy
transfer (i.e., !0, generation) and electron transfer (i.e., O,"~
production), is rapidly lost when Cg forms a cluster. When
3Cgo* is in direct contact with other Cgo molecules, energy
can be rapidly dissipated through a self-quenching mech-
anism (i.e., energy transfer to surrounding ground-state Cgo)
and triplet-triplet annihilation (i.e., energy transfer to another
3Ce0*). Atime-resolved laser flash photolysis was used to trace
3Cego* under anoxic, argon saturated condition (where 3Cgo*
decay pathway due to energy transfer to oxygen can be
excluded) to verify the above hypothesis (6). Specifically, the
absorption of 3Cg* at 740 was measured.

Figure 4 shows that *Ceo* decayed over the time scale of
a few hundred microseconds when Cg was embedded in TX
100 and SDBS micelles. The rate of anoxic depletion of 3Cgo*
observed herein was comparable to that of *Ceo* molecularly
dissolved in organic phase or monomeric analogue of Cgo
derivative in water (27). Cgo embedded in TX 100 micelles is
most likely to be molecularly dispersed within the micelle
core (i.e., no specific visible range absorption, Figure 1), and
therefore the decay of triplet state by the self-quenching and
triplet-triplet annihilation proceeds most slowly, among all
Cgo samples. Cgp in SDBS may not be monomeric but have
some level of aggregation (i.e., some visible absorption, Figure
1), while no direct experimental evidence is currently available
as mentioned above. Consequently, the anoxic decay kinetics
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FIGURE 4. Absorption time profile of 3Cg* recorded at 740 nm
in aqueous suspension of (a) Ce/TX 100 (above c.m.c.) and (b)
Ceo/SDBS (above c.m.c.) ([Ceo/TX 100], = [Ceo/SDBS]y = 5 mg/L;
[phosphate], = 50 mM; pH; = 7; Ar-saturated condition).

of triplet state of this Cg is, albeit considerably retarded as
well, faster than triplet depletion rate of Ceo/TX 100 (above
c.m.c.). The laser flash photolysis results suggest that the
lifetime of 3Cgo* in these Cgo colloids is sufficiently long such
that energy transfer from 3Cgo* to O, competes other anoxic
quenching pathways. As a result, 'O, production was observed
in EPR analysis. This spectral difference is also well reflected
by the laser flash photolysis and EPR measurements. The
initial absorption difference, AA, obtained immediately after
laser-excitation was much higher for Cgpin TX 100 than SDBS
(Figure 4), which, combined with much longer lifetime of

3Cg0* 0f Co/ TX 100 (above c.m.c.), might imply more efficient
formation of 3Cg* when Cg is molecularly dispersed.
Accordingly, the EPR signals were greater with Cgy in TX 100
indicating greater level of both '0, and O,'~ production
(Figures 2 and 3).

However, no distinguishable peaks were observed for Cg
clusters (i.e., son/Cg and Cgp associated with TX 100 and
SDBS applied below c.m.c.) using the nanosecond laser flash
photolysis. Lack of peaks could have resulted if the time scale
of decay is smaller than the time scale of measurement.
Therefore, the measurement time scale was reduced and
additional experiments were performed using femtosecond
laser flash photolysis. Figure 5 shows the absorption spectra
recorded duringinitial 4 ps after the excitation by pulse laser
irradiation. The peak centered around 740 nm, which
indicated 3Cg* increased over the first 2 ps, and rapidly
disappeared within the next 2 ps.

Compared to Cgp in TX 100 and SDBS micelles, the decay
kinetics of triplet state was significantly accelerated when
Ceo formed aggregates. The half-lives of 3Cg* in TX 100 and
SDBS micelles were ca. 70 and 30 us, respectively, while those
of 3Cgo* in clusters were less than 1 ps. This result confirms
the hypothesis that energy transfer process and 'O, produc-
tion pathway are fundamentally blocked due to Cg aggrega-
tion and consequent rapid loss of critical intermediate during
energy transfer process. As 3Cg* becomes short-lived and
less available, electron transfer from electron donor to *Cgo*
is also limited and consequently O,"~ production pathway is
prohibited.

Decay Kinetics of Radical Anion of Cs, Colloid. Cs radical
anion (Ceo"") is a critical intermediate for production of O,*~
and for any other redox reactions involving electron abstrac-
tion or electron transfer mediation by Cs. Using a laser flash
photolysis, transient formation and decay of Cg®~ was
monitored. An absorption at 1050 nm was recorded as Cgo* ™~
exhibits strong absorption in IR region (25).

Figure 6 shows that Cg'~ formed when a solution
containing Cso in TX 100 micelle and TEA was irradiated with
a pulse laser at 308 nm and decayed over approximately 0.3
ms. The kinetics of formation and decay were comparable
to 3Ceo* (Figure 4) suggesting that electron transfer from the
electron donor to *Cgo* occurred at a faster rate than the time
scale of experiments. In contrast, no measurable peak for
Ceo"~ was detected for clustered Cgy (son/Cg and Cg with
surfactants below c.m.c.) (results not shown). This result was
consistent with the observations made for 3Cg* as well as
0O, production recorded by EPR and spectral properties.

The results presented in this study help understand the
environmental impact of Cg aggregate, a form of Cg that
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has received a widespread concern as a possible pollutant
form of Cg in natural waterways. The EPR measurement of
ROS presented in this study confirms that Cg clustering
results in loss of Ce’s intrinsic photoreactivity. Laser flash
photolysis suggests that this loss results as the lifetime of key
intermediate species is drastically reduced when Cg forms
aggregate. Therefore, aggregate Csy themselves will not be
responsible for oxidative damage by photochemical ROS
production in the natural environment and biological
systems, contrary to some suggestions made in the past
(28-30). In contrast, Cg might participate in ROS production
as it is embedded in surfactant micelles or other natural
encapsulating agents which prevent Cg, aggregation.

Itis also noteworthy that Ceo*~ did not form when Cg was
aggregated even under relatively favorable conditions for
reduction (i.e., in the presence of a strong electron donor
and under UV irradiation). Cg reduction is thermodynami-
cally favorable when the reduction potential of triplet state,
molecular Cg is considered (E°(Cgo*/3Cgo") = +1.1). There-
fore, the electron transfer process is kinetically limited when
Ceo forms aggregates and the reaction intermediate is
quenched. This suggests that aggregate Cg in most natural
and biological environments will not directly participate in
redox reactions (i.e., as an electron acceptor or electron
mediator), while a definite conclusion cannot be made at
current stage. Since changes in dispersion status as Cs enters
the biological system are suspected, further study is necessary
to trace the photochemical properties of Cg that interact
with biomolecules.
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