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Reactions of water-stable Cg clusters (nCg) in water with

OH radicals (*OH) and hydrated electrons (e,,), generated by
steady-state y-radiation, were observed and characterized.
Ordered Ce clusters were relatively recalcitrant to highly reactive
*0H and e, species, with only a fraction of carbons

oxidized and reduced, respectively. Pulse radiolysis suggested
that the reactions of nCe with OHe and e,,~ were diffusion
limited, with rate constants of (7.34 + 0.31) x 10° M~' s~" and
(2.3440.02) x 10 M~" s, respectively. Quantum mechanical
calculations of binding energy of the Cso—0OH adduct as a function
of Cg clustering degree indicate, despite an initial fast
reaction, a slower overall conversion due to thermodynamic
instability of Csg—OH intermediates. The results imply that ordered
clustering of Cg in the aqueous phase significantly hinders
Ceo's fundamental reactivity with radical species.

Introduction

Fate and transformation of Cg in the aqueous environment
have received widespread research interest in the last several
years. Since the earlier finding that hydrophobic Cg, readily
transforms into water-stable colloidal aggregates (often
termed as nCgy) (I), research to date has examined the
environmental implications of various properties of nCg
including photosensitization (2—4), colloidal stability and
electrophoretic mobility (5—7), and toxicity (8, 9). Alterna-
tively, some recent studies also showed that environmental
conditions such as UV and sunlight irradiation (10, 1I),
presence of natural organic matter (12, 13), and exposure to
oxidants such as ozone (14) also affect the chemical and
physical properties of nCg, such that modified products would
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have significantly different impacts on the environment.
Consequently, understanding the potential transformation
of Cg in natural and engineered environments is a critical
step toward understanding Cg’'s ultimate fate in the
environment.

Radical reactivity is one of the most fundamental chemical
properties associated with contaminants of environmental
concern. It is well-known that the spherical structure of Cg
and resulting pyramidalization of the sp? carbons are
responsible for the relatively high reactivity of Cg with various
radicals at the carbon—carbon double bonds (15, 16). For
example, Cq readily reacts with alkyl radicals to form stable
nonradical intermediates (15, 16) as well as long-lived radical
adducts (17, 18) that are available for further radical additions
leading to multiple Cg alkylation (15). Reactions of Cgy with
other radicals such benzyl and halomethyl radicals were also
found to be kinetically favorable (19—21). The exceptional
radical reactivity of Cg cage carbons renders its functionalized
derivatives susceptible to radical reactions as well (22—25).
For example, effective quenching of reactive oxygen species
(ROS) by functionalized Csy was demonstrated in biological
systems (23, 24). Water-soluble Cg derivatives also exhibited
diffusion-limited reaction with *OH (22, 25).

Despite extensive past research efforts evaluating fun-
damental reactivity of Cg, there is a still lack of understanding
on underivatized Cg's reaction with ¢OH, partly due to
difficulty of performing kinetics studies on the ®OH reaction
in organic solvents and extremely low solubility of Ce in
water. Past studies have postulated high reactivity of Cs with
*OH based on the diffusion-limited bimolecular rate constant
for other radical reactions (22, 25) and high radical scavenging
capacity of water-soluble Cq derivatives (23, 24). Considering
that *OH is ubiquitous in the environment (26, 27) and
frequently used in engineered processes including water
treatment (28, 29), it is important to understand the reaction
of *OH with Cgy, in particular in the form of nCq, for evaluating
Cgo’s fate and transformation in the environment.

This study investigates the reaction of nCg, with «OH and
€, in water. Steady-state y-radiation under N,- and N,O-
saturated conditions were performed along with detailed
characterization of products using UV—vis absorption, XPS,
ATR-FITR, and LDI-MS. Pulse radiolysis approximated the
rate constants for oxidation and reduction reactions of nCg,
with *OH and e,q~. The density functional theory (DFT)
calculation was performed with Cg clusters (for the first time
in the literature) to further explore the energistic status of
transient radical adducts.

Experimental Section

Preparation of Aqueous Stable Cg. Cs clusters in water
were prepared according to Fortner et al. (I). Briefly, THF
containing 25 mg/L Cg (sublimed, 99.9%, Materials Elec-
tronics Research Corporation, Tucson, AZ) was purged with
N, stirred overnight to reach saturation, and filtered through
a0.22 ym nylon membrane (Osmonics Corp). Ultrapure water
(>18 MQ2) was added at a flow rate of 500 mL/min to an equal
volume of the Cg—THF solution. THF was subsequently
evaporated at 75—80 °C using a rotary evaporator to obtain
a water suspension of nCg. The suspension was further
vacuum filtered through a 0.22 ym cellulose acetate mem-
brane into a sterile container and stored in the dark. To ensure
the elimination of residual organics (e.g., THF and THF
oxidation byproducts (30)), the resultant concentrate was
washed six times with ultrapure water using an ultrafiltration
membrane with molecular weight cutoff of 10,000. The
residual THF concentration in the final suspension was
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SCHEME 1. Reaction of the Cg Aggregation Model with OH Radical: (a) single Cg; (b) one-layer system; (c) two-layer system;

(d) three-layer system
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verified to be below the detection limit (10 ppb) of a GC-MS
headspace analysis (Agilent model 6890 N gas chromatograph
equipped with a Teledyne Tekmar HT3 headspace autosam-
pler and a30 m x 0.22 mm o.d. DB-5 ms column connected
to an Agilent model 5974 inert mass-selective detector).
Details on the physical and chemical characteristics of nCg
are available in our earlier work (I).

Gamma and Pulse Radiolysis. A Shepherd 109—86 Cobalt
60 source was used for steady-state y-radiation at rate of
0.0722 kGy min! as measured by Fricke dosimetry. For
selective production of *OH, the reaction solution (adjusted
to pH 5.5) was first saturated with N,O such that e, and *H
resulting from H,O radiolysis, in addition to *OH, is converted
to «OH (e’aq + Nzo + Hzo — N, + HO™ + «OH; k] =9.1 x
10 M~! s7' and He + N,O — *OH + Ny; k, = 2.1 x 106 M !
s71) (31). For e, reaction, the solution was first purged with
N, to remove dissolved O,, and 0.10 M 2-propanol was added
such that *OH and °H are scavenged as a stable 2-propanol
radical ((CH3);CHOH + ¢OH — (CH3),C'OH + H,0; ks = 1.9
x 10° M~ s7! and (CH3),CHOH + He — (CH3),C"OH + Hy;
ki =74 x 10" M s (3I).

(d)

A 8-MeV Titan Betamodel TBS-8/16-1S linear accelerator
was used to examine the reaction kinetics. Details of the
equipment are described elsewhere (32). The reaction
solution was continuously purged with either N,O (for «OH
production) or N; (for e,q~ production) during radiolysis. An
average dose of 3 to 5 Gy per 2—3 ns pulse was measured by
monitoring SCNe™ at 1 = 472 nm (Ge = 5.2 x 107" m? J!
where G [umol J~!] = the number of species per 100 eV and
¢ [M™! cm™!] = the molar absorptivity of SCNe™ at 4 = 472
nm) (33) under N,O-saturated conditions (1.00 x 1072 M
KSCN). The transient absorption spectra were monitored in
the wavelength region from 250 to 600 nm. All data in the
pulse radiolysis experiments were determined by averaging
8 to 12 replicate pulses using the continuous flow mode of
the instrument.

Characterization. Samples for product characterization
were obtained by continuous y-radiation to 0.1 mM Cg
suspension at a dose of 40 kGy under N,O- or N,-saturated
conditions. X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a PHI Quanteria SXM scanning X-ray
microprobe ULVAC-PHI with an Al mono, 24.8 WX- ray
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source, and a 100.0 um X-ray spot size at 45.0° (26.00 eV for
1h). Samples were prepared by sputter-coating a clean silicon
substrate with Au and then evaporating 100 «L of product
solution on the substrate overnight at room temperature in
a dust-free atmosphere. Data were analyzed with PeakFit to
estimate peak position and relative peak areas. ATR-FTIR
analysis was conducted using a Thermo Nicolet Nexus 870
FTIR spectrometer equipped with a Pike Technologies
horizontal attenuated total reflectance (HATR) germanium
trough. MS analyses via a laser desorption ionization (LDI)
was performed using a tandem time-of-flight (TOF/TOF)
mass spectrometer equipped with a 200 Hz laser (Applied
Biosystems 4700 Proteomics Analyzer) under positive ion
mode. For matrix-assisted (MALDI) analyses, samples were
temporarily dried and dissolved into an organic matrix
(cyano-4-hydroxycinnamic acid (CHCA)) for increased sen-
sitivity toward less polar products.

Computational Methods. The face-centered cubic (FCC)
crystal structure of Cgy with a = b = ¢ = 14.052 Aand o =
B =y =90° (34) was selected as a model for the Cg, cluster.
As shown in Scheme 1, the Cq clustering phenomenon was
simulated by placing layers of orderly packed Cq molecules
in a vacuum. The geometry of the layered model was
optimized through DMol3 (35, 36), quantum mechanics
software, with the local density approximation (LDA) (37)
and Perdew—Wang (PWC) functional (38). The all-electron
calculations in DMol3 were performed on a medium
integration grid with the spin unrestricted electronic wave
functions in a double-numeric quality basis set (DN). The
energy minimization was performed using the gamma point
1x1x1).

Results and Discussion

Reaction of Cg Clusters with *OH and e,q . Figure 1 shows
a gradual loss of characteristic peaks of nCg (i.e., sharp
absorption near 350 nm and broadband absorption near 450
nm) during y-radiolysis, indicating molecular alteration due
to reaction with *OH. The reaction was, however, extremely
slow considering that this resulted from exposing 10 and 50
uM Cg colloid to the cumulative radiation of 20 and 40 kGy,
corresponding to overall 11 and 22 mM ¢OH exposure. As a
comparison, y-radiation at a dose of only 0.25 kGy would
lead to more than 99% oxidation of 10 mM phenol (39).
Alternatively, experiments performed using TiO, photocata-
lysts to generate *OH under UVA irradiation (40) suggested
that little UV spectral change was noticed with Cg clusters
under the condition in which 0.1 mM 4-chlorophenol was
completely degraded (see text S1 and Figure S1). These results
suggest that nCg is relatively resistant to *OH attack, and
most advanced oxidation processes employed in water
treatment would not readily achieve meaningful conversion.
Similarly, Ce clusters slowly reacted with 20 and 40 kGy of
y-radiation under N,-saturated conditions and in the pres-
ence of excess 2-propanol as an *OH scavenger, equivalent
to overall e, exposure of 5.4 and 11.8 mM, respectively
(Figure 2). Absorbance in the wavelength regions from 450
to 500 nm did notincrease, indicating no cluster precipitation
through electron-induced Cg polymerization (41). This
observed stability of nCs, toward reactions with ¢OH and
€, is consistent with earlier observations, albeit experi-
mental conditions are not comparable (41, 42). For example,
a trace amount of oligomers (less than 4% of initial Cg
content) as polymerized products was found to form during
y-radiation of 70 uM Cg, clusters at an impractically high
dose exceeding 6 MGy (41), and 6 uM Cg, clusters were not
degraded by Co-radiation at 33 kGy (42).

Product Characterization. XPS spectra of y-radiolysis
product (i.e., 40 kGy under either N,O- or N,-saturated
conditions) in Figure 3a suggest that only ca. 36% of Cg
carbons at the surface converted to monooxidized forms (at
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FIGURE 1. UV—vis absorption spectra changes of Cg clusters at
a concentration of (a) 10 M and (b) 50 M under
N,0-saturated conditions with steady-state y-radiation time (pH;
= 5.5).

287.65 €eV) despite the high concentration ratio of [*OH] ot/
[Ceolo = 220. Note that this ratio is underestimated, as only
Cgo molecules at the cluster surface are available for the
reaction. In marked contrast to ozonolysis (I14) or UVC
photolysis (11), in which a large amount of carbons are
dioxigenated to carbonyl, carboxylic, and hemiketal func-
tionalities, little further oxidation was observed. Figure 3b
demonstrates that ca. 42% of surface carbons reductively
transformed to hydrogenated carbons (C—H, at 283.52 eV)
via exposure to an excessive amount (11.8 mM) of e,q".
Qualitative MS analyses (data not shown) for both reactions
support XPS observations, indicating (partial and mixed)
fullerene derivatization observed as a mixture of higher
molecular weight derivatives compared to the parent Cg.
Additionally, a relatively high 720 m/z signal is observed in
all samples, indicating that the underivatized Cg cage
architecture remains either as unmodified Cgy and/or as
derivatives which lose functionality during LDI, resulting in
a parent signal, which has been observed previously (14).
ATR-FTIR analyses (data not shown) support functional
derivatization, in which both reduced and oxidized carbons
for these reactions are indicated by IR peaks at 3400 (broad),
2980, 2920, 1725, 1440, 1275, 1190, 1100, 1010, 950, 800, 730
cm™! with varying peak intensities depending on oxidation
versus reduction.

Reaction Kinetics. A series of transient differential
absorption spectra with A,,.x = 280 nm, indicative of the
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FIGURE 2. UV—vis absorption spectra changes of Cg clusters at
a concentration of (a) 10 M and (b) 50 M under N,-saturated
conditions with steady-state y-radiation time (pH; = 5.5).

formation of Cg¢y—OH radical adducts, was monitored after
the radiation of pulsed electron beams to N,O-saturated nCg
suspensions (Figure S2). However, the spectral intensity was
too weak to derive a rate constant, while monitoring the
decay of 280 nm absorption indicated rapid loss of inter-
mediate species within approximately 100 us. Alternatively,
the following competition kinetics approach using SCN~ was
employed:

k
*OH + Cy, —~ intermediate 1)
- K _ —
«OH + SCN (+ SCN ) — OH + (SCN); (2)

Assuming all the carbons in nCg participate in the reaction
with *OH, the following equation is derived:

[(SCN); 1y _
[(SCN); |

K5[Cyo)
ky[SCN"]

3)

where [(SCN), "], indicates the concentration of (SCN),"~
when Cg, is absent, and [(SCN),'"] is the concentration of
(SCN),"~ when Cg, coexists with SCN™. Note that the reduction
of nCg by (SCN),"~ is not thermodynamically feasible, as
E((SCN)Z'_/ZSCN_) = +1.31 VNHE (43) and .EO(CG()/CGO'_) =
—0.2 Vypg (44). Control experiments also confirmed that the
kinetics of (SCN),*~ decay was not affected by the addition
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FIGURE 3. C(1s) XPS spectrum and curve-fitting analysis of
products generated after the 40 kGy Co-radiation of Cg clusters
in water with (a) N,0- and (b) Nj-saturation. Top: Points
represent spectral data. Bottom: Curve-fitting deconvolution
expressed in relative intensity (Gaussian fits).

of nCg (data not shown). Figure 4 shows that absorption
intensity of (SCN),"~ at Amax = 472 nm became gradually
reduced as nCg concentration increased, implying competi-
tive involvement of nCg in *OH reaction with SCN™. A plot
ofeq 3 ([(SCN);" 1o/ [(SCN)," "1 vs [Ceol / [SCN]) shows a linear
correlation with a slope of ks/ kg (inset of Figure 4). Using kg
(¢OH + SCN™) = 1.05 x 10! M~! s71, the rate constant for
the *OH reaction with nCg, was calculated as ks = (7.34 +
0.31) x 109 Mt s7L,

Therate constant for e, reaction with nCg, was measured
by directly monitoring the absorption of e,q~ at 700 nm. A
series of e, decay curves at different Cg, concentrations in
Figure 5 indicates that the rate of e, consumption by nCs
gradually increased with Cgy concentration. The decay profiles
were fitted to pseudo-first-order kinetics, and the second-
order rate constant for the reaction between e,y and nCs
was determined to be (2.34 4+ 0.02) x 10 M~!s7! (inset of
Figure 5).

The measured rate constants suggested diffusion-limited
reaction kinetics for ©OH and e,q~ with nCg in water. Because
only Cg molecules at the cluster surface are available for the
reaction, which constitute 2 to 8% of the total Cs, assuming
that the average size of nCg is approximately 100 nm and
nCgis spherical (1—4), the actual rate constant between «OH
and e, with Cgo should be atleast 1 to 2 orders of magnitude
higher than that measured above. This is consistent with the
estimated high susceptibility of Cs, carbon to *OH oxidation
(22) or e,y reduction (45), i.e., calculated based on the
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FIGURE 4. Growth kinetics of (SCN),’” monitored at 472 nm in
the absence and presence of nCg at various concentrations
under N,O-staturated conditions. Inset: Competitive kinetics plot
for the reaction between Cg clusters and OH radical using
SCN~ as a standard ([SCN~], = 0.1 mM).

reactivity of a homologous series of functionalized Cg.
However, this is somewhat contradictory to the above
y-radiolysis study in which Cg transformation was severely
limited even after exposure to an exceedingly excessive
amount of *OH and e,,". Because such slow kinetics are not
limited by initial reactions of *OH and e,,~ with nCy, it is
plausible to assume thermodynamic instability of the tran-
sient adducts and consequential unavailability for the
subsequent reactions.

DFT Calculations. The DFT calculation on the binding
energy (BE) of the Csp—OH radical adduct as a function of
Ceo aggregation degree was performed using the layered
model that simulates the Cg clustering phenomenon (Scheme
1). Although the Cg clustering will include some extent of
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FIGURE 5. Decay kinetics of hydrated electron monitored at 700
nm in presence of nCg at various concentrations under N,-
staturated conditions. Excess concentration of 2-propanol was
applied to completely scavenge OH radicals and hydrogen
atoms. Inset: Second-order linear plot for determination of the
rate constant for reduction of nCg with hydrated electrons
([2-propanol], = 0.1 M).

randomness in surface structure, it is expected that the
development of overall structure will proceed to have more
ordered structure with increasing cluster size, which is
energetically favorable. Table 1 summarizes the lowest
unoccupied molecular orbital (LUMO), the highest occupied
molecular orbital (HOMO)), and HOMO—LUMO energy gap
(E(LUMO — HOMO)) of Cgy and the Cg—OH radical adduct
for each layered system. The increase in the system dimension
(further Cg clustering) results in reduction in E(LUMO —
HOMO) of Cg (Table 1); i.e., the electronic structure of the
Ceo cluster is developed toward that of the bulk solid phase
with an increasing number of layers. This result is compatible

TABLE 1. DFT Calculations on Energistic Status of Cg and Cg—OH Radical Adduct

system energy (Ha)
hydroxyl radical (¢OH) —75.140423
single Cgo
Ceo —2263.053334
*Cgo—OH —2338.26528
binding energy (kcal/mol) —44.88

one-layer system

Ceo (One-layer)

*Cgo (one-layer)—OH

binding energy (kcal/mol)
two-layer system

Ceo (two-layer)

*Cgo (two-layer)—OH

binding energy (kcal/mol)
three-layer system

Ceo (three-layer)

*Cg (three-layer)—OH

binding energy (kcal/mol)

—9052.518756
—9127.73045
—44.72

—18105.151913
—18180.31979
-17.23

—27158.03253
—27233.09109
51.37

EHOMO) (eV) ELUMO) (eV) ELUMO—HOMO) (eV)
—6.683 —0.599 6.084
—9.345 —7.770 1.575
—8.665 —8.252 0.313
—8.889 —7.895 0.994
—8.655 —8.283 0.272
—8.786 —7.879 0.907
—8.462 —8.185 0.277
—8.5689 —7.807 0.782
—8.289 —8.011 0.278
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with the empirical observation that the progress in Cg
clustering rendered the UV—vis spectra of Cs more red-
shifted (3). As a result, ELUMO — HOMO) as a function of
Ceo aggregation suggests that the dimensional expansion of
the layered model in our DFT calculation can reflect the
effect of Cgo clustering on the reaction of Cg with *OH.

Table 1 shows the change in BE of Cgp and *OH (eq 4) with
the development of Cg, layered structure, indicative of the
effect of Cqy aggregation on energetic status of the radical
adduct.

AE,

‘reaction E(.C(iOiOH) - [E(CGO) + E(.OH)] (4)

As shown in Table 1, the DFT BE is positively increased
as the number of layers is increased: —44.88 kcal/mol for a
single Cg molecule; —44.72 kcal/mol for Cg in one-layer;
—17.23 kcal/mol in two-layer; 51.37 kcal/mol in three-layer.
The results demonstrate that the formation of the OH radical
adduct with Cgy became thermodynamically less favorable
as the Cg cluster model was further developed. Consequently,
the destabilization of the Cqo—OH radical adduct with further
Ceo clustering can be responsible for the extremely low efficacy
in oxidative degradation of Cg clusters with «OH. Further
understanding of the reaction energetics for ¢OH oxidation
of Cg clusters and the reaction involving e, requires in-
depth investigation with incorporation of additional influ-
ential parameters (e.g., other possible reaction pathways and
energy barriers among multiple transient states) to the DFT
calculation.

The above results collectively suggest the relative recal-
citrance of nCe against *OH oxidation and e,q~ reduction.
In contrast, the kinetic measurements with pulse radiolysis
indicate that nCe, reactions with *OH and e,q~ proceed with
diffusion-limited rate constants. The DFT calculations on
the BE of Cgy—OH radical adducts with the layer simulation
model suggest that further conversion of the transient radical
adducts to oxidation product(s) becomes thermodynamically
less favorable as Cgo aggregation proceeds. Consequently, in
natural and engineered environments, chemical transforma-
tions of nCgy by *OH and e, are most likely very limited.
These findings further suggest that the reactivity of Cq as
aggregates in water significantly differs from that of dissolved
Cgo in an organic phase because of the unique clustering
phenomena in water. Therefore, the environmental fate of
nCg due to these reactions should not be postulated based
on the properties of pristine Cg in different media.
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