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To construct accurate risk assessment models for engineered
nanomaterials, there is urgent need for information on the
reactivity (or conversely, persistence) and transformation pathways
of these materials in the natural environment. As an important
step toward addressing this issue, we have characterized

the products formed when aqueous Cg clusters (nCg) are
exposed to natural sunlight and also have assessed the
wavelengths primarily responsible for phototransformation. Long-
wavelength light (1 = 400 nm) isolated from sunlight, was
shown to be important in both the phototransformation of nCe
and in the production of '0,. The significance of visible light
in mediating the phototransformation of nCg, was supported by
additional experiments with monochromatic light in which

the apparent quantum vyield at 436 nm (®yz5 ,n = (2.08 &= 0.08)
x 107%) was comparable to that at 366 nm (@5 om = (2.02

+ 0.07) x 107%). LDI-TOF mass spectrometry indicated that most
of the photoproducts formed after 947 h of irradiation in
natural sunlight retain a 60 atom carbon structure. A combination
of ®C NMR analysis of "*C-enriched nCg, X-ray photoelectron
spectroscopy and FTIR indicated that photoproducts have
olefinic carbon atoms as well as a variety of oxygen-containing
functional groups, including vinyl ether and carbonyl or
carboxyl groups, whose presence destroys the native sz-electron
system of Cg. Thus, the photoreactivity of nCg in sunlight
leads to the formation of water-soluble Cg, derivatives.

Introduction

Release of increasing quantities of carbon-based nanoma-
terials (CNMs), including Csg, to natural and engineered
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environments is inevitable due to the growing number of
commercial products that contain CNMs. This has increased
the urgency for research on the fate, transport, and persis-
tence of CNMs in the environment (I). Previously, it has
been shown that aqueous Cg clusters (nCg) undergo
phototransformation in sunlight (2) forming water-soluble
products that have higher photoreactivity than the native
nCg colloidal suspensions, as measured by the singlet oxygen
(10,) production rate (3). The physicochemical properties of
most functionalized Cg derivatives, including polyhydroxy-
lated Cqy, (i.e., fullerenol or fullerol) drastically deviate from
those of underivatized Cg. Observed changes in environ-
mentally relevant properties upon functionalization have
included increased aqueous solubility (4); enhanced mobility
in natural waters and through porous media (5); changes in
toxicity (6); and altered production rates of reactive oxygen
species (ROS) under UVirradiation (7, 8). Assessing potential
health and safety effects of CNMs therefore requires detailed
characterization of the products that form as a result of their
exposure to the natural environment.

While the synthesis chemistry of Cq, derivatives has re-
ceived much attention (9, 10), information on the potential
reactions of Cg in nature and in engineered systems is only
now beginning to emerge. In engineered environments that
mimic conditions present in water treatment plants, aqueous
Cgo clusters have been shown to react with ozone (11), and
also transform under 254 nm UV light (12), in both cases
forming water-soluble Cg products containing multiple
hydroxyl and oxygen functionalities, similar to those of
commercial fullerenols. Environmentally mediated trans-
formations of oxygenated Cg molecules have also been
reported. For example, Kong et al. (8) reported that fullerenol
is extensively phototransformed to CO, upon exposure to
simulated sunlight. Biologically mediated transformations
of fullerenol also can occur; Schreiner et al. (13) reported
that white rot basidiomycete, a soil-derived fungus, was
capable of metabolizing *C-labeled fullerenol, in which the
stable isotope *C from fullerenol was converted to CO, or
incorporated into fungal biomass.

The focus of the present study is to assess the transfor-
mations of Cg that occur in the natural environment,
specifically the photochemical effects of sunlight. Building
on our earlier studies (2, 3), in which factors controlling the
phototransformation kinetics of nCs in sunlight were
reported, herein we characterize the photoproducts by
transmission electron microscopy (TEM), mass spectrometry,
13C- nuclear magnetic resonance (NMR) spectroscopy, Fou-
rier transform infrared (FTIR) spectroscopy, and X-ray
photoelectron spectroscopy (XPS). Additionally, we have
examined the wavelength dependency of phototransforma-
tion using 400- and 280-nm cutoff filters in sunlight, and by
performing experiments with monochromatic light at 366
nm and at 436 nm within a photochemical reactor.

Materials and Methods

Materials. Sublimed Cg (99.9%) and '3C-labeled (25%
enriched) Cgy (99+%) were purchased from the MER Corp.
(Tucson, AZ). Other chemicals were of the highest purity
available and used as received. All aqueous samples were
prepared using water purified with a Barnstead Nanopure
system (Dubuque, IA).

Preparation of nCg. Aqueous Cg clusters were prepared
either by a tetrahydrofuran (THF) transfer method (referred
to as THF/nCg) or by extended stirring of pulverized Cg in
water (referred to as AQU/nCg) following procedures similar
to those described previously (3) and briefly reported in
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the Supporting Information (SI). In experiments where
products were characterized by mass spectrometry, FTIR
and XPS, AQU/nCg, solutions were used without added
salts or buffers to avoid potential interferences by impuri-
ties. In experiments where samples were analyzed by *C
NMR analysis, THF/nCg, was used because significantly less
13C-enriched Cg was required for solution preparation.

Irradiation. All solar irradiations occurred either on the
roof of the Civil Engineering Building at Purdue University
(West Lafayette, IN, 86° 55" W, 40° 26" N) or on a nearby farm
field where sunlight intensity was recorded. Due to the lengthy
sunlight exposure time required to produce sufficient pro-
ducts, some experiments were performed in a glass-covered
temperature-controlled (25 °C) greenhouse during winter
months when the outside temperature was below 0 °C, with
continued outdoor exposure once the weather warmed. More
information on sample preparation, experimental proce-
dures, and sunlight intensity data acquisition can be found
in earlier publications (2, 3) and is briefly reported in the SI.
In experiments that examined wavelength dependent effects,
sample tubes were attached to the bottom of black boxes (5
cm in depth x 38 x 38 cm), on top of which 280 or 400 nm
cutoff filters (Polycast UVT (280 nm cutoff) and UF-3 (400
nm cutoff), Spartech Corp., Clayton, MO) were clamped
during exposure to sunlight.

Photoreaction quantum yield studies were performed in
a rotating turntable reactor (i.e., a merry-go-round reactor
(MGRR) 8, 14), within which monochromatic light at 366 or
436 nm was isolated from a Hanovia mercury vapor lamp by
a combination of Corning 0—52 and 7—37 glass filters or of
Corning 3—73 and 5—58 glass filters, respectively. The
temperature was maintained at 22 + 1 °C using a NESLAB
recirculating water bath. Monochromatic irradiation experi-
ments were performed using 8 mL cylindrical Pyrex glass
tubes (100 x 13 mm) filled with 5 mL of AQU/nCs (1.5 mg/L)
with an average particle size of 220 nm as measured by
dynamic light scattering (DLS). All samples were prepared
in triplicate. Dark control samples were prepared in identical
glass tubes wrapped with aluminum foil. To determine the
light intensity in MGRR experiments, potassium ferrioxalate
(0.15 M in 0.1 N H,SO,), a chemical actinometer, was
irradiated in parallel with samples at 366 or 436 nm in the
MGRR. The detailed procedure was previously reported (14).
The measured photon radiation intensity (I;) at 366 and 436
nmwas 0.00724 and 0.00190 mol photon L' h™!, respectively.
The “apparent” quantum yield for photoreaction of nCs at
wavelength A, ((®)nceo,1), was calculated using eq 1 (14).

kobs,l

2303(,)(c) () M

(@, ) =

where kobs ; is the pseudo first-order rate constant obtained
for the photoreaction with monochromatic light (i.e., 0.0108
h™! measured at 366 nm and 0.0023 h™! measured at 436
nm), ¢; is the molar absorption coefficient of AQU/nCs, at
wavelength 366 and 436 nm, /is the light path length (1 cm),
and I, (mol photon L™' h™!) is the radiation intensity
determined using the ferrioxalate actinometer. In our case,
the values we report for (®),ce,; are “apparent” quantum
yields since nCg is a heterogeneous colloidal suspension
rather than a homogeneous solution, leading to several
complications in applying eq 1, with one of these being
difficulty in accounting for light scattering, which in turn
complicates precise measurement of molar absorption
coefficients and the light path length. To help take into
account the light scattering effect, the attenuation coef-
ficients, scattering coefficients, and absorption coefficients
of AQU/nCg, were measured using a SHIMADZU UV-2450
spectrophotometer equipped with an ISR-2200 integrating
sphere attachment (60 mm in i.d. and with BaSO, inside
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FIGURE 1. Comparison of attenuation coefficients (dashed line)
and absorption coefficients (solid line) of AQU/nCg. The absorp-
tion coefficients were measured using a SHIMADZU UV-2450
spectrophotometer equipped with an ISR-2200 integrating sphere
attachment (60 mm in i.d. and with BaS0, inside coating).

coating). The spectra recorded with and without the inte-
grating sphere are reported in Figure 1. The molar absorption
coefficients determined using this instrument were 3.28 x
10*and 2.30 x 10* M~! cm ™! at 366 and 436 nm, respectively.
The scattering albedo, which is defined as the ratio of the
scattering coefficient to the total attenuation coefficient (15)
of the AQU/nCgy, was calculated to be ~0.3 at these two
wavelengths. Without specific indication, all other measure-
ments of UV—visible spectra in this study were conducted
using spectra obtained without the integrating sphere
attachment (i.e., light attenuation). Within the nCe clusters,
surrounding Cgy molecules are quite efficient in quenching
the Cq excited state, significantly lowering (®),cs0,, coOmpared
to its values measured in homogeneous organic solvent
solutions (2). Since we define (®),ce0,1 as the photoreaction
quantumyield (i.e., phototransformation of Cq), our reported
values will be much less than that of triplet state production
under the same conditions.

To produce sufficient materials for product characteriza-
tion, 43 mL aliquots of AQU/nCg (2.2 L at 10 mg/L) were
placed in a number of cylindrical borosilicate glass tubes (25
mm O.D. x 150 mm) and then exposed to sunlight for an
extended length of time. All product characterization except
for 3C NMR analysis was performed on the material
generated in these tubes. Most of the irradiated and dark
control samples (2 L each) were concentrated by removing
water in a rotary evaporator. The resulting ~10 mL samples
were vacuum-dried and the solid residues pulverized, and
then heated in an oven at 70 °C for 4 days. The particles
contained in the remaining volume of AQU/nCg were
analyzed by DLS, mass spectrometry, and TEM as described
below.

Analysis. In wavelength-dependent experiments, the
concentrations of furfuryl alcohol (FFA), used as a 'O,
trapping reagent, and Cg were determined by HPLC with
UV detection reported previously, with molecular Cg sepa-
rated and detected by HPLC after removal from the aqueous
phase by the reported (2, 3) or by an alternative method. By
using the reported (2, 3) liquid—liquid extraction, complete
(~100%) recovery of Cg was attained from THF/nCe.
However, because we observed incomplete Cg recovery from
irradiated AQU/nCg by the cited method, Cg was recovered
from the solutions by drying 1—2 mL samples under N, gas,
and dissolving the residue in a double volume of toluene
under mild sonication for ~3 h prior to HPLC analysis of the



toluene phase. This increased the efficiency of Cqy recovery
t069.3 £ 0.6% (n = 3) of the initial mass as compared to only
15.3 + 1.1% recovery obtained by using the liquid—liquid
extraction method prior to HPLC analysis. The DLS and TEM
procedures have been described previously (2). Samples for
TEM and mass spectrometry were concentrated seven times
by drying under N, prior to analyses.

Matrix-assisted laser desorption ionization (MALDI) mass
spectrometric results were obtained using an Applied Bio-
systems (Framingham, MA) Voyager DE PRO mass spec-
trometer. This instrument utilizes a nitrogen laser (337-nm
laser) for ionization with a time-of-flight (TOF) mass analyzer.
The positive ion mass spectra were obtained in the linear
mode. The accelerating voltage was set at 20 kV and the grid
voltage at 72%. The extraction delay time was set at 225 ns.
The acquisition mass range for this study was 100—10 000
Da. There were 50 laser shots per spectrum. In samples where
a matrix (i.e., a-cyano-4-hydroxycinnamic acid) was used,
the sample and matrix were mixed in a ratio of 1:1 (v:v) on
the sample plate. This mixture was allowed to air-dry prior
to insertion into the mass spectrometer for analysis.

For XPS analysis, samples were prepared by dusting dry
nCg onto conductive double stick copper tape, such that no
copper could be seen (typically ~3 mg). XP spectra were
obtained with a PHI 5400 XPS system (Pyase <5 x 107° torr)
using Mg Ko X-ray irradiation (1253.6 eV). Ejected photo-
electrons were measured with a precision high energy
electron analyzer operating at a constant pass-energy (44.75
eV) with a scan rate of 0.125 eV/step. XP spectra were
processed with commercially available software (CasaXPS),
and atomic concentrations were quantified by integration of
the appropriate photoelectron peaks.

FTIR spectra were recorded on a Thermo Nicolet Nexus
670 FTIR spectrophotometer. Samples were prepared by
embedding dried AQU/nCe (0.67 mg) in KBr pellets (50 mg).

All NMR spectra were acquired at 20 °C on a Varian Inova
600 MHz spectrometer (599.7 MHz, 'H) using a 5 mm
broadband probe (Varian, Palo Alto, CA). All NMR samples
were prepared by mixing *C-enriched (25%) THF/nCg with
20% (v/v) D,O in 5 mm standard NMR tubes. '*C chemical
shifts were referenced to tetramethylsilane (TMS). In all
experiments, 102 400 transients were collected without 'H
decoupling using a 34.2 kHz spectral width, 2 s prescan delay
and 1 s acquisition time. The data were processed using
MestReC (MestreC Research, Santiago de Compostela, Spain)
with 10 Hz apodization followed by zero-filling to 128 k points.

Results and Discussion
Wavelength Dependency. Figure 2a shows the results of Cg
loss from THF/nCg, suspensions under the 280 and 400 nm
cutofffilters from 10 a.m. to 4 p.m. on sunny or partly cloudy
days in late October to early November sunlight. The 280 nm
cutoff filter essentially acts as a control, as all wavelengths
of solar irradiation (i.e., = 300 nm) in the troposphere can
pass through the 280 nm cutoff filter. The rate of Cs loss was
~40% less for samples irradiated through the 400 nm filter
compared to the 280 nm filter, with the apparent first order
rate constants equal to 0.034 and 0.054 h™!, respectively. Since
both filters transmit ~90% of the light above the respective
cutoff wavelength as shown in SI Figure S1, this result suggests
that long-wavelength solar irradiation (i.e., = 400 nm)
contributes significantly to Cgy phototransformation when
present as nCg.

Photochemical reaction kinetics may be described by eq
2, where the transformation rate is a function of the radiation
intensity, I;; the molar absorption coefficient of the chemical,
¢;; the wavelength range (1, to 4,) over which the chemical
absorbs light; the light path length, [, and the quantum yield,
‘I);j
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FIGURE 2. (a) Loss of Cg from solutions containing THF/nCg (1
mg/L) under 280- (®) and 400-nm (M) cutoff filters irradiated in
sunlight at pH 7 from October 20 to November 2, 2008; and (b)
decay of FFA (0.2 mM) in the present of 1 mg/L THF/nCg under
the same conditions. Open symbols are the corresponding dark
control samples under the 280- (<) and 400-nm (OJ) cutoff filters.
The average solar irradiance from 300—800 nm during irra-
diation was 292 Wm 2
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Based on the absorption spectra of the nCg suspensions
that were measured using an instrument equipped with an
integrating sphere to measure scattered light, the average
fraction oflight absorbed in the visible region (400—800 nm)
is about one-half that at wavelengths <400 nm. Combined
with the fact that the sunlight intensity (i.e., number of
photons per area) at 4 > 400 nm is ~7-fold higher than that
at wavelength <400 nm (SI Figure S2), it is clear that visible
light is responsible for a significant portion of nCg pho-
totransformation. The kinetic study using monochromatic
light (SI Figure S3) further supports this view, as the apparent
quantumyield (®,ce, 1), determined using eq 1 and measured
at 1 = 436 nm was (2.08 & 0.08) x 1075, comparable to that
at 1 =366 nm of (2.02 £ 0.07) x 1075. It should be noted that
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although Ce clusters used for sunlight experiments under
cutoff filters (THF/nCg) and those used in monochromatic
light studies (AQU/nCg) are different, they qualitatively
exhibit similar light absorption characteristics, with absorp-
tion bands at ~360 and 450—570 nm (SI Figure S2).

In a separate experiment (Figure 2b) where 1 mg/L
THF/nCs suspensions were irradiated under 280 or 400 nm
cutoff filters with 0.2 mM FFA added as a 'O, trapping agent,
a slightly higher FFA decay rate was obtained under the 280
nm cutoff filter consistent with the relative rate of Cg loss
shown in Figure 2a. Especially under the 400 nm filter, FFA
loss appears autocatalytic, consistent with our earlier study
(3) where the soluble photoproducts were more photoreactive
than the parent THF/nCg.

Photoproduct Characterization. To prepare sufficient
materials for product characterization, 2.2 L of AQU/nCgs, (at
10 mg/L) was irradiated in sunlight from May 17 to August
16, 2009 (SI Figure S4) due to the lengthy irradiation time
required to produce sufficient quantities of photoproducts.
In sunlight, Cg loss occurred with an average first-order rate
constant of 0.0042 h™! whereas the dark control samples
showed negligible loss (SI Figure S4a). The rate of Cg, decay
under these conditions was approximately 1 order of
magnitude slower than that measured from Figure 2a (0.034
and 0.054 h™!), primarily due to the higher optical density
at 10 mg/L; however other factors likely contributed also,
including sunlight intensity, weather, tube geometry, and
nCg particle size (2). After 947 h of sunlight exposure, the
average particle size decreased from 330 to 170 nm as
determined by DLS and confirmed by TEM imaging. Because
Cso was undetectable on HPLC chromatograms after 947 h
of sunlight exposure, the TEM image at 947 h (SI Figure S4b)
is that of transformation products existing within smaller
poly dispersed aggregates. The UV—visible absorbance
spectrum of the irradiated sample shows significant decrease
in the characteristic absorbance peaks of AQU/nCg at 224,
284, and 360 nm, and significant decrease in a broad
absorption band from 450—570 nm (SI Figure S4c). These
results for AQU/nCg under sunlight exposure are consistent
with our previous results where THF/nCg, was exposed to
lamp light within the solar spectrum (1 = 300—410 nm) (2).

Figure 3 shows mass spectra of samples derived from the
same experiment reported on in SI Figure S4. The dark control
sample (Figure 3a) shows the molecular ion peak at 720 m/z
with minor peaks at 696 and 672 m/z (Figure 3a inset). The
minor peaks can be attributed to Cs, fragmentation during
laser desorption ionization (LDI), as they became more
pronounced if the laser energy is increased (not shown). The
sample after 947 h of sunlight exposure (Figure 3b) shows
a similar mass spectrum with the molecular ion peak at 720
m/ z and slightly more fragmented molecular ions (i.e., m/z
<720). No significant spectral intensity was observed at m/z
< 500. As the Cqy concentration in the irradiated sample is
below the detection limit, as measured by our extraction
and HPLC method, the major peak at 720 m/z suggests that
the oxygenated Cg products (see below) lose the oxygen-
containing functionalities during LDI, resulting in the
observed 60-carbon ion peak at 720 m/z. Indeed, we have
not observed molecular ions at m/z>720, where oxygenated
Cep derivatives should exist if detectable, consistent with mass
spectra result of polyhydroxylated Cq (9, 11, 16). For the
irradiated sample, minor peaks from m/z = 512 to 648 were
observed. These new species are generally spaced at 12, 16,
or 24 amu increments (Figure 3b inset) and may be nonparent
ion fragments of the fragile oxygenated 60-carbon atom
products, fragmented during LDI (17), with the 16 Da mass
differences suggesting some incorporation of oxygen moi-
eties. Even if the peaks at m/z < 720 are primary molecular
ions (in which case the 60-carbon structure is not maintained
in sunlight) the predominance of the peak at m/z = 720
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FIGURE 3. LDI-TOF mass spectroscopy of AQU/nCs, showing (a)
the dark control sample, and (b) the irradiated sample after
947 h.

indicates that the vast majority of product species retain the
Ceo structure. The use of o-cyano-4-hydroxycinnamic acid
as amatrix to protect the analytes from fragmentation during
ionization (i.e., MALDI) results in very similar mass spectra
(not shown). This supports our assertion that most of the Cgo
photoproducts retain a 60-carbon structure, although the
MS analysis also highlights the limitations of MS for product
analysis in the case of Cg due to the facile fragmentation of
the product species.

The effects of sunlight irradiation on the chemical
composition of the same AQU/nCg, samples, probed using
XPS, are shown in Figure 4. XP spectra of the C(1s) and O(1s)
regions are shown for three samples: (a) “as-received” (AR)
Cgo material from the manufacturer, (b) dark control samples,
and (c) samples exposed to sunlight for 947 h. The AQU/nCg
samples reported in Figure 4b and c were suspended in water
for approximately the same time period, and are the same
as those reported on in Figure 3 and SI Figure S4. Thus, any
differences in the chemical composition between Figures 4b
and c can be ascribed solely to the effects of sunlight
irradiation. The C(1s) region of the AR Cqy (Figure 4a) is
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FIGURE 4. XP spectral envelopes of the 0(1s) and C(1s) regions for (a) as-received Cg, (b) dark control AQU/nCg, and (c) AQU/nCg
irradiated in sunlight for 947 h. For each sample, the integrated area under the C(1s) spectral envelope has been normalized and the
0(1s) signal intensity adjusted accordingly. In the C(1s) spectra of (b), the binding energy regions for C—C/C=C and oxidized carbon
atoms (i.e., CO, species) has been shown. The inset in the C(1s) region shows the change in the 7—=* shakeup feature centered at
291 eV for each Cg sample; in each insert, the vertical arrow indicates the binding energy below which spectral intensity is

observed.

dominated by a single peak at a binding energy of 284.5 eV,
whereas the O(1s) region is devoid of any spectral intensity.
These observations are consistent with the chemical formula
and structure of Cgp and other XPS spectra of Cq (18, 19). In
Figure 4a, a 7—x* shakeup feature also can be discerned at
~291 eV in the C(1s) region (see insert); this feature arises
from the simultaneous excitation of  electrons during the
ejection of C(1s) photoelectrons and is evidence of a
deconjugated  electron system in the AR Cg. For the control
experiment in which AQU/nCg, samples were not exposed
to sunlight, the C(1s) and O(1s) regions are largely unchanged
compared to (a), with a dominant peak in the C(1s) region
at284.5 eV and virtually no signal intensity in the O(1s) region.
Although there is a slight broadening of the C(1s) region to
higher binding energies in dark control AQU/nCg relative to
the AR Cg (compare the C(1s) regions in Figure 4a and b),
evidence of a 7—x* shakeup feature can still be seen in the
insert by virtue of the onset in spectral intensity at ap-

proximately 292 eV. Upon exposure of the AQU/nCsp samples
to sunlight irradiation, significant changes are observed in
both the C(1s) and O(1s) regions. Specifically, the C(1s) region
broadens to higher binding energies and the peak at 284.5
eV becomes less dominant; in the O(1s) region there is a
marked increase in spectral intensity. All of these changes
are consistent with the effects that would be expected to
accompany the oxidation of carbon atoms in the AQU/nCg
samples due to sunlight irradiation. Furthermore, the inset
in the C(1s) region of Figure 4c exhibits no evidence of a
n—m* shakeup feature; indeed, the onset of spectral intensity
in the C(1s) region does not occur until below 291 eV, the
peak position associated with the 7—x* shakeup feature. Thus,
XPS results indicate that photo-oxidation of AQU/nCg
samples leads to the formation of oxygen-containing func-
tional groups and the destruction of the deconjugated
m-electron system associated with the parent AQU/nCg.
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FIGURE 5. FTIR spectra of AQU/nCs showing (a) the dark
control sample, (b) the irradiated sample (947 h), and (c) a
commercial fullerenol (Cg(0){O0H), where x + y = 22)
spectrum adapted from ref 11.

The FTIR spectra of the irradiated (947 h) and the dark
control AQU/nCgy samples generated from the experiment
reported in Figures 3 and 4 and SI Figure S4 are presented
in Figure 5. In each spectrum, the presence of a broad IR
feature centered at approximately 3400 cm ™! can be attributed
to water that was not removed during sample drying, or due
to the moisture associated with the KBr pellets. The same
peakalso occurs in the AR Cg (not shown). In the dark control
AQU/nCs, sample (Figure 5a), four sharp absorption peaks
at528,577,1183, and 1429 cm™! are characteristic of pristine
Ceo (20). Other peaks at 1538, 1600, 2188, and 2326 cm ™! may
be attributed to impurities in the AR Cgo material (20) and/or
in the KBr pellets, as these peaks are present also in the AR
Ceo (not shown). For the irradiated sample (Figure 5b), the
characteristically sharp peaks of pristine Cs completely
disappear and new broad absorption bands centered at 1060,
1390, and 1600 cm ™! appear. These new features are assigned
as shown in SI Table S1, and are consistent with carbon—
oxygen bonds. A comparison of Figure 5b and c reveals that the
features of the irradiated AQU/nCg, sample (Figure 5b) closely
resemble those of a commercial fullerenol (Cs(O)(OH),,
where x + y = 22, (MER Corp.)) (Figure 5¢) (11).

In a separate experiment where '*C-enriched (25%)
THF/nCs (58 mg/L) was exposed to sunlight from February
12 to June 15, 2009, the *C chemical shift was recorded and
reported in Figure 6. The dark control sample shows a single
peak at 143 ppm (Figure 6a), which is 3 ppm upfield from
previous reports on aqueous Cgy clusters (11, 2I), but is
consistent with pristine Cg in the solid state (22) or dissolved
in organic solvents (23). Upon sunlight irradiation, the peak
at 143 ppm gradually decreased as Cg was lost from the
aqueous suspensions with complete loss of the peak at 143
ppm coinciding with complete loss of Csy as measured by
HPLC. In parallel, *C signals at 135, 161, and 176 ppm
increased (Figure 6b—d), corresponding to olefinic carbons
(C=C at 135 ppm) (9); vinyl ether carbon (C=C—O at 161
ppm) (11, 13); and carboxyl or carbonyl carbon (O = C—0
or C=0 at 176 ppm) (11, 13, 24).

Influence of Oxidizing Conditions on the Transforma-
tions of nCg. Although the focus of this investigation was
to characterize the photoproducts formed when nCg is
exposed to sunlight, it is useful to consider the similarities
and differences between the results reported herein to results
of other studies conducted under oxidizing conditions likely
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FIGURE 6. *C NMR spectra of '*C-enriched (25%) THF/nCg (58
mg/L) exposed to sunlight from February 12 to June 15, 2009,
showing (a) a dark control sample, and samples after (b) 292 h,
(c) 557 h, and (d) 1453 h of sunlight exposure. The remaining
concentrations of Cg corresponding to spectra (b), (c), and (d)
were 25, 5, and 0 mg/L, respectively.
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to be encountered in water treatment plants (i.e., A =254 nm
and reaction with ozone) (11, 12). Whereas ozone reacts with
nCg within hours, photochemical reactions are slower,
requiring days under UVC light (i.e., 2 = 254 nm), and weeks
or months under sunlight. In all three cases, the characteristic
UV—visible light attenuation of nCs at 220, 280, 360, and 500
nm decreases with time, as does the size of the nCg particles.
Irrespective of if nCg particles are exposed to Oz, UVC light,
or natural sunlight, the mass spectra indicate that most
products retain the 60 carbon structure. FTIR spectra of the
resulting products show analogous absorption characteristics
with varied relative abundances. In particular, the peak at
1600 cm™?, likely associated with carbonyl or carboxylate
species, is significantly greater in intensity for Os-treated nCey
than for UVB or UVC irradiated nCg, suggesting more facile
production of highly oxygenated species under O; treatment,
although longer irradiation in natural sunlight likely would
produce the same result. *C NMR spectra also indicate similar
oxygenated products occur when nCg is subjected to reaction
with either ozone or sunlight. XPS results indicate that the
extent of oxidation is noticeably higher for the reaction
with O;, with a larger fraction of C=0/0—C—O species. In
summary, products formed within the different oxidizing
environments show many similarities, with oxidation reac-
tions occurring at a much slower rate in natural sunlight.
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