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Abstract

Photosensitization Properties of C60 and Fullerol Aqueous Suspensions

by

Ernest Matthew Hotze

This work provides a framework by which to judge the photochemical properties 

of water suspended fullerene and its derivatives. Assessment of photosensitization 

properties is essential to understanding the potential of nanoparticles such as fullerene to 

impact the environment. Measurements of the presence and the rate of reactive oxygen 

species generation were carried out via three unique trapping methods: electron 

paramagnetic resonance; dissolved oxygen trapping by furfuryl alcohol; and reduction of 

nitro blue tetrazolium. A quantitative comparison photosensitization finds un- 

functionalized clustered fullerene suspensions to have no photoactivity whereas 

functionalized and aggregated fullerenes exhibit type I and type II photosensitization. 

These findings build upon results from previous studies in polar and non-polar solvents, 

and also serve to provide a deeper understanding of past nanoparticle toxicity studies 

which provide unclear explanations of mechanisms for cell death. This framework will 

inform future precautionary and engineering design environmental work with fullerene.
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Chapter 1 Literature Review and Background. 

Fullerene Basics

Fullerenes are a class of molecules composed entirely of carbon and represent a third 

allotrope of carbon in addition to graphite and diamond (Kratschmer, Lamb et al. 1990). 

Fullerenes may exist in a number of geometries such as nanotubes and spherical cages. 

Recent literature has placed some emphasis on a spherical cage molecule know simply as 

C60 because of its unique electronic and photochemical properties of (Arbogast, 

Darmanyan et al. 1991; Nonell, Arbogast et al. 1992; Xie, Perezcordero et al. 1992). As a 

result, this molecule is being explored for use in a wide range of applications including 

energy tranmission and storage, semiconductors, and medical treatments such as photo

dynamic therapy (Prato 1997; Da Ros and Prato 1999; Kamat, Haria et al. 2004; Hasobe, 

Hattori et al. 2005). Because of these potential applications production is projected to 

increase up to 10 tons by 2007 (Tremblay 2002). With increasing production and use, 

toxicological and ecological issues are bound to arise and these must be addressed within 

the context of the physical/chemical surface properties of water suspended C60. Flowever, 

C60 has extremely low solubility in water(Ruoff, Tse et al. 1993) therefore it must be 

modified on the surface (Chiang, Upasani et al. 1992), clustered (nC60), or mixed with a 

surfactant such as PVP(Yamakoshi, Yagami et al. 1994) for significant concentrations to 

be reached in water. Our investigation is an attempt to compare the photosensitization 

properties of these C60 suspensions.

Photoactive nanomaterials
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2

Photoactive nanomaterials can be grouped into two different classes: photocatalysts 

such as titanium dioxide and photosensitizers such as the dye rose bengal. Photocatalyst 

behavior is governed by the band gap that can be described as the energy difference 

between the valence band (fermi level highest energy electrons) and the conduction band 

(lowest energy unoccupied molecular orbitals). Light striking a photocatalyst will 

promote an electron across this band gap creating holes in the molecular orbitals it leaves 

behind. Both the promoted electrons and the holes can react in solution to form reactive 

oxygen species. Photosentizers are sensitized by light and their electrons are excited 

within the molecular orbitals. Sensitized electrons can behave according to two 

mechanisms: type I electron transfer involving a donor molecule and type II energy 

transfer involving no reaction. Both of these pathways will potentially produce reactive 

oxygen species in solution. The net effect of both these processes is to convert light 

energy into oxidizing chemical energy.

Oxidation and Advanced Oxidation Processes 

Oxidation involves the acceptance of an electron or the donation of an electron 

poor group by the oxidant. The extent to which this happens is governed by half-cell 

potentials (Eq. 1.1). The typical half-cell potential chart will list from top to bottom those 

compounds that are most easily reduced to those compounds that are most easily oxidized 

(least reducible). Reduction potential values (E°) are positive for the compounds at the 

top and negative for those compounds at the bottom of the chart. As long as the reductant 

is above the oxidant on the scale, the net reduction potential (E°nel) is positive and the 

reaction will proceed in a forward direction (Eq. 1.2). Where R is the universal gas 

constant, T is the temperature, n is the number of moles, F is Faraday’s constant, and K is 

the equilibrium constant for the reaction.
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d - D  E > E ° red (reduction) — J?°red (oxidation) 

d -2) E > ( R T /n F ) ln K

In engineered systems oxidation serves many purposes, from elimination of 

potential hazards to improving aesthetic qualities. Chemical oxidation may be used in a 

wide range of applications varying from the breakdown of organic compounds such as 

TCE and atrazine, the oxidation of metals such as Iron and Arsenic, or the inactivation of 

pathogenic organisms in water treatment. Common chemical oxidants are chlorine, 

ozone, chlorine dioxide, and permanganate. Oxidants vary in their relative advantages 

and disadvantages. Many of these oxidants also act as disinfectants, where some of the 

same chemical properties serve to disrupt the structure and processes of viruses, bacteria, 

and protozoa. Advanced oxidation processes (AOPs) are those methods, which attempt to 

overcome disadvantages found in traditional chemical oxidation. AOPs typically involve 

the addition of multiple oxidants or the combination of multiple oxidant-producing 

mechanisms. The use of Ozone with hydrogen peroxide is one such example. Photoactive 

oxidation by titanium dioxide or fullerene are examples where nanomaterials may be part 

of an advanced oxidation processes.

Efficient conversion of light energy into chemical energy in the form of reactive 

oxygen species (ROS) is a key aspect of these photoacitive AOPs. ROS have a high 

reduction potential which results in a high E°net (eq 1) and a more favorable reaction (eq.

2). Ozone (0 3), a good example of an ROS already used in an AOP, has a reduction 

potential of 2.07 vs. the standard hydrogen electrode and is the second most oxidative 

species behind the hydroxyl radical (*OH).

Ground State Oxygen
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Before discussing the common types of ROS the chemical properties of ground 

state oxygen must be established. Oxygen is the second most electronegative atom on the 

periodic table; therefore it has a high likelihood of oxidizing other atoms and molecules. 

Over a series of successive reactions oxygen can accept four electrons to become water 

(eq. 1.3).

(1.3) 0 2 + 4H + + 4e~ & 2 H 20

The electronic configuration of ground state oxygen has its highest occupied 

molecular orbital (HOMO) electrons unpaired and their spins parallel. Parallel spins will 

each produce a triplet signal in a magnetic field while anti-parallel spins will produce a 

singlet signal in a magnetic field.

a2P (n) (n) (n)

Figure l.l:The 2p molecular orbitals of the oxygen molecule.
Ground state oxygen can be described as having paramagnetic properties because its

unpaired electrons will line up with an applied magnetic field. This also makes oxygen 

unique because its spin state is triplet and not singlet like most ground state molecules. 

Molecules can only react with other molecules that have the same spin state; a triplet

HOMO
Tf 2p

Ground-state O 2 Superoxide
O f
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reacting with a singlet is spin forbidden because of spin inversion. Due to this spin rule, 

ground state oxygen does not immediately oxidize other ground state molecules. 

Otherwise, oxygen would react with almost every chemical compound in its ground state. 

This would be a bad thing! The potency of reactive oxygen species comes from their 

ability to overcome this restriction in order to become potent oxidants.

Reactive Oxygen Species 

Singlet Oxygen

Reactive oxygen species include but are not limited to singlet oxygen, superoxide, 

and hydroxyl radical in increasing order of oxidative power. Singlet oxygen occurs when 

ground state HOMO electrons of an oxygen molecule are excited and become paired with 

anti-parallel spins (figure 1.1). No spin inversion restriction applies so this species reacts 

with other singlet molecules. Most stable molecules are in a singlet arrangement, thus 

singlet oxygen is highly reactive with other compounds in aqueous systems. The lifetime 

of singlet oxygen in water is about 2 microseconds so it must react immediately to be 

effective. Singlet oxygen can be generated in nature by sensitization (type II reaction) of 

dye compounds such as rose bengal or methylene blue, and also by irradiation of 

naturally occuring humic acids in lakes and rivers (Zepp, Schlotzhauer et al. 1985; Zepp, 

Braun et al. 1987). Singlet oxygen can react with common biochemically important 

compounds such as nucleic acids, lipids, and amino acids (Vileno, Lekka et al. 2005), and 

can result in photobiological toxicity.

Superoxide

Superoxide (0 2* - )  is a ground state oxygen that has been reduced by an extra 

electron (figure 1.1). It can exist by itself or as its conjugate acid (•OOH), which has a 

pKa of 4.8. Superoxide can be formed by electron transfer from the aforementioned
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sensitized dyes (type I reaction) or by sensitized oxidation of secondary alcohols. 

Superoxide can be readily formed in the presence of zinc oxide or titanium dioxide 

photocatalysts where oxygen is reduced by the photo-excited electrons on the surface of 

the semiconductors. Like singlet oxygen, the lifetime of superoxide in solution is short 

due to spontaneous dismutation reactions. Most cells, both mammalian and otherwise, 

contain a quenching enzyme called superoxide dismutase (SOD) that promotes this 

dismutation and leads to the conversion of superoxide to peroxide and oxygen. 

Presumably this enzyme is present to reduce the potential damaging effects of superoxide 

as well as to stop it from evolving to the more powerful hydroxyl radical.

Hydroxyl Radical 

Hydroxyl radical is unique from other common ROS because oxygen is not 

exclusively involved. Therefore, the molecular orbitals are different. Most importantly, 

the oxidation potential of this radical is higher than any other common oxidant due to the 

increased HOMO/ LUMO energy gap. Because this compound is a free radical and has a 

negative reduction potential it is highly reactive and will oxidize most compounds that 

are exposed to it. After hydroxyl radical reacts with organic compounds in solution the 

free radical may either be quenched or continue to propagate as an organic free radical.

ROS and Fullerene Toxicity: Undetermined Mechanism 

Under some conditions the presence of ROS in solution is known to damage cell 

membranes, cellular organelles, and nucleic acids contained within RNA and DNA. In 

engineered systems these effects can be expected to inactivate microorganisms. However, 

these same oxidizing properties of ROS activated by nanomaterials may have 

environmental and human impacts.
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Previous work has found toxic effects of nC60 but has either not expounded on a 

mechanism or has proposed that toxicity is primarily the result of ROS generation in 

solution (Foley, Curtis et al. 2002; Sayes, Fortner et al. 2004; Sayes, Gobin et al. 2005). 

In theory, peroxidation of the lipid layer around the cell is thought to decrease the 

viability of cells and lead to cell death. A study by Sayes et. al. suggests that as 

functionalization of the fullerene cage decreases the peroxidation and death of cells 

subsequently decreases (Sayes, Fortner et al. 2004; Sayes, Gobin et al. 2005). This has 

yet to be conclusively established in the literature. Some work has also been done on the 

oxidative capacity of water stable derivitized fullerene clusters in solvents and aqueous 

systems (Cusan, Da Ros et al. 2002; Pickering and Wiesner 2005). As a point of conflict 

in the literature, other studies suggest that fullerenes should have an antioxidant capacity 

(Wang, Tai et al. 1999). While it seems that the route of the antioxidant/oxidant 

properties of fullerene clusters been explored to a limited extent, there seems to be a 

disconnect between the toxicity of fullerene clusters and the source of the toxic effects. A 

complete understanding of the oxidative capacity of water stable fullerene species is 

needed. This study addresses these deficiencies in order to apply this knowledge to the 

mechanism of toxicity and the engineering potential of these fullerene systems.

Photocatalytic Fullerene Basics 

The photocatalytic properties of fullerenes can be attributed to a number of 

mechanisms, most of which remain topics of active research. As with metal 

semiconductors, the photocatalytic properties of fullerenes can be viewed in the context 

of excitation of electrons across a band gap. For example, the band gap of pure C60 has 

been reported to be 2.3 eV(Lof, van Veenendaal et al. 1992), comparable to that of other 

photocatalysts (Table 1.1). The band gap for carbon nanotubes (CNTs) depends on the
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chirality and is inversely proportional to the diameter of the nanotube (Kataura, 

Kumazawa et al. 1999). However, most work on ROS generation by fullerenes has been 

done in the context of fullerenes as photosensitizers- molecules whose electrons are 

promoted to higher energy states following absorption of an electron with the ability to 

pass this energy to another molecule -  or electron shuttles; molecules with the ability to 

catalylze the transfer electrons from a donor to an acceptor molecule.

P ho tocatalyst Banc G ap F in e ly  (t V)

Fe203 2.2
C60 2.3
CdS 2.4

w o 3 2.7
Ti0 2  (rutile) 3.0

0X-Fe2O3 3.1
Ti0 2  (anatase) 3.2

Z nO 3.2

Table 1.1: Band gap energies for common photocatalysts.
Carbon based nanomaterials such as fullerenes have been known to be

photoactive as photosensitizers from the first studies of their physical properties 

(Arbogast, Darmanyan et al. 1991). Fullerenes, and in particular C60, have been studied 

intensively for applications in fields such as photodynamic therapy (wang et. al. provides 

an excellent review of this in terms of photosensitizing nanoparticles (Wang, Gao et al. 

2004)), photovoltaics (Kamat, Haria et al. 2004), and materials (Echegoyen and 

Echegoyen 1998).

An apparent advantage of fullerene and in particular C60 as a photosensitizer in an 

engineered system is the stable carbon cage structure. These fullerenes are not as 

susceptible to degradation as many other sensitizing dye molecules. Even so, fullerenes 

may be modified in aqueous environments. For example, the formation of epoxide
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derivatives of C60 can occur just in the presence of UV light (Creegan, Robbins et al.

1992) or on the surface of a metal oxide such as T i02 (Kamat, Gevaert et al. 1997). 

Despite the susceptibility of the cage to degradation photosensitization capabilities of 

fullerenes are unique enough to have been studied extensively in non-polar solvents.

Type I

Two distinct pathways exist for photosensitization. Both pathways involve the 

initial excitation of the photosensitizing molecule. Type I sensitization involves electron 

transfer and depends upon the presence of a donor molecule that can reduce the triplet 

state of the sensitizer. The triplet state is more susceptible to electron donation than is the 

ground state singlet molecule (Arbogast, Foote et al. 1992). Superoxide can be formed by 

electron transfer from this excited radical to molecular oxygen. Recall that superoxide is 

a reactive oxygen species capable of both oxidation and reduction in solution.

Type II

The Type II pathway involves the transfer of excited spin state energy from the 

sensitizer to another molecule. Type II sensitization does not depend upon the presence of 

a donor compound, but only requires a long-lived triplet excited state. In the presence of 

oxygen this triplet state is quenched by ground state oxygen which converts into singlet 

oxygen. This singlet oxygen is a reactive oxygen species that can mediate oxidation 

reactions in solution that are spin-forbidden for ground state oxygen. Singlet oxygen 

formation via type II quenching has been reviewed extensively by Wilkinson et. 

al.(Wilkinson, Helman et al. 1993), and the key kinetic equations are covered below.

General Photosensitization Model
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Singlet Formation

The photosensitizer in its ground state is represented by S0 with S, and T, 

representing the lowest energy singlet and triplet states respectively. Light within the 

absorbance range of the photosensitizer is absorbed and promotes electrons into the 

excited singlet state (eq. I).

(I )S 0 + h v ^ ^ S l

Singlet Decay

The intensity and wavelength of the light will govern the rate of S, formation (kw). 

The singlet state then decays via at least three different pathways: flouresence, internal 

conversion, or intersystem crossing (eq. II, III, IV). Intersystem crossing is a spontaneous 

non-radiative transition from the singlet to the triplet electronic state.

(II) s1- k - * S 0 + hvF

(III) S ,—^ S 0

(IV) si ** >7;

The rate of singlet decay is taken as the sum of these rates of singlet decay, kSD, (eq. V) 

and the quantum yield, (j)T, is defined by the fraction of the singlet state that decays to the 

triplet state (equation VI).

(V) kSD = kF + kic + kisc = — l—
TiSJ

(VI) t r =%SL
&SD

Singlet Quenching and Triplet Formation

The singlet form of the photosensitizer can also be quenched by oxygen to form the 

triplet state of the sensitizer, generating either singlet oxygen (eq. VII) or ground state
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oxygen (eq. VIII). It can also be quenched to the ground state (eq. TV) or the sensitizer 

may be altered through a reaction to form a new product (eq. X).

(vii) 5, + o2  >?;+'o;

(VIII) 5, + 0 2 *■* >7;+36>2

(IX) S, + 0 2  ■> So+30 2

(X) 5, + 0 2 ———> products

(XI)k°>=k° l+k°>c +k°>+k° ;

Triplet Decay

The triplet state in turn decays by phosphorescence (eq. XII) or intersystem 

crossing (eq. XIII). Phosphorescence releases light energy as electrons fall to a lower 

energy level, and internal conversion involves the same drop in energy without the 

associated energy release. The rate of triplet decay is the sum of these processes (eq. 

XIV).

(XII) Ti - ^ S a + hvp

(XIII) Tx fa-> 50

(XIV) kTD = kTp + kTd =
‘H-m/

Triplet Quenching

Photosensitizers in the triplet state can also be quenched by oxygen (Equations 

XV, XVI, XVII) or by sensitizers in the ground state. Quenching by sensitizer in the 

ground state is known quite simply as self-quenching (eq. XVIII). Finally, sensitizer in 

the triplet state may also be quenched when a triplet collides with another triplet in a
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process known as triplet-triplet annihilation (eq. XIX). The summation of these processes 

is represented in equation XX.

(XV) Tx + 0 2 ———>S0+'02 (Type II reaction)

(XVI) t1 + o2 k™ >S0+ \)2

(XVII) Tx + 0 2 ———> products

(XVIII) Tx + S0 >2S0

(XIX) 7; +  7; ^ .> S0 + J;

(XX) k% =k?l+k?*+k%

Typically, the triplet state is more energetically stable than the singlet state, so the 

products of the above reactions are favored over those resulting from reactions with the 

singlet state in photosensitizing systems. The triplet state is quenched by oxygen by three 

different pathways; the fraction of triplet that participates in the Type II reaction to form 

singlet oxygen (eq. XV) is represented by equation XXI. Oxygen also competes with 

triplet-triplet annihilation (eq. XIX) and self-quenching (eq. XVIII) as potential pathways 

for triplet quenching. Consequently, the proportion of the triplet state quenched with 

oxygen can be calculated using equation XXII. The quantum yield for singlet oxygen, 

expresses how efficiently the photons are used to produce singlet oxygen (eq. XXIII).

(xxii) = k°^c
TD

(XXIII) ft
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Quantum Yield Considerations

Non- ROS forming triplet quenching by oxygen along with triplet-triplet 

annihilation and self-quenching represent inefficiencies in converting light energy to 

chemical energy in the form of reactive oxygen species. These inefficiencies can be 

compared with energy losses in an internal combustion engine where only a portion of 

the energy input is converted into the circular motion of the wheels contacting the road. 

Increasing the lifetime of the triplet state and minimizing the effect of pathways that lead 

to inefficiency maximize the quantum yield; these pathways are controlled by the 

concentration and proximity of photosensitizer in the solution. Some photosensitizers are 

sensitive to pathway XVII through bleaching processes. Bleaching reduces the amount of 

sensitizer that is available to participate in another round of the photosensitization cycle, 

therefore reducing the photoactivity of these systems.

Type I Triplet Reduction

When the photosensitizer is in the presence of an electron donor, a Type I reaction 

can occur in parallel with a Type II reaction. Type I reactions are initiated by the 

reduction of the triplet state by an electron donor (eq. XXIV). The donor in this case has 

a reduction potential lower than either the ground state (S0) or the excited state (T, or Sj) 

of the sensitizer (recall Enel equation). Once the reduction occurs, the sensitizer takes the 

form of a radical anion ( S^)  that has the possibility of reducing oxygen to superoxide 

(eq. XXV) and return to the ground state. Reduction of the singlet state is more 

thermodynamically favorable but is kinetically limited because of the short lifetime of the 

singlet excited state (eq. XXVI). As a result, singlet state reactions with the electron 

donor are not likely to occur.

(XXIV) Tx + D   > S'0 + D"
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(XXV) s7  + 0 2- £ - » o r  + s o

(x x v i)  5, + d ———>57 + z r+

Thus, the proportion of oxygen reacting with the triplet state sensitizer as described in 

equation XXII must be modified to express the reactions between the triplet state and the 

electron donor (eq. XXVII).

(x x v ii)  p °i = ^TQ

To obtain a quantum yield for superoxide production (eq. XXIX) one must assume for 

simplification that:

1) All the radical anion sensitizer reacts with oxygen to form superoxide (eq. XXV), 

implying that f sup = l.

2) The radical ion is not likely to be formed via pathway XXVI due to the short 

lifetime of S, .

3) The donor will only react with the triplet in the XXIV pathway.

The validity of these assumptions is questionable for complicated aqueous systems. 

Nonetheless, these conditions provide a benchmark for comparing the relative efficiency 

of superoxide production for a simple system where the proportion of the triplet that 

reacts with the donor is given by equation XXVIII.

(XXVIII) PTD = kr ̂ D\
(kTD + k% [o2]+k% [sQ] + k l  p ; ] + *£ [d ])

(XXIX) 7sud = </>rP fsup — Y t a T

The quantum yield for the production of the reactive oxygen species superoxide 

and singlet oxygen in such a system can then be given as the sum of the quantum yields 

for each ROS:
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(XXX) (/>R0S = ^  + ^sup

Key Intermediary: Triplet State

Kinetically, the triplet state is a key intermediary in photosensitizing processes. 

The quantum yield for ROS (eq. XXX) cannot be maximized unless triplet decay 

pathways (k.m), oxygen quenching that does not lead to singlet oxygen (k,,Q- k.°l), self 

quenching ( k ^ ) ,  and triplet-triplet annihilation (fcjjy), are minimized as potential

pathways for removal of the triplet state sensitizer. Based on these kinetic limitations, the 

ideal photosensitizer has three properties: the absorbance of low energy light to create the 

singlet excited state efficiently; preferred conversion of the singlet state to the triplet state 

due to inter system crossing (eq. IV); and a low occurrence of non-ROS forming triplet 

removal pathways. The nanomaterial class known as fullerenes holds great promise due 

to properties that correspond to each of these desirable traits.
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Figure 1.2:General photosensitization kinetic scheme.
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Chapter 2 Materials and Methods 

Chemicals.

Furfuryl alcohol (FFA), superoxide dismutase (bovine ethrocytes) (SOD), 5,5-dimethyl- 

1-pyrroline-l-oxide (DMPO), 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TEMPO), 

Adenosine 5'-(trihydrogen diphosphate) (NADH), 2,2,6,6-tetramethyl-4-piperidone 

(TEMP), Nitro blue tetrazolium chloride (NBT), and Peta-carotene, were obtained from 

Sigma-Aldrich (St. Louis, MO). Fullerol (C60(OH)22 24), and C60 (99.9% pure) were 

purchased from MER (Tucson, AZ). Rose Bengal was purchased from Arcos Organics 

(Fairlawn, N.J.). Sodium Hydroxide and potassium hydrogen phthalate were purchased 

from Fisher Scientific (Fairlawn, N.J.). All water used was purified via a Millipore Ultra

purification system. FFA samples were aerated and pH was buffered at 5 using 50mM 

potassium hydrogen phthalate. Deuterium Oxide (D20) was purchased from Cambridge 

Isotope Laboratories (Andover, MA). Phosphate buffer saline (PBS) buffer was prepared 

with these components (pH~7.3) (137mM NaCl, 2.7 mM KC1, 4.3 mM Na2HP04 7H20, 

and 1.4 mM KH2P04).

Instrumentation.

Oxygen consumption via FFA was measured using a polarographic oxygen sensor 

(ThermoOrion meter 830A, probe 083019A). pH was measured electrochemically (Orion 

Research Inc. Boston, MA). EPR spectra were recorded at room temperature with a 

Varian E-6 spectrometer. The conditions for all measurements were: frequency, 9.27 

GHz; power, 5 mW; modulation amplitude, 4 G; modulation frequency, 100 kHz. (Buchi 

Rotovap, Flawil, Switzerland). Ultra-sonication was preformed using a Fisher Scientific
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Model 100 sonic dismembrator. UV/Vis spectrometry was preformed using a Hitachi U- 

2000 spectrophotometer.

Irradiation.

All experiments requiring irradiation were done in the presence of two 15 W fluorescent 

ultraviolet bulbs (Philips TLD 15W/ 08). These bulbs have an output spectrum ranging 

from 310 to 400nm, with a peak at 365nm in the UVA region. The spectral distribution is 

shown in figure 2.1. This distribution was measured using a Li-Cor 1800 

spectroradiometer. Total irradiance of the UY lamps was 24.1 W/m2.

12000 

10000 

8000 

6000 

4000 

2000 

0
0 200 400  600 800  1000 1200

wavelength (nm)

Figure 2.1:Irradiance under 2 polychromatic 15W UV bulbs measured by 
spectroradiometer.

Aqueous Suspensions of Fullerene

— - V........................... ...... ________ ____ A------
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Synthesizing fullerenes and their derivatives is not a simple process. To 

complicate matters further, most of these derivates have limited water solubility making 

environmental engineering applications and studies more difficult. Three main classes of 

water suspended fullerenes have been used throughout the literature. Class 1: Fullerenes 

suspended by a surfactant such as PVP (Yamakoshi, Yagami et al. 1994). Class 2: 

Fullerenes functionalized on the surface in order to suspend them (Chiang, Upasani et al. 

1992; Wharton, Kini et al. 2001; Nakamura and Isobe 2003). Class 3: Fullerenes that 

have been aggregated in order to suspend the C60. This can happen by solvent exchange in 

a variety of solvents, and in water by itself with stirring or sonication over time (Scrivens, 

Tour et al. 1994; Andrievsky, Klochkov et al. 1999; Deguchi, Alargova et al. 2001; 

Cheng, Kan et al. 2004).

Class 1: Encapsulation

A good example of a class 1 suspension of fullerene involves the surfactant PVP 

(polyvinylpyrrolidone), this suspension can reach a concentration of 400 and 200 mg/L 

for C60 and C70 respectively (Yamakoshi, Yagami et al. 1994). Other examples of class 1 

suspension strategies include the use of artifical membranes (Hungerbuhler, Guldi et al.

1993), a y-CD compound (Andersson, Nilsson et al. 1992), and lipsome solutions 

(Bensasson, Bienvenue et al. 1994). Suspensions of these compounds can reach 

concentrations up to 80pM C60.

Class 2: Functionalization

In class 2 there are three main varities of compounds: mono-functinalized (Hirsch, 

Lamparth et al. 1994) that tend to aggregate despite their functionalization (Guldi and 

Asmus 1999); bis-functionalized fullerenes that aggregate less due to steric hendrence; 

and poly-functionalized fullerenes that have less of a pension for aggregation. In some
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cases aggregation of poly functionalized C60 tends to increase with concentration (Mohan, 

Palit et al. 1998) and in other cases concentration does not seem to have an effect 

(Sitharaman, Asokan et al. 2004). One of the more studied poly-functionalized fullerenes 

is a hydroxylated form known as fullerol which can have a varying amount of hydroxyl 

groups on its surface depending on reaction conditions (Chiang, Upasani et al. 1992) 

(Figure 2.2). Even with this surface modification, fullerols are only suspendable up to 

around 38.5 mM (Mohan, Palit et al. 1998). A wide variety of functionalization chemistry 

present in the literature indicates numerous possibilities for alternative water suspended 

fullerene compounds (Nakamura and Isobe 2003).

Of the class three suspensions the most environmentally relevant form are 

fullerene aggregates formed by extended stirring (Bensasson, Bienvenue et al. 1994; 

Cheng, Kan et al. 2004) or sonication this has been termed aqu/nC60 (Brant, Lecoanet et 

al. 2005). Unlike other suspended aggregations of a similar nature, these aggregates

Figure 2.2:Various functionalized fullerenes.

Class 3: Aggregation
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contain no residual solvents and provide a glimpse into the nature of how a release of 

fullerenes might behave in the environment. In the aforementioned solvent exchange 

suspension processes aggregates are formed using solvents such as tetrahydrofuran 

(Deguchi, Alargova et al. 2001; Fortner, Lyon et al. 2005), and a combination of toluene 

and sonication (Andrievsky, Klochkov et al. 2005). The transport and surface properties 

of these aggregate forms is just beginning to be explored by researchers (Brant, Lecoanet 

et al. 2005; Brant, Lecoanet et al. 2005; Fortner, Lyon et al. 2005).

Suspension Preparation 

THF/nCw

Four types of fullerene suspension were used in this work: THF/nC60, aqu/nC60, 

Fullerol, and PVP/nC60. THF/nC60 was prepared following the method outlined by 

Deguchi et al. (Deguchi, Alargova et al. 2001) and later modified by Fortner et. al. 

(Fortner, Lyon et al. 2005). Here, powdered C60 was first dispersed molecularly in THF at 

a concentration of 25 mg/L. The mixture was then purged with nitrogen to remove any 

dissolved oxygen and stored overnight in the dark while being continuously stirred to 

allow the solution to become saturated with C60. The C60 solution was then filtered 

through a 0.22-micron nylon filter to remove excess solid material. An equal amount of 

doubly deionized water (DDW) was then added to the THF/C60 filtrate at a rate of 1 

L/min, while being continuously stirred. The THF was subsequently removed from the 

solution using a rotary evaporator where the more volatile THF was evaporated off at a 

temperature of approximately 80 °C. This solution (containing only water, THF/nC6l), and 

small amounts of THF) was filtered through a 0.22-micron MCE filter and stored in the 

dark.
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Aqu/nC60

The aqu/nC60was prepared by creating a supersaturated solution of C60 in water 

(DDW). Here approximately 0.4 mg/mL of powdered C60 was added to DDW. The 

solution was then stirred and sonicated for approximately 6 hours with a high powered 

sonication device. The final solution had a faint brown/ yellow color, a characteristic of 

nC60 suspensions, and was filtered through a 0.45 micron MCE filter (to remove 

unsuspended C60) and stored in the dark. Aqu/nC60 was prepared by the same method in 

D20.

Fullerol

Fullerol suspensions were made by adding approximately 0.07 mg/mL powdered 

fullerol to DDW or D20 . This solution was made up in a volumetric flask and placed in 

the sonication bath for 2 hours. During this time the suspension becomes gradually more 

gold colored as more fullerol is suspended. Once removed from sonication, the 

suspension was filtered through 0.45 ft MCE filters via vacuum to remove unsuspended 

particles. The final suspension could be kept in a stable state over months period of time.

PVP/nCw,

The PVP/nC60 method was adapted from the method of Yamakoshi (Yamakoshi, 

Yagami et al. 1994). Firstly, a stock solution of lg/L C60 in toluene was prepared along 

with a separate stock solution of 0.31% PVP in chloroform. These were allowed to stir 

overnight for complete dissolution. The following day 4 parts PVP stock was added to 1 

part toluene/C60 stock stirring in a glass petri dish. The entire suspension was transferred 

to a roto flask and placed on a roto-evaporator overnight; evaporation led to the formation 

of a grey film on the inner wall of the flask. Milli Q water was then added at a volume 

equal to the original toluene stock volume. Vacuum filtration with 10 ft MCE followed
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directly by 0.22 (i. MCE filters removed all unecapsulated/suspended C60. The final 

suspension could be kept in a stable state over months period of time.

Particle Charaterization.

THF/nC60

25

THF new

10

Q-k-
10 100

d (nm)

Figure 2.3:DLS particle size distribution for THF/nC60 in H20. Mean particle size 
is 88.78nm.
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Aqu/nC,*

aqu + D20 

aqu + H20
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Figure 2.4:DLS particle size distribution for aqu/nC60 in H20 and D20. Mean 
particle size is 144.8nm in H20 and 147.4 in D20.

Fullerol

20

10 100 1000
d (nm)

Figure 2.5:DLS particle size distribution for fullerol in H20 , H20  and PBS buffer, 
D20 , D20  and PBS buffer. Mean particle size is 300nm in H20 , 200nm in H20  and 
PBS buffer, 229nm in D20 , and 248nm in D20  and PBS buffer.
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Figure 2.6:DLS particle size distribution for PVP/nC60 in H20 and D20. The mean 
particle size is 3.12nm in H20 and 106.8nm in D20.

Concentration determination

Initial experiments were conducted with the THF/nCfill suspension. As discussed, 

the suspension process leaves residual solvent within the C60 clusters, which cannot be 

removed under vacuum, heating or a combination of the two. THF/nC60 was heated for up 

to 16 hours at 300°C and no significant change in weight was measured on a 

microbalance. This made THF/nC60 concentration measurable only by a standard 

spectrophotometric curve (Fortner, Lyon et al. 2005). For aqu/nC60 the same problem 

existed, except water was trapped inside the C60 clusters. Once again this made the 

clusters impossible to simply dry and weigh due to the inability to remove adsorbed 

water. However in this case, concentration can be determined by the TOC as there were 

no other sources of carbon (besides C60) in the solution. This method yielded consistent 

and reasonable concentrations for aqu/nC60, but it could not be verified by an independent 

method. Fullerol could be measured in the same manner by determining the ratio of
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carbon to oxygen and multiplying the carbon concentration accordingly. Lastly, it is 

difficult to measure the concentration of PVP/nC60 because of its surfactant coating. C60 

cannot be separated from PVP by heating, oxidation, or non-polar extraction with 

Toluene. Concentrations of the PVP/nC60 are therefore approximate and were estimated a 

using a curve published in the original paper on its formation (Yamakoshi, Yagami et al.

1994).

Reactive Oxygen Species Measurement Techniques

One of the most difficult aspects of studying ROS is their high and unselective 

reactivity. Very reactive compounds are difficult to detect directly due to their short 

lifetime, so most methods for measuring ROS involve trapping the radicals with a 

chemical trapping agent. There are three main types of trapping proceedures for reactive 

oxygen species: electron paramagnetic resonance (EPR), chemical reduction followed by 

spectrophotometric detection, and irreversible trapping and dissoloved oxygen detection. 

Each method has its own advantages and disadvantages as discussed in detail below. An 

excellent discussion of EPR and other techniques for radical detection is contained within 

chapter 5 of ‘Free Radicals in Biology and Medicine’ (Halliwell and Gutteridge 1999); 

this and the references therein were extremely helpful in formulating the following 

discussion.

Quenchers

One of the most useful tools available to target specific ROS are quenchers. 

Superoxide dismutase (SOD) is a known quencher of superoxide which cells utilize for 

protection (McCord and Fridovic.I 1970). Beta carotene and Azide ion are known 

quenchers for singlet oxygen (Schmidt 2004). These compounds serve to eliminate the 

response seen from any ROS detection methods. If a response is eliminated by the
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addition of a quencher, it is easier to assume that the specific ROS generated the signal. 

One problem with quenchers is that none of them seem to specifically eliminate a 

particular variety of reactive oxygen species, while they have a preference for one; they 

also seem to have some effect on the other species. For example, SOD seems to have an 

effect on singlet oxygen production despite its supposed specificity (Pickering and 

Wiesner 2005).

Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR/ESR) detects the small changes that an 

unpaired electron exerts on an applied magnetic field. This electron acts as a magnet 

because it has the possibility of being in a spin state of +1/2 o r-1/2. Just as a magnet 

aligns itself with a field, the electron can either be parallel or anti-parallel within the 

applied field. Both these states have distinct energy levels, as determined by the magnetic 

field strength. In order to detect these energy states, the sample is exposed to photons 

with sufficient energy to excite the electrons from the lower state to the upper state. The 

energy gap is described by the following equation.

Equation 2.1: AE = gfiH

Delta E is the energy gap between the +1/2 and -1/2 state, H is the applied magnetic 

field, Beta is the Bohr magneton constant, and g is the splitting factor for the free 

electron. This splitting factor depends on the atoms within the radical compound being 

detected. An adsorption spectrum can be obtained by using the applied magnetic field to 

detect the changes. An unaltered and simple EPR signal would appear similar to the 

drawing below.
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Figure 2.7: EPR signal.
EPR detectors take the first derivative of this spectrum where the slope of the drawing 

above is represented at each point, making the output of an EPR look like below.

Figure 2.8: EPR signal derivative.

Since each electron can be described as a small magnet, unpaired electrons on a 

trapping molecule will affect the signal of the radical electron being detected; this is 

known as splitting and is most commonly caused by adjacent hydrogen atoms. Many 

times, this splitting lends a unique, radical specific, imprint on the EPR signal. The 

combination of hyperfine structure (number of lines), line shape, and hyperfine splitting 

(the distance between peaks) give a radical its unique imprint. Amplitude of the first 

derivative signal also gives an indication of the concentration of radical detected when 

compared with a standard.

EPR Spin Traps

An ideal spin trapping molecule will react quickly and specifically with the 

radical species of interest and produce an unmistakable signal. Two spin traps commonly 

used for oxygen radical investigations are 5,5-dimethyl-l-pyrroline-l-oxide (DMPO) and 

2,2,6,6-tetramethyl- 4-piperidone (TEMP). The figure below shows the reaction
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pathways of DMPO with superoxide and hydroxyl radical and TEMP with singlet 

oxygen.

HscJT jLch* -......—...+ H20
HfO N CHf HjC N CH3

4h)xO”TEMP 4-oxo-TEMPO

Figure 2.9: Reaction of TEMP with singlet oxygen.

o  o

DMPO DMPO-OOH

Figure 2.10: Reaction with DMPO with superoxide.

h 3 C ^ O  o h
HaC h  ---------------------► „ , C  N H

O  O -

DMPO DMPO-OH

Figure 2.11: Reaction of DMPO with hydroxyl radical.
In each case, the product is a nitroxide compound which is stabilized by charge

delocalization between the nitrogen and oxygen atom. The following figure shows EPR 

spectra typical of TEMPO, DMPO-OOH, and DMPO-OH adducts.
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Figure 2.12: EPR signal of DMPO-OH adduct.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



31

O n

2  m T

Figure 2.13: EPR signal of the DMPO-OOH adduct.
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1 m l

Figure 2.14: EPR signal of the TEMP-singlet oxygen adduct.
The TEMPO spectra is a 1:1:1 hyperfine structure that results from the interaction of the

unpaired electron with the nitrogen nucleus. Both DMPO-OH and DMPO-OOH have the 

same interaction, but splitting occurs due to the presence of adjacent hydrogen and 

oxygen atoms. Hydroxyl radical reacts with DMPO about 9 orders of magnitude faster 

than superoxide, so the DMPO-OH signal will be prominent unless hydroxyl radical is 

quenched (see below). As a result, superoxide detection with this compound requires 

much higher concentrations than hydroxyl detection would. DMPO-OOH can also 

decompose to DMPO-OH giving a false positive for hydroxyl radical, but there are ways 

to avoid this (Halliwell and Gutteridge 1999). There are many other spin traps available, 

and new ones are developed on a regular basis (Frejaville, Karoui et al. 1995).
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EPR Procedure.

For the spin trapping experiments two different trapping reagents were used: 4- 

oxo-TEMP to trap singlet oxygen and DMPO to trap both superoxide and hydroxyl 

radicals. Early on, DMPO detection for superoxide was abandoned due to high detection 

threshold and low adduct lifetime. TEMP has a lower detection limit and a much longer 

adduct lifetime making it a more ideal trap for suspensions containing low concentrations 

of singlet oxygen that must be irradiated for prolonged periods of time. To take a sample 

a mixture of particle suspension and 80mM TEMP was shaken in a 5mL volumetric 

flask. This was poured into a plastic tray for UY irradiation. Upon removal the sample 

was taken in a capillary tube, capped with clay, placed in a quartz EPR tube, and 

positioned in the EPR sample holder. pH was not controlled unless PBS buffer was added 

for a pH of approximately 7.3. In each case the EPR parameters were: (frequency, 9.27 

GHz; power, 5 mW; modulation amplitude, 4 G; modulation frequency, 100 kHz) and the 

TEMP concentration was kept consistent so that all samples would be easily comparable. 

Samples were irradiated under UV from 5 minutes to 3 hours depending on composition. 

To obtain the standard curve for the TEMPO adduct a series of dilutions were made until 

the signal was the correct order of magnitude, this did not require irradiation.

Nitro Blue Tetrazolium Reduction by Superoixde 

Another option for detection of reactive oxygen is chemical reduction of either 

cytochrome c (McCord and Fridovic.1 1968; McCord and Fridovic.1 1970) or nitro blue 

tetrazolium (NBT) (Bielski, Shiue et al. 1980; Saito, Matsuura et al. 1983; Yamakoshi, 

Umezawa et al. 2003). Both of these compounds are reduced by superoxide. Cycochrome 

c reacts with a rate constant of 2.6 X 105 M'V1 and NBT with a constant of 6 X 104 M'V1.
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While cytochrome c has a relatively simple reaction pathway, the pathway for NBT is 

more complex (Bielski, Shiue et al. 1980). A simplified version is depicted below.

X '  .j o  <r> Y r ^ " 0'6 O
(tarnsiuaw

Figure 2.15: NBT reduction by superoxide.
This reduction is not selective, so the presence of the reduction products does not assure 

superoxide activity. Thus, superoxide dismutase (McCord and Fridovic.1 1968) must be 

added to quench superoxide and create a baseline reduction level. These reductions can 

be followed spectrophotometrically, which provides a significant experimental advantage 

to using these compounds to study ROS production. Another advantage is the ability to 

analyze reduction data and determine rates of ROS production. However, concentration 

detection limits are higher than typically found using EPR methods.

NBT procedure

NBT reduction measurements were prepared by mixing two lOmL flasks with the 

appropriate suspension and 625 pM NBT. One flask was kept free of SOD and the other 

contained lOU/mL SOD. These flasks were poured into 4 different 8mL glass vials in 

5mL portions and capped with teflon lined septa. Four unique solutions resulted: 

suspension + UY; suspension + UV + SOD; suspension + DARK; suspension + DARK + 

SOD. The former two provide a measure of superoxide activity under UV light and the 

latter two provide a measure of superoxide activity in the dark. Light samples were 

irradiated for 10, 20, and 30 minutes. A sample was taken via syringe at each time point. 

Dark samples were taken over longer periods of time while stored in the refrigerator. All
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samples were analyzed for optical density at 560nm and the difference between the SOD 

free and SOD containing suspensions was taken to be superoxide activity.

Furfuryl Alcohol Oxygen Consumption 

Although more uncommon in the literature, ROS can be detected by the simple 

monitoring of dissolved oxygen concentration in a solution. The basic principle is shown 

in figure 2.16. A compound irreversibly traps the reactive oxygen and a drop of dissolved 

oxygen occurs. A simple hand held meter can be used to monitor this change.

Measure UV Measure
/ l \

O i j O i

*0 2T *°i. 
T N O*1

o ,  t n

j  |\| T 

N * ° 2N t
T

T O :

W 2Oi

I
3

IOS Generation Rate
.3
O

Figure 2.16:Dissolved oxygen ROS measurement method. 0 2= Dissolved Oxygen; 
T=ROS trap; N= Nanoparticle; * 0 2= ROS; T -02 =Trapped ROS.
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One major advantage of this method is the rate of ROS generation can be derived from 

dissolved oxygen drop by adding an excess of the trapping compound; theoretically every 

generated ROS molecule will react making the reaction pseudo first order. Traps must 

react with ROS at a much higher rate than the ROS decay. Work by Zepp and coauthors 

on singlet oxygen in natural waters utilized the compound DMF (2,5-dimethylfuran) for 

the purpose of trapping ROS(Zepp, Schlotzhauer et al. 1985; Zepp, Braun et al. 1987), 

while Haag et. al used FFA (furfuryl alcohol) for the same purposes (Haag and Hoigne 

1986). While FFA reacts with singlet oxygen at high rates (1.2 X108 M 'V), there is 

difficulty in detecting low concentrations of ROS as compared with EPR methods.

FFA procedure.

For each oxygen consumption experiment, 4 borosilicate glass vials with PTFE lined 

caps were filled with solution consisting of 100 mM furfuryl alcohol in aerated buffer and 

1 pM fullerol, THF/nC60, or aqu/nC60. Three vials were exposed to UV light while the 

fourth vial was double wrapped in aluminum foil and used as a control sample. In order 

to assure the samples were kept under the same conditions, especially temperature, the 

control was kept with the irradiated vials. Oxygen consumption was calculated as the 

difference in dissolved oxygen concentration of the control vial and the average of the 

three exposed vials.
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Common ROS Detection Methods v t
' - * V lB *

Type of ROS 
(decreasing 

oxidative power)

Electron 
Paramagnetic 

Resonance (EPR)
Spectrophotometric

Dissolved Oxygen 
Measurement

Hydroxyl
DMPO

[Yamakoshi 2003] 
[Dugan 1997] 

DMSO

N/A N/A

Superoxide

DMPO
[Yamakoshi 2003] 

[Dugan 1997] 
DEPMPO  

[Frejaville 1995]

N B T  [Saito 1983] 
C ytochrom e C 

[You 2003]
X T T

[O kado- Matsu m oto  2001]

FFA
[Haag 1984] 

[Pickering 2005] 
DMF 

[Zepp 1985]

Singlet Oxygen TEMP
[W ilkinson 1993]

D ipropionic acid
[Lindig 1981]

FFA
[Haag 1984] 

[Pickering 2005] 
DMF 

[Zepp 1985]

Table 2.1: Common ROS Detection Methods

Detection Alternatives

The detection methods used in this thesis are by no means exhaustive. To name a 

few others, reaction products fingerprinting and chemiluminescence are viable 

alternatives. For example, a direct detection method for singlet oxygen is to monitor the 

luminescence emission band at 1270nm (Nakanishi, Ohkubo et al. 2002). Then again, the 

methods I have employed represent some of the more accessible and quantifiable ROS 

detection techniques.
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Chapter 3 Results 

Furfuryl Alcohol Oxygen Consumption

Production of ROS by the 4 methods of suspension is quantified by 3 different 

means of measurement. In figure 3.1 the FFA method is used and a change in dissolved 

oxygen is detected for three of the suspensions: aqu/nC60; THF/nC60; and fullerol. The 

same measurement was also taken with a buffer solution containing lOOmM FFA. Since 

some oxygen is consumed over time by reaction of FFA with the ground state, this 

provides a baseline by which to gauge the ROS production of the suspensions. 

Measurements that exceed the slope of the buffer blank produce ROS. Recognizing this, 

the fullerol is the only suspension to produce ROS. Both nC60 preparations failed to 

produce ROS beyond the level of the buffer with aqu/nC60 matching the buffer and the 

THF/nC60 showing indications of non-linear antioxidant effects.
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Figure 3.1:Oxygen consumption in suspension/FFA solution buffered at pH=5 and 
irradiated under UV light. Fullerol, THF/nC6#, aqu/nC60 lpM, FFA lOOmM. A 
steeper slope in the case of Fullerol indicates more oxygen consumption which is 
equated with ROS production.

Antioxidant Effect

In order to study antioxidant effects observed in figure 3.1 with THF/nC6(l I 

utilized Rose Bengal to produce ROS in our experimental set up. This sensitizer should 

cause the dissolved oxygen to drop predictably at the same rate due to its known 

production of ROS. In figure 3.2 rose bengal behaved normally causing the DO to drop 

without the presence of THF/nC60. When this suspension was added to a second solution 

at a concentration of lpM the rate of DO drop remained consistent. This indicates low to 

no antioxidant properties for THF/nC60. There was also some concern that the scavenging 

ability of FFA may be effected by the presence of the THF/nC60 this data does not seem 

to indicate interference by the presence of the suspension.
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Figure 3.2:Oxygen consumption in Rose Bengal and FFA solution buffered at pH=5 
with and without THF/nC60 irradiated under UV light. THF/nC6# lpM, Rose Bengal 
lpM, FFA 100 mM. Antioxidant activity of THF/nC## is not indicated because the 
slopes are the same with and without the presence of the suspension.

EPR Measurement
TEMP: Aqu/nC60

In order to distinguish more clearly between fullerol and aqu/nC60 suspensions 

EPR measurements were undertaken. The trapping agent 4_oxo-TEMP (TEMP) is used 

to detect the presence of singlet oxygen in solution. Appearance of the distinct signal in 

an induced magnetic field indicates the presence of singlet oxygen. Figure 3.3 shows that 

aqu/nC60 does not produce a signal for the TEMP-singlet oxygen adduct after 60 minutes 

of UV irradiation. The measurement represents repeated attempts to acquire the singlet 

signal. The final suspension was made in DzO in order to increase detection sensitivity.
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Figure 3.3: Electron Paramagnetic Resonance signal between 3270 and 3320 G for a 
40 fxM aqu/nC6# suspended in DzO with 80mM TEMP and irradiated for 60 minutes. 
No triplet signal is the result of no singlet oxygen production.

TEMP: Fullerol

Dueterium dioxide was also used for fullerol suspensions to increase singlet 

oxygen sensitivity. In figure 3.4 a 40 pM suspension of fullerol is illuminated under UV 

for 15, 30, and 60 minutes. The constant growth in the amplitude of the signal indicates 

singlet oxygen is being generated.
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Figure 3.4: Electron Paramagnetic Resonance signal for 40 pM Fullerol suspended 
in D20  with 80mM TEMP. The suspension was irradiated under UV light for 15,30, 
and 60 minutes. The field is measured between 3270 and 3320 G. The growing 
triplet signal is an indication of ongoing singlet oxygen production.

TEMP: Fullerol and Standard TEMPO

After establishing that fullerol generates singlet oxygen it was compared with a 

standard TEMPO adduct solution and a standard rose Bengal sensitizing molecule. Figure 

3.5 compares generation of singlet oxygen after 5 minutes UV irradiation of 40 pM rose 

Bengal with 15 minutes UV irradiation of 40 pM fullerol. Via comparison of signal 

amplitudes UV irradiation of rose bengal for 5 minutes generates 3.5 times the amount of 

singlet oxygen that fullerol does after 15 minutes. The amplitude of the 0.5 pM TEMPO 

adduct matches the fullerol signal meaning that 40 pM fullerol produces 0.5 pM singlet 

oxygen after 15min of UV irradiation.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



43

200

100 *f»

-100

-300

3270 3280 3290 3310
————— 40pM Rose Bengal 5 min q
■###**#•**###*# TEMPO standard o.fljpM 
-------------------- 40^M Fullerol 15 m h

Figure 3.5: Electron Paramagnetic Resonance signal for photosensitizers suspended 
in D20  with 80mM TEMP. Rose Bengal 40 pM and Fullerol 40 pM were irradiated 
with UV light. 0.5 pM TEMPO was added as a standard. The field is measured 
between 3270 and 3320 G. 40pM Fullerol produces about 0.5pM singlet oxygen over 
the course of 15 minutes.

TEMP: Fullerol Suspended in D20  and H20

To confirm that fullerol still produces singlet oxygen in H20  a suspension was 

prepared for analysis. Figure 3.6 differentiates H20  and D20  fullerol suspensions of the 

same concentration. The signal is less distinct and lower in amplitude for fullerol 

suspended in water because singlet oxygen has one tenth the lifetime.
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Figure 3.6: Electron paramagnetic resonance signal for 40 pM fullerol suspended in 
D20  and H20 . Solutions were irradiated for 60 minutes under UV light. The field is 
measured from 3270 to 3320 G. The difference in triplet signal is due to the lower 
lifetime of singlet oxygen in H20 .

TEMP: Fullerol with PBS Buffer

When a buffer such as PBS is added to a D20  fullerol suspension the pH of the 

solution changes from 5 to 7, and the ionic strength of the solution increases. This effects 

the charge on the surface of the fullerol by changing the number of neutral hydroxyl 

groups on the surface. Based solely on pH considerations the PBS free fullerol 

suspension at pH 5 should have less surface charge than the PBS fullerol solution at pH 

7. However, because the ionic strength of the PBS solution (p=150) its surface charge is 

actually more negative. Figure 3.7 reveals the dramatic effect of PBS buffer presence on 

singlet oxygen production by testing an identical fullerol solution with and without PBS 

buffer. TEMPO adduct signal is lower by more than 50% at each time point.
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Figure 3.7: Electron paramagnetic resonance signal for 40pM fullerol suspended in 
D20  the suspension on the left contains no PBS buffer (pH=5) while the solution on 
the right does (pH=7). The PBS free solution was irradiated for 15, 30, and 60 
minutes. Triplet signal amplitude indicates that less singlet oxygen is being 
produced.

Nitro Blue Tetrazolium Reduction

Type I Light

Nitro blue tetrazolium (NBT) reduction was employed to measure the production 

of superoxide. The optical density values displayed in figure 3.8 represent a specific 

wavelength at which reduced NBT is monitored. NBT reduced by a means other than 

superoxide is measured by running identical samples containing SOD and taking that as a 

baseline. Superoxide production is then calculated for fullerol, fullerol in PBS buffer, 

fullerol and NADH, aqu/nC60 and NADH, and NADH alone. Both NADH alone and 

aqu/nC60 with NADH produce superoxide at the same rate indicating that the presence of 

aqu/nC60 does not generate superoxide on its own. Conversely, the fullerol suspension 

generates superoxide in the presence of NADH. To assure this was not occurring, both 

fullerol alone and fullerol with PBS buffer were checked for superoxide production in the 

presence of NBT. These showed little to no superoxide producing capacity.

! 5  minutes

30 minutes

45 minutes
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Figure 3.8: Optical Density at 560nm for NBT reduced by superoxide. Slope 
indicates the rate of superoxide production. Concentrations were 30pM Aqu/nCr>0, 
40pM Fullerol, 625pM NBT, and NADH 5mM. UV irradiation was preformed for 
10, 20 and 30 minutes. Larger slopes indicate higher superoxide generation rates.

Type I: Dark

An equally important reaction pathway for C60 derivatives may be a dark type I 

reaction that only requires favorable redox conditions to occur. In this case the same NBT 

detection system is utilized for samples kept free from irradiation. In figure 3.9 

comparison of SOD free and SOD containing solutions is an indicator of superoxide 

activity. In the dark, NADH alone has limited superoxide producing power. Aqu/nC60 and 

NADH produces superoxide over the course of 96 hours. Fullerol and NADH produces 

superoxide steadily over 30, 36, and 50 hours and clearly participates in this reaction to a 

greater extent than aqu/nC60. Additionally, fullerol does not produce superoxide in the
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dark on its own.

Figure 3.9: Optical Density at 560nm for NBT reduced by superoxide. 
Concentrations were 30 pM Aqu/nCeo, 40pM Fullerol, 625pM NBT, and NADH 
5mM.Vials were measured after being kept completely in the dark in the 
refrigerator over the time period indicated. Arrows show the amount of superoxide 
produced in the dark.

EPR: PVP/nC#0

PVP/nC60 is another suspension preparation tested for ROS production. In figure 

3.10 the TEMP signal for reaction with singlet oxygen is lower for PVP/nC60 in D20  than 

fullerol in D20  after 30 minutes irradiation. Since the concentration of PVP/nC60 is only 

known approximately, there is no way to compare these suspensions directly with much 

confidence.
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Figure 3.10: Electron paramagnetic resonance signal for 40pM fullerol and -400juM 
PVP/nC60 suspended in D20  with 80 mM TEMP. Samples were irradiated with UV 
light for 30 min each. Triplet signal amplitude indicates the amount of singlet 
oxygen produced.
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Chapter 4 The FuIIerene Photosensitization Model

By placing the ROS generation of fullerenes in the context of the 

photosensitization model just described we will be better able to elucidate these 

properties. Subsequently, a discussion of how the photosensitization properties change 

upon the introduction of hydrophobic fullerenes in the aqueous environment will inform 

the reader on current research and limitations in environmental engineering. The 

introduction of fullerenes such as C50 to aqueous environments requires that the molecule 

be modified through functionalization, colloid formation, or association with a molecule 

such as surfactant that has a high affinity for water.
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Figure 4.1: Significant photosensitization pathways for C60.
When fullerenes are illuminated under the appropriate wavelength, the electrons

are excited from the ground state (°C60) to the singlet state (I). The singlet state (‘C60) can 

decay in three main manners: fluorescence (II); internal conversion (III); and intersystem 

corssing (ISC) (IV). The former two result in the ground state while the latter leads to the 

relaxation of singlet C60 to the triplet state (3C60). Interaction of the singlet state with 

oxygen can also result in the triplet state (VII, VIII). Pathway VII results in the 

production of singlet oxygen via type II photosensitization. The triplet state, 3C60, has a 

significantly longer lifetime than ‘C60 in solution allowing it to participate in type II 

formation of singlet oxygen to a greater extent than does the ‘C6(l (XV). The triplet state is 

also susceptible to self-quenching (XVII) via interaction with the ground state (°CJ and
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triplet-triplet annihilation (XIX) via interaction with another triplet (3C60). Type I 

sensitization (XXIV) occurs when the triplet state comes in contact with a donor 

molecule that has a more negative reduction potential than (3C60). The resulting radical 

( C^) can then pass the electron to ground state oxygen to form superoxide (XXV).

Thus, conditions that lead to ROS generation can be grouped into 4 categories in 

which reaction pathways are most directly related and in many cases have been 

investigated together:

1) Ground State Fullerene: Excitation and Decay (I,II,III)

2) Intersystem Crossing: Fullerene Triplet State Formation (IV,VII,VIII)

3) Fullerene Triplet Quenching: Type II Photosensitization (XVIII, XIX, XV)

4) Fullerene Triplet Reduction: Type I Photosensitization (XXIV, XXV)

Each of these groups of reaction pathways is affected by changes in fullerene 

functionality and aggregation state, such as those produced to suspend fullerene in water. 

In each section we will first discuss the pathway specific properties of C60 found in non

polar solvents, following with how encapsulation and functionalization of C60 for aqueous 

suspension effects that reaction group pathway. I will finish each section with a 

discussion of how my findings tie in with this C60 photosensitization model.

Ground State Fullerene: Excitation and Decay

Fundamentals of Excitation and Decay 

The absorbance spectrum of free C60 suspended in non-polar solvents has sharp 

peaks with absorbance in the UV and visible range (Figure 4.2). This has important 

consequences because quantum yields for the photosensitized production of singlet 

oxygen by a suspension of C60 in non-polar benzene are near unity for light in the UV and 

visible range (Arbogast, Darmanyan et al. 1991). According to equation XXIII triplet
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quantum yield (VI) would equal singlet oxygen quantum yield under ideal energy transfer 

conditions, indicating that the triplet quantum yield is unity in the case of C60.

200 300 400 800500 600 700

V n m )

Figure 4.2:Typical UV/Vis absorbance of C6# suspended in non-polar solvent [43].
Accordingly, reaction pathway I occurs efficiently when C60 is free and unaltered in a

non-polar solvent. Generally, C60 suspended in non-polar solvent results in a broader 

spectrum that is shifted towards the red wavelengths. This effect varies with the type of 

suspension (Andersson, Nilsson et al. 1992; Hungerbuhler, Guldi et al. 1993; Yamakoshi, 

Yagami et al. 1994) but generally the degree of broadening increases with clustering of 

the C60 within the surrounding agent. Pathway I is deleteriously affected because all 

incident light cannot reach the surface of the C60. Fluorescence (II) and internal 

conversion (III) have not been identified as important contributors to the decay of the ‘C6(l 

back to °C60. On the other hand, addends decrease triplet quantum yield by promoting 

non-triplet forming singlet decay pathways such as florescence (II) and most likely 

internal conversion (III)(Anderson, An et al. 1994; Bensasson, Bienvenue et al. 1995). 

Reacting the cage structure also perturbs the extended -bonding network and raises the
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energy of the LUMO electrons due to loss of conjugation (Boudon, Gisselbrecht et al.

1995) (figure 4.3). This increases the energy required to excite electrons across the band 

gap and into their excited states; thus requiring higher energy light (I) and contributing to 

a reduction in quantum yield (VI) (Anderson, An et al. 1994).

O O O  LUMO

HOMO

OOO LUMO

HOMO

OOO lumo

HOMO

C60

R-C60

R-C60-R

Figure 4.3:Increasing the amount of addends enlarges the gap between the HOMO 
and LUMO. The figure is not an exact representation of energy levels.

Excitation Properties of C7#

Here it is also important to mention the photophysical properties of C70. This 

molecule is a higher order fullerene cage, of which there are several, that takes on more 

of an oblong shape in order to maintain the cage- like carbon structure. The singlet 

oxygen quantum yield (XXIII) (a measure of the lower limit of 3C70 quantum yield (VI)) 

was found to be around .81 indicating light conversion was not as efficient in this 

molecule (Arbogast and Foote 1991). This decrease is partially attributed to deactivation 

of 1C70 by alternative pathways such as internal conversion (III) that do not produce the 

triplet state. Thus, it appears that either increasing the size of the fullerene cage or 

decreasing fullerene symmetry, or both may lead to a decrease in quantum yield (VI).
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Context for Results

In my investigations fullerol and C60 were used. In terms of excitation and decay 

of the ground state I might have presupposed that because fullerol is functionalized 

heavily and C60 has an unperturbed bonded cage C60 would show more ROS generation 

capacity. Since pathways I, II, and III can not be measured directly in the non-polar 

suspension there is no way of knowing how they are effected by either functionalization 

(fullerol), clustering (THF/nC60, aqu/nC60) or encapsulation (PVP/nC60). It is highly likely 

that even in non-polar solvent C60 follows pathway I more efficiently than fullerol. While 

fullerol in the singlet state 'C60(OH)22 also is likely to participate in internal conversion 

(III) that reduces the amount available for ISC (IV). However, the results show that 

although fullerol is functionalized it still participates in type I and type II reactions 

(figures 3.1, 3.4, 3.8), while THF/nC60 and aqu/nC60 do not (figures 3.1, 3.3, 3.8). This 

apparent contradiction is due to other pathways that mitigate the ROS generating capacity 

of pure C60 in aqueous solution.

Intersystem Crossing: Fullerene Triplet State Formation 

ISC Fundamentals

A measurement of the rate of ISC (kisc) for C60 and C70 found it occurs at a rate of 

3.0 X 1010 s 1 and 8.7 X 109 s 1 respectively (Wasielewski, Oneil et al. 1991). Decay of the 

singlet excited C60 is predominantly ISC to the triplet state (IV) (Arbogast, Darmanyan et 

al. 1991). This phenomenon can be explained in terms of small energy splitting between 

‘Cgy and 3C60, low fluorescence (II), and large spin-orbital interaction. The large diameter 

and spherical nature of C60 promote these properties by lowering electron repulsion and 

the extended -bonding network respectively. In C70 the extended -bonding network 

seems to be perturbed enough to promote internal conversion (III) rather than ISC (IV),
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and this results in reduced 3C60 quantum yield (VI). Addends reduce the ISC rate (IV) in 

the same way by reducing the amount of bonds on the surface of the C60 cage. Since the 

singlet state cannot be as easily relaxed its lifetime is noticeably longer but still on the 

order of nanoseconds (Guldi and Asmus 1997).

Context for Results 

Again conditions seem to favor higher ROS for C60 rather than fullerol. ISC rates 

are likely to be higher in the case of C60, no matter if it is encapsulated (PVP/nC60) or 

clustered (THF/nC60, aqu/nC60), than in the case of fullerol. While fullerol reaches the 

triplet state slower than the C60 forms, all these suspensions reach the triplet state. How 

long this triplet state exists (triplet lifetime) is the most important factor to ROS 

generation capacity of these materials because this is where quenching and reduction 

occurs for type II and type I photosensitization respectively.

Fullerene Triplet Quenching: Type II Photosensitization 

Type II Reaction Fundamentals 

Once C60 reaches the triplet state via ISC (IV) its lifetime is on the order of 

microseconds in absence of quenching oxygen (Arbogast, Darmanyan et al. 1991; 

Haufler, Wang et al. 1991; Wasielewski, Oneil et al. 1991). However, the lifetime also 

depends on phosphorescence (XII), internal conversion (XIII), self-quenching (XVIII), 

and triplet-triplet annihilation (XIX). Therefore, the triplet lifetime depends on 

concentration of C60. By measuring triplet lifetime at various concentrations the effect of 

these alternative quenching mechanisms (XIII, XVIII) can be eliminated from lifetime 

calculations allowing for an estimation of the intrinsic triplet lifetime around 133 [is in 

non-polar solvent (Fraelich and Weisman 1993). While more generally, the triplet 

lifetime tends to be around 40ps in most studies using non-polar solvents because one
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concentration is used to measure the triplet lifetime. These triplet lifetimes are 

exceptional, but they along with its type II photosensitization rates are changed 

dramatically when C60 is suspended in the aqueous environment.

Encapsulating agents such as y-cyclodetrxin (y-CD), triton-X, and 

poly(vinylpyrrolidine) PVP increase the lifetime on the triplet state (XIV) up to 130ps 

regardless of concentration (Andersson, Nilsson et al. 1992; Guldi, Huie et al. 1994; 

Yamakoshi, Yagami et al. 1994; Eastoe, Crooks et al. 1995). This is due to the 

encapsulating agent’s ability to reduce contact between fullerenes that results in reduction 

of pathways such as self-quenching (XVIII) and triplet-triplet annihilation (XIX) (i.e. y- 

CD encapsulation reduced triplet-triplet annihilation by 4 times as compared with free C60 

in toluene(Andersson, Nilsson et al. 1992)). Photosensitization rates benefit from the 

increased lifetime of the triplet state, but the same encapsulation effects reduce the rate of 

type II singlet oxygen formation (XV). In the case of y-CD the triplet quenching by 

oxygen was determined to be half that of free C60 in toluene after correction for oxygen 

diffusion rates (Andersson, Nilsson et al. 1992). Congruently, illuminated PVP/C60 was 

monitored for the characteristic singlet oxygen emissions band at 1270nm. The IR 

emission was not found (Yamakoshi, Sueyoshi et al. 1998). This indicates type II 

sensitization (XV) is not occurring or more likely is occurring at very low rates.

As a more specific example, one of the more interesting and recently developed 

for C60 suspension is “mechanically entrapped C60” (Galletero, Garcia et al. 2003). An all

silica zeolite Y supercage is used entrap C60 (figure 4.4).
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Figure 4.4:A molecular model representation of C60 trapped in a zeolite cage[68].
In the absence of 0 2 the triplet lifetime (XIV) is extended into the order of minutes.

Presumably, this is due to the complete lack of quenching mechanism activity and 

indicates the C60 molecules are more than likely entrapped individually and not as 

clusters. Otherwise, triplet-triplet annihilation (XIX) and self-quenching (XVIII) would 

lower the triplet lifetime significantly. Despite this, in the presence of oxygen the type II 

(XV) mechanism occurs effectively but at a slight rate decrease from the diffusion 

controlled quenching of free C60.

Increasing the amount of addends on the C60 cage decreases the quantum yield of 

the triplet state (VI) and as a result the quantum yield of singlet oxygen (XXIII)

(Hamano, Okuda et al. 1997). Fused core area can actually be directly correlated to triplet 

C6(l and singlet oxygen quantum yield (Figure 4.5& 4.6) (Prat, Stackow et al. 1999).
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Figure 4.5: Common examples of increasingly functionalized C60.
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Figure 4.6:3C60 quantum yield and singlet oxygen quantum yield correlated with 
functionalized cage area.
However, since the ratio of quantum yields ( <f>J (f>T) is approximately unity for all 

different functional groups the nature of the addend does not hinder the ability of oxygen 

to quench the 3C60 via a type II mechanism (XV) (Hamano, Okuda et al. 1997; Prat, 

Stackow et al. 1999).

All the photosensitization properties of functionalized fullerene were first 

measured in non-polar solvent in order to accurately gauge the induced changes with
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increasing addends. Nonetheless, these modifications were originally intended for 

increased water solubility so it was only a matter of time before photosensitizing 

properties were tested in the aqueous environment. An immediate consequence of placing 

functionalized C60 in the aqueous system is clustering. Mono functionalized malonic acid 

C6(l (C60C(COOH)2) is a good example. The non-polar ends of these molecules are thought 

to group together facing the negatively charged carboxyl groups out into the polar 

environment (Guldi, Hungerbuhler et al. 1995)(Figure 4.7).

Figure 4.7:Drawing of possible cluster formations of mono-functionalized malonic 
acid C60 derivatives in the aqueous environment[71].

Clustering reduces the lifetime of the triplet state two orders of magnitude (Guldi, 

Hungerbuhler et al. 1995) by promoting triplet-triplet annihilation (XIX) and self- 

quenching (XVIII). Therefore, the triplet excited state does not survive long enough to 

participate in type I reactions. In order to alleviate this problem y-CD can be added to cap 

the exposed non-polar ends and reduce clustering. This increases triplet lifetime 

comparable to that observed for y-CD encapsulated C60 (Andersson, Nilsson et al. 1992).
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Type II quenching by oxygen (XV) for the encapsulated mono-functionalized 

compounds have a rate constant on the same order of magnitude as that of y-CD 

encapsulated C60 (Guldi and Asmus 1999). However, bis-functionalized, tri- 

functionalized, and poly-functionalized compounds can be suspended in the aqueous 

environment without the use of an encapsulating agent (Figure 2.2). Bis-functional and 

tri-functional C60 singlet oxygen formation rates can be compared with free C60 and they 

show only a slight slowdown in singlet oxygen formation, whereas the poly 

functionalized fullerol (C60(OH)x) is about an order of magnitude slower. The slowdown 

is attributed to the extremely perturbed bonding system caused by addition of 18 

hydroxyl groups (Guldi and Asmus 1999).

Fullerol Type II Reactions Fundamentals 

Suspensions of fullerol have been observed to exhibit two distinct triplet lifetimes. 

A shorter time constant for triplet decay appears to be concentration dependent while 

triplet lifetime simultaneously decays with a longer time constant that is concentration 

independent (Mohan, Palit et al. 1998). Annihilation (XIX) and self quenching (XVIII) 

play an important role in the shorter decaying component, while the longer decaying 

component is probably associated with the presence of individually suspended fullerol. 

EPR spin trapping methods can be used to monitor the type II formation of singlet 

oxygen (XV), and the singlet oxygen signal is both time and concentration dependent in 

the presence of UV illumination (Figure 4.8) (Vileno, Lekka et al. 2005; Vileno,

Marcoux et al. 2006).
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Figure 4.8: EPR signal growth of the TEMP-singlet oxygen adduct in the presence 
of fullerol suspended in an aqueous system.

Fullerol exhibits lower singlet oxygen quantum yields due to its perturbed -bond system, 

but the same hydroxyl groups keep the triplet lifetime high enough for the molecule to 

participate in a significant amount of type II reactions in water. This the typical tradeoff 

between suspendability and reactivity with C60.

Context for Type II Results 

In terms of type II reactions triplet-triplet annihilation (XIX), and self-quenching

(XVIII) play a major role in the ability of a suspension to generate ROS. In figure 3.3 

aqu/nC60 does not show a signal for singlet oxygen generation while figure 3.4 and figure 

3.10 show that fullerol and PVP/nC60 produce singlet oxygen via a type II mechanism 

(XV). Triplet lifetimes in aqu/nC60 are very low due to the close crystal like packing 

(Fortner, Lyon et al. 2005) of the clusters (figure 4.9) that promotes triplet annihilation

(XIX) and self-quenching (XVIII). Fullerol, while clustered, has been shown to have two 

triplet lifetimes (Mohan, Palit et al. 1998) this indicates lower association of the particles 

as can be seen in figure 4.10. This is likely due to its surface hydroxyl functionaliztion. 

Particles that are not as closely associated will not have be as susceptible to triplet-triplet 

annihilation and self-quenching. PVP/nC60 allows for a triplet lifetime that can participate
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in type II photosensitization by encapsulating the C60 cage to prevent these quenching 

interactions. The PVP will simultaneously reduce the amount of ground state oxygen 

reaching to surface reducing the rate at which these type II reactions occur (figure 3.10).

Figure 4.9:Typical TEM image of aqu/nC60 showing close clustering of the 
molecules in non-polar solvent The scale bar represents 20nm.

Figure 4.10: Typical TEM image of fullerol showing loose clustering of the 
molecules in non-polar solvent. The scale bar represents 20nm.
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Context for Type II Reactions in PBS

The presence of ions in solution also affects the type II production of singlet 

oxygen (XV). In figure 3.7 fullerol suspensions with and without PBS buffer are 

measured for singlet oxygen production. The 50% drop in signal amplitude indicates that 

half as much ‘0 2 is being produced by fullerol in the presence of PBS. This could be due 

to a variety of reasons but surface charge is an obvious candidate for explaining the 

difference. When the fullerol suspension is PBS free the surface charge is measured at - 

47mV and when PBS is added to the solution the surface becomes less charged (-32mV). 

While this decrease in charge does not lead to a significant increase in mean particle size 

(figure 2.4) it could lead to a closer association of the fullerol within the clusters due to 

the shrinking of the double layer. In any form of C60 suspension, closer association of the 

molecules will promote triplet-triplet annihilation (XIX) and self-quenching (XVIII) and 

reduce triplet lifetime. Therefore leading to a reduction in the type II singlet oxygen 

generation pathway (XV).

Fullerene Triplet Reduction: Type I Photosensitization

Type I Reaction Fundamentals 

In the presence of an appropriate donor compound the high electron affinity of C60 

results in type I (XXIV) reactions. C60 can be reduced with up to five electrons in 

benzonitrile solvent with progressive reduction potentials of (-0.36,-0.83, -1.42, -2.01, - 

2.60V vs. SCE) (Dubois, Kadish et al. 1991; Dubois, Kadish et al. 1991). This affinity is 

due to the extended -bonding that can spread the extra electrons across the surface. In 

addition to its electron affinity, C60 also has a stable triplet state that is about 1.56eV 

higher than °C60. The higher energy 3C60 is more easily reduced because the reduction 

potential is raised by this energy (1.56V-0.42V = 1.14V vs. SCE) (Arbogast, Foote et al.
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1992). According to the equation 1.2 a more positive reduction potential makes reduction 

of the sensitizer more thermodynamically favorable. Consequently, excitation to the 

triplet state will play an important role in type I reactions (XXIV) when an electron donor 

of lower reduction potential than 3C60 is present.

As was the case with type II reactions, we are more interested in how C60 behaves 

when it is altered in order to suspend it in aqueous solution. The electron transfer 

capabilities of y-CD encapsulated C60 as opposed to free C60 in propan-2-ol can be 

compared in terms of their bi-molecular rate constants (XXIV). Interestingly enough, the 

rate constant is about a factor of 2 slower in the encapsulating agent (Hungerbuhler,

Guldi et al. 1993). This is consistent with the rate of oxygen quenching by y-CD/C6() 

(Andersson, Nilsson et al. 1992). Similar C60 micellular suspensions formed with the non

ionic surfactant triton-X 100 form monomeric or colloidal suspensions of C60 depending 

on the preparation method. The bi-molecular rate constant for reduction by a donor 

(XXIV) is 3 orders of magnitude less than the free C60 in toluene (Eastoe, Crooks et al. 

1995). Independent measurement confirms that triton X encapsulation slows reduction by 

one order of magnitude compared with y-CD (Guldi, Huie et al. 1994). The inability of 

the donor molecule to approach the surface of C60 is likely due to steric and charge 

repulsion effects (Hungerbuhler, Guldi et al. 1993). Poly (vinylpyrrolidone) (PVP) is 

another encapsulating agent that has been used extensively to suspend C60 in aqueous 

solution at concentrations of up to 400 mg/L (Yamakoshi, Yagami et al. 1994). In the 

presence of Adenosine 5'-(trihydrogen diphosphate) NADH donor this suspension has 

been shown to damage DNA; concurrently EPR and NBT detection confirms superoxide 

formation via Type I reaction (XXIV) but at reduced rates from free C60 (Yamakoshi, 

Sueyoshi et al. 1998; Nakanishi, Ohkubo et al. 2002; Yamakoshi, Umezawa et al. 2003).
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As we had seen with type II reactions encapsulation represents a tradeoff between triplet 

lifetime (XIV) and quantum yield of type I (XXIV) reactions.

As discussed earlier the LUMO increases with the addition of addends (figure 

1.1), and because it is fully occupied, a reducing electron must jump a larger and larger 

gap in order to complete the reduction. This translates into increasingly more negative 

reduction potentials that drop about .1 to .15 V for each additional addend (figure 4.12) 

(Boudon, Gisselbrecht et al. 1995; Guldi and Asmus 1997; Guldi and Prato 2000). 

Concurrently, the triplet energy increases with the addition of addends (figure 4.11) (Prat, 

Stackow et al. 1999). However, this energy increase is not as dramatic as the decrease in 

reduction potential and results in a net decrease in reduction potential for the triplet state 

of the increasingly functionalized C60 cage (Figure 4.13). Since the energy of 3C60 is 1.5 V 

higher than C60 all the functionalized triplet states are remain more easy to reduce than 

ground state C60 despite the negative trend in their reduction potentials.
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Figure 4.11:ReIative triplet energy with increasingly functionalized C6# cage.
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Figure 4.13:Relative reduction potential of increasingly functionalized 3C60.

As a result of the change in reduction potential mono-functionalized/encapsulated 

forms of C6() had lower rates of reduction than the un-functionalized/encapsulated C60 

(Guldi and Asmus 1997). Despite this, C60 with positively charged amino functional 

groups are more susceptible to reduction than the negatively charged carboxyl groups.

In the case of fullerol, the reduction potential estimated between -0.358 and -0.465V vs. 

NHE (-0.600 and -0.707 vs. SCE) indicating the reduction potential decrease with
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addition of addends has a limit (figure 4.13). Fullerol has been shown to produce type I 

(XXIV) superoxide in the presence of UV light by selectively quenching with Azide. 

Reduction of triplet state fullerol is possible in neutral aqueous solution because electron 

approach is not hampered by the presence of hydroxyl groups. Although, pH conditions 

may play a role by allowing more donor access to the surface under low pH conditions 

where the hydroxyl groups are protonated (Pickering and Wiesner 2005).

Context for Type I Results 

Analysis of my investigations into NBT reduction by superoxide show that triplet 

lifetime is still an important consideration in type I reactions. In figure 3.8 NBT reduction 

by the fullerol combined with NADH donor produces more superoxide than the NADH 

control as well as the aqu/nC60 and NADH suspension. This indicates that although the 

C60 present within aqu/nC60 has a higher 3C6() reduction potential than 3C60(OH)22 the 

lifetime of this state is significantly shorter allowing for only fullerol to participate in 

light induced type I reactions. Even so, the fullerol still requires an appropriate donor 

compound to produce superoxide. Figure 3.8 also shows fullerol and PBS buffer as well 

as fullerol alone does not produce superoxide. Thus, the reduction potential of the donor 

must be sufficiently negative in order for the type I reactions to occur.

Dark “Type I” Pathway 
Dark Reaction Fundamentals

In some cases a donor may be present in solution with ground state C60 or a

derivative thereof. If the donor has a lower reduction potential than the C60 (-0.42 V) there

is no need for light to excite the fullerene into the higher energy triplet state. This can be

categorized as a dark type I reaction (figure 4.14).
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Figure 4.14: Dark “Type I” C6# reaction reduction pathway.

In this dark pathway the donor will reduce ground state C60. This radical ( C^) can reduce 

ground state oxygen to form superoxide or other appropriate acceptor molecules in 

solution.
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Context for Type I Dark Reactions Results

The dark “type I” reaction was studied by allowing NBT reduction to occur over 

the period of days. These reactions were significantly slower than those occurring in the 

light because the reduction potential of ground state C60 and fullerol are less positive and 

thus less thermodynamically favorable (figure 3.9). Fullerol, with a reduction potential 

less than C60 participates in these reactions to a greater extent than aqu/nC60. From a 

thermodynamic aspect aqu/nC6() should be more likely to be reduced by NADH 

subsequently reducing oxygen to superoxide in a type I reaction, however this cluster is 

more densely packed in a crystalline manner (Fortner, Lyon et al. 2005). Thus, access to 

the surface by donor and ground state oxygen is more limited in the case of aqu/nC60 than 

in the case of fullerol. Regardless of this difference in reduction rates, both suspensions 

do participate in dark “type I” reactions. This is an important conclusion, especially 

regarding toxicity mechanisms for these suspensions.
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Chapter 5 Summary & Conclusions 

Summary of Results

THF/nC,

THF/nC60 suspensions do not produce ROS via photosensitization reactions.

Figure 3.1 shows that FFA dissolved oxygen measurement with THF/nC6(1 consumes less 

oxygen than the buffer alone. This is an indicator that THF/nC60 may have some 

antioxidant effect, or that it may be interfering with the ability of FFA to react with ROS. 

This does not in fact seem to be the case. By utilizing rose bengal as a known producer of 

ROS one can test the difference between a solution containing THF/nC60 suspension and 

a solution not containing the suspension. Results indicate that THF/nC60 presence does 

not change the rate of ROS production implying that it does not behave as an antioxidant 

in this suspension (figure 3.2).

Aqu/nC60

Aqu/nC60 suspensions do not produce ROS via type I or type II photosensitization 

reactions in the presence of UV light, but does show indications of superoxide production 

in the dark. Figure 3.1 shows that FFA dissolved oxygen measurement with aqu/nC60 

does not consume more oxygen than the buffer alone. This is an indicator that aqu/nC6() 

does not produce ROS. In order to further verify type II reactions were not occurring EPR 

detection for singlet oxygen with TEMP was undertaken. EPR indicates there is no signal 

for the TEMPO adduct in the presence of aqu/nC60 meaning that type II reactions do not 

occur at detectable rates under UV irradiation (figure 3.3). Type I reactions were also 

examined utilizing NBT (figure 3.8). Aqu/nC60 and NADH electron donor did not 

produce superoxide at a higher rate than NADH alone meaning that aqu/nC60 type I
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reactions do not occur at detectable rates under UV irradiation. Despite that, superoxide 

activity occurs in the presence of aqu/nC60 and NADH over hours in the dark (figure 3.9). 

This superoxide production occurs at lower rates than for fullerol and NADH suspensions 

in the dark. This is proposed as a dark ‘type I’ reaction (figure 4.14).

Fullerol

Fullerol suspensions do produce ROS via type I and type II photosensitization 

reactions in the presence of UV light. Figure 3.1 shows that FFA dissolved oxygen 

measurement with fullerol does consumes more oxygen than the buffer alone. This is a 

general indicator that fullerol produces ROS. In order to further verify type II reactions 

were occurring EPR detection for singlet oxygen with TEMP was undertaken. EPR 

indicates there is a signal for the TEMPO adduct in the presence of fullerol and this 

signal grows with duration of irradiation under UV light (figure 3.4). In order to 

determine a rate and an order of magnitude for singlet oxygen production, fullerol was 

compared with a known singlet oxygen producer (rose bengal) and a standard solution of 

the TEMPO adduct. Rose bengal production was approximately 1.75pM singlet oxygen 

after 5 minutes; fullerol production after 15 minutes was approximately 0.5 pM singlet 

oxygen (figure 3.5). Since this fullerol suspension was first prepared in D20  to increase 

sensitivity, EPR was also preformed on H20  suspensions of fullerol in order to confirm 

singlet oxygen production. As was anticipated, singlet oxygen is still being produced in 

H20  (figure 3.6). Another interesting phenomenon with fullerol suspension is the effect 

of ionic strength and pH. When a DzO suspension of fullerol had PBS buffer added the 

pH changed from 5 to 7 while the ionic strength changed from 0 to 150. This effects the 

type II production of singlet oxygen by fullerol suspension, reducing production by more 

than 50% at 15 minutes and 30 minutes UV irradiation time (figure 3.7).

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



72

Type I reactions were also examined utilizing NBT (figure 3.8). Fullerol and 

NADH electron donor produced superoxide at a higher rate than NADH alone meaning 

that fullerol suspension type I reactions occur under UV irradiation. Also, superoxide 

activity occurs in the presence of fullerol and NADH over hours in the dark (figure 3.9). 

Superoxide production occurs at higher rates than aqu/nC60 and NADH suspensions in the 

dark. This is proposed as a dark ‘type I’ reaction (figure 4.14).

PVP/nC6#

PVP/nC60 suspensions produce ROS via type II photosensitization reactions in the 

presence of UV light. In order to verify type II reactions were occurring EPR detection 

for singlet oxygen with TEMP was undertaken. EPR indicates there is a signal for the 

TEMPO adduct in the presence of PVP/nC60 and it is of the same order of magnitude for 

that of fullerol after 30 UV irradiation (figure 3.10).

Toxicological Conclusions

Previous studies on the toxicology of nC60 (specifically THF/nC60) suspensions 

(referred to as “nano C60” in these publications) has focused on oxidation as a possible 

source of toxicity without providing sufficient evidence to back these claims (Sayes, 

Fortner et al. 2004; Sayes, Gobin et al. 2005). This work contradicts that notion. Low to 

no levels of ROS were produced by any C60 suspension that was not prevented from 

clustering by either class 1 (PVP/nC60) or class 2 (fullerol) measures. Aqu/nC60 was tested 

in all three ROS measurement techniques and showed no indication of ROS production in 

the light. Since aqu/nC60 can be reliably measured in concentration and is certain to be 

free of residual solvents, these assertions can be made with great confidence. On the other 

hand, fullerol has been shown to have low toxicity towards bacteria. This investigation
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has proven that type I and type II mechanisms do occur in light sensitized fullerol 

suspensions implying that ROS production does not play a major role in toxicology 

toward these organisms.

Oxidation can still be a source of toxicity towards bacteria because both aqu/nC60 

and fullerol participate in dark ‘type I’ reactions. The toxicity mechanism would then be 

superoxide oxidation of the lipid layer of bacteria over hours in the dark. However, this 

does not fully explain previous findings that THF/nC60 was more toxic than fullerol 

because fullerol has been shown to produce more superoxide in the dark than aqu/nC60. 

The explanation may involve two lines of reasoning. First, during attempted 

concentration measurements of THF/nC60, THF solvent could not be removed from the 

crystal structure. Due to this association THF/nC60 may serve as a poison delivery system 

to the surface of the bacteria. Second, comparison of aqu/nC60 and fullerol shows a 

difference in the way they structure themselves in suspension. More loosely associated 

fullerol may not be as closely associated with the surface of cells as more closely 

associated aqu/nC60. In other words, C60 (in any form) has a greater chance of being lethal 

with ROS when it is associated with the surface of the cell. The analogy here is to 

imagine someone firing a gun in random directions. The bullets in the gun have a limited 

distance (ROS have limited lifetime in solution). Therefore, this person stands a much 

greater chance of hitting the target if they are standing closer to the target. While the 

techniques used in these investigations were not meant to approximate the bacterial 

surface, they may have failed to detect ROS because they were not as closely associated 

with the C60 suspensions as bacteria would be. This may also be why no ROS production 

was detected over the long term in the dark; there was more time allowed for reactions to 

occur.
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Work on the association of these nanomaterials with the surface of cells needs to 

continue and be combined with ROS measurements. This would assure a more accurate 

gauge of toxicity due to oxidation by ROS. Another aspect that needs to be considered is 

the effect of ionic strength on the surface characteristics of these nanomaterial 

suspensions. Growth media required to keep microorganisms alive may very well effect 

the ROS producing capabilities of these suspensions. Of course, this may represent more 

natural conditions that toxicologists want to simulate.

Engineering Conclusions

Fullerol represents an excellent candidate for ROS producing engineering 

systems. The molecule resists clustering and has a triplet lifetime long enough to produce 

singlet oxygen via type II quenching and superoxide via type I quenching. Although the 

singlet oxygen yield of fullerol suspension is less than the common sensitizing dye rose 

bengal, it may prove to be less resistant to degradation over time and might act more as a 

photocatalyst. The fullerol results also show the potential for modification, attachment of 

alternative functional groups to the surface of the C60 cage. These functional groups could 

still prevent triplet-triplet annihilation (XIX) and self-quenching (XVIII) by being larger 

in size and introducing more steric hindrance. Less functional groups would perturb the - 

bonding structure less making the molecule have a longer triplet lifetime and higher 

reduction potential than fullerol. Thus, making it more favorable for type I and type II 

reactions.

PVP/nC60 is a photoactive suspension as well, but to a lesser degree. This is not 

due to its triplet lifetime or a disturbed -bonded cage, but rather an encapsulation coating 

that interferes with the approach of ground state oxygen for type II reactions and electron 

donors for type I reactions. This provides insight into how C60 may behave when
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surrounded by membrane material or embedded in a surface. The reactions would still 

occur as long as the materials were permeable to oxygen and donor molecules. However, 

the rates of reaction would decrease. Modification of materials in order promote 

permeability may solve these problems (i.e. zeolite encapsulated C60 (Galletero, Garcia et 

al. 2003)).

Future Questions

Can we control the surface chemistry of functionalized C60 so as to deliver the 

ROS closer to the surface of cells in order to kill or inactivate them? Can we modify 

oxygen permeable materials embedded with C60 (or close deriveates) in order to deliver 

oxygen or electron donors to the triplet excited cage? How or will these suspensions 

produce ROS in natural systems were surface charge will be altered by ionic strength and 

NOM? Is the quantity and rate of ROS generated in these systems enough to kill 

organisms in an engineered system? Is it enough to be an effective surface modification 

to prevent biofouling?
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