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SUMMARY

Fullerenes have been the focus of significant research effort and curiosity for their
unique physicochemical and photochemical properties since their discovery almost 30
years ago. C60 fullerene in particular has received tremendous attention, due to its
prevalence in fullerene production and chemical stability. While ambitious prospective
applications for C60 have been ubiquitous, the extremely hydrophobic nature of fullerenes
and consequent aggregation at the nano scale has hampered many endeavors. Researchers,
therefore, have turned their attention to the functionalization of fullerenes to add
hydrophilic moieties for applications in aqueous media. It is known that functionalizing
the C60 cage alters its innate physicochemical and photochemical properties, but how
these changes translate to the properties of C60 aggregates, often termed nC60, is not well
understood. Functionalized fullerenes present an intriguing environmental dichotomy. On
the one hand C60 has excellent potential as a novel singlet oxygen producing disinfection
tool, and on the other the potential toxicological effects of functionalized C60 are largely
unknown. With thousands of possible functionalities, a mechanistic understanding of the
effects of functionalization is essential.
To explore the effects of functionalization on fullerene photochemistry in relevant
systems, three types of functional groups were selected and obtained each in series of
mono-, bis-, and tris-functionalized forms. Two functionalities contrasted the presence or
lack of a quaternary ammonium group and the third was the sterically bulkier phenyl-C61
butyic acid methylester, which is commonly used in polymer photovoltaics. The
fullerenes were characterized for innate photochemical properties in organic solvents
xiv

using UV/Vis, laser flash photolysis, and photochemical degradation experiments.
Aqueous aggregates of each derivative were prepared via a sonication method and
subjected to the same protocols with additional characterization of their physical and
chemical properties by dynamic light scattering, transmission electron microscopy,
energy dispersive x-ray spectroscopy, and x-ray photoelectron spectroscopy. All
derivatives were found to be similarly photoactive when dispersed molecularly in organic
solvents, but only the cationic fullerenes showed significant photoactivity as aqueous
aggregates. Differences in aggregate size or crystallinity were unable to explain the
differential photoactivity between derivatives, contrary to two established hypotheses.
Antimicrobial properties were probed using innate toxicity tests and photoinactivation
experiments. Again, only the cationic fullerenes were found to exert photochemical
action towards Escherichia coli or MS2 bacteriophages. The cationic fullerenes were also
innately toxic to E. coli due to the presence of quaternary ammonium moieties.
In order to establish a mechanistic understanding of the photochemistry of
functionalized C60 aggregates, simulations of the molecular dynamics (MD) were
employed and compared with empirical evidences. Simulations provided theoretical
values for C60-O2, C60-C60, and C60-H2O interactions for each derivative. Trends observed
in the MD results were compared to photochemical characterizations as described above
and Raman spectroscopic measurements of C60’s effect on localized water structure. High
resolution transmission electron microscopy was used to provide empirical evidence of
the C60-C60 interactions. These observations collectively suggest that fullerene aggregate
photochemistry is driven by aggregate morphology and by intermolecular interactions
between fullerenes, water, and O2.
xv

1. INTRODUCTION

In recent years fullerenes have attracted great interest and research across many
fields, from photovoltaics [1-3] to pharmaceuticals [4-6]. Buckminsterfullerene, or
fullerene for short, is a carbon allotrope much like diamond and graphite, but in a
spherical shape. Pristine fullerenes are found in a variety shapes and sizes, with the most
common and stable molecules having the arrangement of a soccer ball with 60 carbon
atoms, or C60 [7]. The terms fullerene and C60 are often used interchangeably. An
individual C60 molecule measures approximately 0.7 nm in diameter, making them truly
nano materials. Fullerenes have been studied extensively for their unique, non-planar, piconjugated electronic configuration.

1.1. Fullerene Photochemical Reactivity

Unique photochemical properties of C60 were recognized by the scientific
community not long after its proposed existence by Kroto et al. in 1985 [7]. While C60
does not fluoresce or phosphoresce in the ambient environment, C60 in organic solvent in
its ground singlet state (1C60) is readily excited to singlet state 1C60* very efficiently with
quantum yield of nearly 1.0 (100%) upon UV and visible light irradiation [8]. Photoexcitation of C60, with a band gap of 2.3 eV, can be accomplished by photons with
wavelength below 550 nm, which are abundant in the solar spectrum. The 1C60* can
either convert back to the ground state by fluorescence and internal conversion processes
or transition into triplet state (3C60*) through intersystem crossing (ISC), a process
1

favored due to the non-planarity of the pi conjugated cage. The resulting triplet state
3

C60* is subject to three quenching pathways: 1) triplet quenching by energy transfer to a

ground-state triplet oxygen (3O2) molecule, which results in photochemical generation of
singlet oxygen (1O2); 2) self-quenching through interactions between triplet and ground
state C60; and 3) triplet-triplet annihilation between adjacent triplet state C60 [9, 10]. In
the presence of oxygen, energy transfer to oxygen (i.e., the first quenching mechanism) is
dominant with very high yield (e.g., (1O2) at 355 nm = 0.76 in benzene [8]). This is
illustrated below:

1C
60

h

1C *
60

Intersystem
crossing

3O
2

1O
2

3C *
60

1C
60

Due to a somewhat unusual electronic configuration, the oxygen molecule in
singlet state, 1O2, is higher in energy than triplet state [11]. This non-radical, transient
species is highly energetic and exhibits strong, substrate-specific oxidizing power [11,
12]. 1O2 can be generated via: 1) energy transfer by photosensitizing chemicals to oxygen,
2) pulse radiolysis in the presence of an energy mediator such as benzene, 3) microwave
discharge, and 4) chemical pathways (e.g., chemical oxidation of hydrogen peroxide) [11,
12]. Since the role of metastable 1O2 in dye-sensitized photo-oxygenation reaction was
first suggested by Kautsky et al in 1939 [13], its oxidation potential has been exploited in
applications including specific chemical synthesis [14, 15] (e.g., Ene and Diels-Alder
reactions) and cancer and tumor therapies [16, 17]. Based on the finding that 1O2
generated by photoactivation of natural organic matter (NOM) plays a critical role in
degrading micropollutants in natural aquatic environment [18], 1O2 has been considered
as an alternative oxidant for water treatment. Recent studies have suggested that 1O2
2

produced using photosensitizers efficiently oxidizes various organics and pollutants, such
as substituted phenols, malodorous organic sulfides, and benzimidazole fungicides [1921]. Concurrently, application of 1O2 as a disinfectant has been also reported [22, 23].
Although 1O2 is produced as a protective agent in natural systems, it can cause cell death,
particularly in the absence of natural, specific 1O2 quenchers (e.g. β-carotene) [24]. In
fact 1O2 has been suggested for use in photodynamic therapy and inactivation for its anticancer and antimicrobial effects, respectively. 1O2 is known to preferentially react with
vital cell components (e.g. nucleic acids, cell walls, peptides, and phospholipids) [25].
The preferential reactivity of 1O2 makes it ideal for inactivating viruses, which generally
have unprotected nucleic acids, and cancer cells which can be targeted to preferentially
uptake the photosensitizer. It is vitally important, therefore, to understand the interaction
of 1O2 sensitizers and their possible implications and exposure pathways to humans and
other organisms.
Strong photocatalytic activity of C60 for producing 1O2 is both a major concern for
its photooxidative potential and a possible tool for pharmaceutical and disinfection.
However, its intrinsic hydrophobicity and extremely low water solubility (< 10-9 mg/L)
[26] make the direct availability of pristine C60 in the aqueous phase impossible.
Therefore, enhancing apparent solubility in the aqueous phase, which is critical for many
applications, is a serious environmental concern. Enhanced aqueous solubility can be
achieved by the following three known pathways: 1) C60 can be dispersed as negativelycharged colloidal forms (often referred to as nC60) of sizes ranging from 60 to 400 nm [27,
28]; 2) C60 can be suspended in the aqueous phase through association with foreign
molecules such as surfactants, polymers, lipids, and carbohydrates [29-31]; and 3)
3

multiple hydrophilic groups (e.g., hydroxyl, amine, and carboxylic groups) can be added
to the surface of the C60 cage [32, 33]. Colloidal particles could be important as
nanosized catalysts that provide large surface areas for reaction. However, recent studies
demonstrated that the unique photochemical properties of C60 to produce 1O2 disappear as
C60 forms aggregates in water [34-36], due to the self-quenching pathways described
above. Encapsulating agents are not practical to consider for either environmental
scenarios or applications of C60 due to the quantity of materials required (and released as
pollutants) to encapsulate C60 in this way. As functionalized C60 is dispersed as an
individual molecule in the aqueous phase, photochemical activity for 1O2 production is
retained [32, 33]. For these reasons many researchers are turning to functionalized C60 for
their applications, spurring a greater need for understanding how functionalization affects
C60’s physicochemical properties in water.

1.2. Functionalized C60
1.2.1. Functionalization on Photochemistry
Studying the effects of covalently functionalizing fullerenes has been particularly
insightful over the past 15 years. Solvent interactions with functional groups, alterations
of the pi-conjugated electron configuration of C60, and geometric changes in bond angles
due to functional groups are suggested as the primary ways functionalization affects the
photophysical properties of fullerenes. An overly simplistic view of solvent interactions,
which will be discussed below, is somewhat useful for conceptualization: fullerenes are
highly non-polar by nature and are therefore not compatible with polar solvents.

4

Functionalization of C60 with hydrophilic, or polar, groups allows more favorable
arrangements for the polar H2O molecules around the C60 derivative. As described above,
the degree of aggregation, caused by hydrophobicity, can drastically affect the
photocatalytic properties of C60 in water. Altering the pi-conjugated system of fullerenes
is more intricate in the way it affects C60’s properties. Upon functionalizing C60, there is a
disruption of the sp2 network due to the lifting of a [6,6] double bond (the most favorable
site for functionalization), which would blue-shift the ground state absorption spectra
[37-39]. The functional group itself, however, often gives additional pi-conjugation to the
system via sp2 hybridized structures (e.g., cyclopropane rings, phenyl rings, carbonyl
groups) resulting in the red-shift often observed in functionalized fullerenes [37-40]. A
net red-shift in a fullerene’s ground-state absorption would tend to increase the quantum
yield of 1O2, but the triplet intermediate state is also important for the formation of 1O2.
Although the first excited singlet state may be reduced in energy, efficient energy transfer
to the triplet state is critical. While the singlet excited state is reduced in energy, the
triplet state tends to increase in energy with additions of functional groups due to a local
relaxation in the bond geometry around the functional group [38, 39, 41]. This rationale
comes from the fact that the ISC process is enhanced by a departure from planarity in sp2
hybridized systems and leads to a net decrease in 1O2 quantum yield with increasing
numbers of addends [38, 40].
1.2.2. Cationic Functionalization
The unique physicochemical properties of C60 are severely diminished upon
aggregation into aggregates, often termed nC60 [28, 35, 36]. Functionalization has helped
to overcome the issues of aggregation, primarily with hydrophilic functionalities, at the
5

cost of an increasingly complex system [42-47]. Functionalization of nC60 post
aggregation, through irradiation [48, 49] or ozonation [50] has also proved to re-enable
photochemical pathways in nC60, raising questions concerning the implications, fate, and
transport of nC60 through natural and engineered environmental systems. It should also be
noted that sonication, a common method to disperse C60 as aggregates, also has potential
for functionalizing C60’s cage via radical formation, particularly in the case of high
intensity sonication probes [51]. It is well documented that nC60 from various preparation
techniques have somewhat variable photophysical properties [28, 52-55]. Although nC60
was initially observed to be cytotoxic [55-57], later reports revealed that residual
tetrahydrofuran (THF) peroxides from a solvent exchange procedure were responsible for
the toxic response [58-62]. Additionally, many studies have shown nC60 to be relatively
non-photoactive [35, 36, 63], while some researchers utilizing a sensitive 1O2 probe and
high intensity, probe sonication found slight photoactivity in nC60 preparations [53, 64].
The photoactivity of fullerenes, especially the sensitization of 1O2 or other reactive
oxygen species, is of primary interest to biological and environmental systems; therefore,
understanding the role of functionalization and aggregation state on the photochemistry
of fullerene aggregates is vital.
Many studies have shown cationic functionalized fullerenes to be particularly
important given their enhanced aqueous solubility and resultant photoactivity in
biological or aqueous media [43, 45-47, 65-67]. These studies, however, either dealt with
derivatives that were highly water soluble with negligible aggregation [43, 65], a
surfactant for micelle formation [68], or with the use of dimethyl sulfoxide (DMSO) to
prevent aggregation [45, 47, 66, 67]. While these scenarios were indeed very important to
6

study, they may not be as realistic for environmental considerations as mildly
functionalized fullerenes as colloidal aggregates. Only recently have aggregates of
positively charged fullerenes been well characterized and studied for their photochemical
properties [63]. In order to assess the implications of aggregates of fullerene derivatives
in the environment, it is imperative to understand the relationship between the structure
of the derivative and the (photo)biological properties of the resulting aggregation. The
need for structure-activity relationships to guide investigation and policy decision making
has recently been emphasized by several groups, taking initial steps forward [53, 57, 63,
64, 69].

1.3. Aqueous Aggregation of Fullerenes

The subjects of aggregation process and associated surface oxidation and their
influence on the fate and photoactivity of C60 in aqueous media are receiving much
attention from the environmental science community. It is necessary to understand the
fundamentals of C60-water interactions and the quenching of excited states in aggregates,
because C60 applied or released to biological or environmental systems will require the
formation of aggregates, given their aqueous natures.
1.3.1. C60 Hydration Theory
The nature of H2O-fullerene interactions is more complex than the simplification
that assumes hydrophobic materials repel water and therefore aggregate to each other.
While this view appears to be valid at first look, the actual mechanism for action lies in
the Lewis acid-base (AB) interaction, or hydrophobic interactions [70], which are
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contained in extended Derjaguin and Landau, Verwey and Overbeek (DLVO) theory
models [71]. In fact, the so-called hydrophobic materials are actually known to attract
water through this acid-base hydrophobic attraction mechanism [71, 72]. While the
classic DLVO theory has been applied to the stability of C60 aggregates by Chen and
Elimelech [73] which proved to be predictive of the colloidal stability based on their
surface potentials, the actual interaction of C60-C60 in an aqueous system are very likely
driven by the AB forces. A study on the octanol-water partitioning of C60 estimated the
solubility of pure, individually solvated C60 to be extremely low (ie., 7.96 ng/L) [74], yet
it is well known that as colloidal aggregates on the nanoscale, nC60 concentrations of
mg/L or higher can easily be obtained. The formation of nanoscale aggregates implicates
the Lifshitz-van der Waals (LW) attractive forces as a mechanism to aggregate the
individual C60 molecules in solution; additionally, a study on size fractionated samples of
nC60 by Chae et al., found that smaller sized aggregates had more negative surface
potentials and more oxidized surfaces [75]. Their study also measured attachment
efficiencies of the fractionated aggregates to a silica surface and noted that their observed
trends in attachment efficiencies for the various aggregates and corresponding surface
potentials could not be explained by classical DLVO theory; they hypothesized that the
differences in affinities lied within the difference hydrophilicity and hydrophobicity of
the aggregates and the surface [75], but their observations would likely be explained by
the extended DLVO theory that includes AB interactions. Several other studies on the
transformation of nC60 by various treatments have shown similar results of decreased
aggregate size and increased photoactivity when the absolute surface potential was
increased by the addition of oxides or halides to the surface of aggregates [48, 49, 76-81].
8

Researchers have turned their attention to molecular dynamics (MD) as a
theoretical basis for understanding the C60 hydration phenomenon. The theoretical
approach complimented by a suite of physical measurements of oxygen or water
associated with C60 has proved to be instrumental for conceptualizing the interactions of
C60 and water. An early study involved calculating an optimized structure for C60 clusters
that have been postulated to be the building blocks of larger aggregates; the researchers
found structures of approximately 33 C60 molecules to be energetically favorable and
supported the notion of the hydration phenomenon having a role in cluster formation with
Raman and optical spectroscopy [82]. Another publication provided spectroscopic data in
the form of Raman, FTIR, and small angle neutron scattering (SANS) on an nC60 solution
to compliment a geometrically optimized model of a single C60 in water, which the
authors showed to be in the form of C60(H2O)60 [83]. As computing capabilities continue
to improve, more and deeper studies on the molecular dynamics of C60-H2O have been
conducted, delineating the clathrate-like structure of sequential water layers around the
C60 cage [84-88]. These studies on hydration dynamics found that due to the
‘hydrophobic effect’ of AB interactions of water surrounding the apolar surface H2O
molecules assembled highly ordered cages around the C60 in concentric spheres, starting
from ca. 6.5 Å from the C60’s center of mass [84-86, 88]. Experimental studies have
given much credence to the simulations, providing evidence of water interactions with
C60 through Raman, FTIR, and x-ray photoelectron- spectroscopy (XPS), contact angle
and atomic force microscopy (AFM) measurements, and simple physical characterization
of first-order thermal transitions for nC60 solutions [78, 82, 83, 89-91]. These evidences
of a strongly bound hydration layer have many implications regarding aggregate
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formation and energy transfer mechanisms, as these hydration layers are known to
influence many aspects of colloidal and biological interactions [92, 93]. As will be
discussed in following sections, our initial results may also provide evidence of these
surface phenomena playing a role in the photochemistry of aqueous aggregates [63].
1.3.2. Environmental Implication Perspective
As of November 2010 the U.S. EPA has granted approval for a company called
Nano-C, Inc. to commercially produce fullerenes and PCBM (Phenyl-C61-Butyric acid
Methyl ester), a specific fullerene derivative used in organic photovoltaics (OPV). This
approval marks an important step forward for fullerene materials from the requirement of
having the conditional approval of a Pre-Manufacturing Notice (PMN). Although pure
fullerenes and PCBM have approval, there are thousands of potential novel derivatives
that may be studied in fields ranging from OPV to pharmaceuticals that are still subject to
the EPA’s PMN process. As commercial production drives down the costs of obtaining
pure C60, the rate of new fullerene derivatives being created will only increase along with
the need for corresponding materials data. With endless possibilities of fullerene
structures, each with unique chemical properties, it is unreasonable to scrutinize each
derivative individually for photophysical and toxicological properties. A method of
predicting a derivative’s properties based on its structure, therefore, is ideal for the
effective regulation of fullerene derivative production and application. This predicament
has been encountered in several other classes of organic molecules, namely endocrine
disruptors [94], pesticides [95], and substituted phenols [96]. Although a quantitative
structure-activity relationship (QSAR) studies have often been used to tackle these
problems historically [97], such a strategy is not yet feasible for fullerene derivatives due
10

to scarcity of data and materials. Pristine C60 has been the object of a modest amount of
environmental implications studies [98], but there is a lack of these data on fullerene
derivatives.
Given the complexity of how C60 functionalization affects its 1O2 production
capacity, as described above, there are several concepts that must be assimilated in order
to understand the potential implications of novel fullerene derivatives in the environment.
First, the extent and characteristics of aggregation, dependent on the hydrophilic nature of
the functionalization, will directly affect the 1O2 production efficiency of C60 derivatives.
Second, the alterations of the fullerene’s pi-conjugated structure depend both on the type
and amount of functional groups attached in determining the ground state absorption peak
shift; red shifted derivatives will have enhanced absorption in the visible spectrum and
therefore an increased 1O2 quantum yield. Third, the triplet excited state energy of C60
increases with the number of addends, which will directly decrease the 1O2 quantum yield
through a less favorable energy from 1C60* to 3C60*. Given these three mechanisms a
relationship between 1O2 production and nature of functionalization must be established
in order to understand the risks of various derivatives. For example, if a particular
derivative has been stabilized in aqueous media and retains excellent photocatalytic
efficiency in the visible spectra, there is great concern for the implications. In particular,
a stabilized colloid in the nano scale may not be effectively removed by conventional
water treatment processes and the fate of such a material would be uncertain. In addition
to the concern of the physicochemical properties imbued by the functionalization, recent
groups have incorporated quaternary ammonium groups, which are known to have
biocidal properties [99], onto the C60 cage [45, 100], raising even further concerns of
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potentially harmful functionalities becoming available via the incorporation onto
fullerene cages. The vast range of possible fullerene derivatives is both menacing in
terms of risk assessment and exciting in terms of potential applications; it is, therefore,
critical that great effort is spent on ensuring public safety through regulation of materials
without hindering further advancements in the field.
1.3.3. Environmental Application Perspective
There is great need for the development of novel materials (e.g., polymer
composites) that, in response to visible light, efficiently inactivate viruses (such as
norovirus, a common virus that causes gastrointestinal disease) and spore forming
bacteria (such as Bacillus anthrax, a bioterrorism agent) that survive in dry conditions.
Such materials would be highly useful for advancing solar disinfection (SODIS) and
antimicrobial/biocidal coating technology. Fullerenes have recently been proposed by
several groups as effective antimicrobial agents, via photocatalytic production of 1O2 and
subsequent microbial inactivation [45, 100-102]. In contrast with the ubiquitous TiO2
photocatalyst [103], functionalized fullerenes have the advantage of being able to be
covalently anchored to a host material and to respond to visible light. Covalent
attachment of photocatalysts is a key step in overcoming many hurdles in their
application as disinfectants, opening many possibilities for further development. In
general photocatalysts for disinfection should be recoverable/reusable, completely
conserved (no leaching into the environment), responsive to visible light, and able to
retain their catalytic properties over repeated use. Fullerene derivatives are very attractive
as photocatalysts because they can potentially exhibit these essential characteristics when
covalently anchored into polymers. The possibilities for application of these fullerene12

polymer composites are extensive. With countless types of functional groups possible,
there is a great opportunity to optimize fullerene derivatives for these specialized
applications.
1.3.4. Outstanding Questions
The photocatalytic properties of fullerenes are known to be altered by the nature
and number of functionalities; the type of addend can affect the fullerene’s visible
absorption spectra [37], while the number of adducts has been shown to decrease the 1O2
production efficiency [40]. Parallel to the case of environmental implications of fullerene
derivatives, effectively applying them requires the ability to understand and predict how
their physicochemical properties affect their photocatalytic and antimicrobial properties.
Answering the following questions will provide the information necessary to achieve the
goals of both applications and environmental implications of novel fullerene derivatives:



How do the type and number of functionalities affect the photophysical and
chemical properties of fullerenes?



How do the photophysical and chemical properties of functionalized fullerenes
affect their aqueous hydration, stability, and photosensitizing capacity?



How can we predict the photocatalytic properties of novel fullerene derivatives
based on their functionalities?



How do the aggregation and hydration states of aqueous fullerene aggregates
affect their energy transfer processes with molecular oxygen?



Which fullerene derivatives are best suited for use in environmental applications,
specifically for the treatment and disinfection of water?
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1.4. Hypotheses

Concerns and questions surrounding the application of fullerene derivatives in the
environment outlined above could be addressed by conducting a thorough QSAR-like
study on a selected range of fullerene derivatives. To address these questions, the
following hypotheses must be tested.
1. Functional groups that add to C60’s pi-conjugated electronic system will result in a
red-shift in its ground state absorption peak. Red shifted derivatives will exhibit
enhanced visible light absorption and consequently enhanced photosensitizing
efficiency under visible irradiation.
2. Each successive addend to the C60 cage will increase the energy of the triplet
intermediate state of C60, thereby decreasing the 1O2 quantum yield.
3. Addition of hydrophilic groups to the fullerene cage will cumulatively increase the
magnitude of the zeta potential of the derivative, resulting in less aggregation in the
aqueous phase. Larger fullerene aggregates will have decreased 1O2 quantum yield
due to self-quenching pathways.
4. Fullerenes with the highest 1O2 efficiency will achieve the fastest microbial
inactivation rates. Additionally, fullerenes with positively charged quaternary
ammonium groups will have further accelerated microbial kill rates.
5. Modeling of the nature of molecular interaction with the C60 cage (H2O-C60 or C60C60) will be predictive of changes in hydration and aggregation dynamics which will,
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in turn, be predictive of the aggregates photochemical and physical interactions with
other constituents in an aqueous system.
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2. RESEARCH OBJECTIVES

A QSAR-like study was performed for a series of fullerene derivatives to
establish the first steps towards developing a tool for predicting how functionalization of
C60 affects their properties of interest and concern for environmental applications and
implications. Fullerene derivatives were characterized for physicochemical characteristics
as well as antibacterial/biocidal activity, towards establishing structure-activity
relationships. Molecular modeling, in conjunction with key experimental evidences, was
also performed for delineating the dynamic molecular interactions at the interfaces of
fullerene aggregates. Primarily, the objectives were the following:
1) To thoroughly characterize the photophysical and chemical properties of the set of
fullerene derivatives.
2) To assess the antimicrobial and photocatalytic potential of the fullerenes.
3) To elucidate the mechanisms behind the presence or absence of photoactivity
among functionalized fullerenes by generating models of the dynamic molecular
interactions based on C60 functionalization.
A series of select, water soluble fullerene derivatives were obtained through The
Chemical Research Solutions LLC, a commercial custom synthesis company. These
materials, outlined in section 4.1, provide a clear comparison between the numbers and
types of adducts to the fullerene cage. Characterization (objective 1) were carried out
using instruments outlined in section 4.2.
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3. SIGNIFICANCE

There are few studies correlating fullerene functionalities to their properties and
even fewer that examine the environmental applications and implications of fullerenes.
Unique properties of C60, including 1) exceptional photocatalytic activity for 1O2
production; 2) ability to utilize visible light for photoexcitation; 3) chemical stability and
4) ability to be functionalized, make it very interesting for many applications, including
water treatment, and a potential concern for its environmental implications. Many
questions remain to be answered, however, before the application and regulation of
fullerene derivatives can be successful. Conducting a QSAR-like study and establishing a
foundation for predicting the properties of fullerene derivatives based on their
functionalities is a significant advancement for novel fullerene technology. In particular
this thesis provides the foundational information necessary to utilize fullerenes in
antimicrobial surface technologies. Additionally, the phenomena responsible for the
formation of aggregates that quench C60’s photoactivity as are not well understood. The
results presented herein also provide key insights to the body of literature around the
physical characteristics of aqueous C60 aggregates, and how their photophysical,
photochemical, and biological properties depend on functionalization. These results have
been shared with the scientific community via several peer reviewed journal articles.
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4. APPROACH AND METHODOLOGY

Using strategically selected fullerene derivatives, outlined in section 4.1, various
analytical methods and techniques are employed to develop quantitative comparisons of
the derivatives. The concern of fullerenes as photosensitizers in the environment, and for
use in many applications, relies primarily on three factors: their ability to be excited by
visible and UV light; their quantum efficiency of being excited to a triplet, excited state
and to transfer energy (and electrons in the presence of electron donors) to oxygen to
produce reactive oxygen species (ROS); and their surface properties which affect their
interaction with target agents such as virus and spore-forming bacteria. These properties
have been probed with a variety of techniques.

4.1. Materials
Deionized/distilled water (resistivity > 18.2 MΩ) from a Millipore ultrapure
system (Millipore Co.) was used in preparation of all solutions and reagents. All
chemicals used were analytical, reagent-grade and used as received, as specified for their
given uses.
4.1.1. Fullerene Materials
Three functionalities of fullerene derivatives, seen in Figure 1, have been selected
from literature as insightful derivations for comparison. All fullerene materials were used
as received, with no further purification. Fullerene derivatives are abbreviated using the
following nomenclature scheme: derivatives A1, A2 and A3 are mono-, bis- and tris-
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fullereropyrrolidines, respectively [104]; under the same convention, B refers to the
fulleropyrrolidinium ions [47] and C refers to phenyl-C61-butyric acid methyl ester
(PCBM) [105]. Sublimed C60 (99.9%) was obtained from MER Corp., Tuscon, AZ. C1
(99%) was obtained from SES research, Houston, TX. C2 (99.5%) and C3 (>95%) were
obtained from Aldrich, St. Louis, MO. A and B (>95%) were obtained from The
Chemistry Research Solution LCC, Bristol PA. The purity of A, B and C3 were
guaranteed to be above 95% by the providers, with impurities consisting of the same
derivative with more or less addends (e.g., B2 contains trace amounts of B1 and B3). The
derivatives have been specifically selected from literature as either being the most
promising derivatives for their properties or for being logical structures for comparisons.
Derivatives A and B set up a series that allow the effects of cationic quaternary
ammonium functionalities to be elucidated. The parallel between fullerenes A and B in
will exemplify the physicochemical differences of the presence of a quaternary
ammonium group. Derivative C, or PCBM, is already an industrially important material
that warrants greater attention, particularly for its bis- and tris-functionalized forms that
have not received as much attention.
4.1.2. Preparation of Aggregates
Aqueous aggregates of the fullerene materials were prepared via sonication.
Briefly, 9 mg of C60 or derivatives were added to 10 mL of toluene and sonicated in a
bath sonicator (Fisher Scientific FS30) for 6 hrs in a sealed jar at ca. 60 ⁰C. Ultrapure
water (90 mL) was then added and the mixture was sonicated for 24 hrs. B derivatives
were added directly to water, due to their insolubility in toluene. Finally, the mixtures
were un-sealed and sonicated for an additional 24 hrs, allowing the toluene to evaporate.
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Aggregate solutions were then filtered with 0.45 µm Whatman nitrocellulose filters.
Filtered solutions were then concentrated using a rotary evaporator (Rotavapor R-200,
Buchi corp.) and stored in the dark. Final aggregate concentrations were measured using
a Total Organic Carbon (TOC) analyzer (TOC-V ws, Shimadzu corp.) and ranged from
10 to 230 µM.
Size fractionation of the B2 and B3 aggregates was accomplished using a series of
polyethersulfone (PES, Millipore Co.) membranes with varying pore sizes: 0.45 µm, 0.22
µm, 300 kDa, and 30 kDa. The stock aggregate solutions were filtered through the PES
membranes using a cartridge filter pressurized with N2 gas. Resultant aggregate
concentrations were calculated using a UV/Vis spectrophotometer (Agilent 8453, Agilent
Co.). Aggregate sizes were measured using Dynamic Light Scattering (DLS) on a
Zetasizer NanoZS90 (Malvern Instruments, Worcestershire, OK).

Figure 1: Fullerene derivatives, A) methylpyrrolidine, n = 1, 2 or 3 ; B) quaternary
pyrrolidine, n = 1, 2 or 3 ; and C) phenyl-C6(n)-butyric acid methyl ester, n = 1, 2 or 3

4.2. Characterization
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4.2.1. Purity and Identity Confirmation
Verification of the molecular forms of the derivatives has been accomplished
using matrix assisted laser desorption-ionization mass spectrometry (MALDI-MS) and
nuclear magnetic resonance (NMR) spectroscopy, as seen in Figure 38, Figure 39, and
Figure 40 of the Appendix. The MALDI-MS experiments were performed directly with
aggregate solutions on a mass spectrometer equipped with a 200 Hz laser (Applied
Biosystems 4700 proteomics analyzer). The H-NMR spectra were collected using
deuterated toluene for the A derivatives and deuterated DMSO for B in a Varian Mercury
Vx 300 analyzer. Clear peaks in the MALDI-MS plots at expected molecular weights
confirmed the parent molecules. The H-NMR spectra for the A and B derivatives further
confirmed their molecular identities by consistent peak splitting patterns indicative of the
structures of the functionalities. Observations of the elemental composition of samples
during XPS and transmission electron microscopy (TEM) imaging provided further
confirmation of the purity of samples, checking for trace metals in particular.
4.2.2. Physicochemical Characterization
Aqueous fullerene aggregates were measured for size and zeta potential using
DLS and Phase Analysis Light Scattering (PALS) techniques, respectively. Aggregate
suspensions were measured in triplicate with a low end detection limit of ca. 5 nm. The
fullerene aggregates were assigned a refractive index of 2.2 [106]. TEM imaging coupled
with Energy-Dispersive Spectroscopy (EDS) and electron diffraction patterns were used
to confirm aggregate size, composition and crystallinity. A Philips 120 TEM was used at
the MVA Scientific Consultants Inc. High resolution TEM (HR-TEM) images were
collected using a Hitachi 7700 TEM. For imaging, TEM grids were prepared on carbon21

coated copper grids with square mesh. A Thermo K-alpha XPS and a Thermo Scientific
Nicolet 6700 Fourier-transform infrared (FTIR) spectrometer in attenuated total
reflectance (ATR) mode were used to further assess the degree to which the aggregate
formation methods functionalized the aggregates. Aggregates were prepared then dried
for XPS analysis or for inclusion into KBr pellets for FTIR analysis. Pristine powder for
the fullerenes was used for comparison with the powdered aggregates. Differential
scanning calorimetry (DSC) and Raman spectroscopy were used to probe the nature of
water’s interaction with the fullerenes on aqueous samples of fullerene aggregates.

4.3. Photochemical Experiments

4.3.1.

1

O2 Production

Photochemical activities of the fullerene materials were measured in both organic
and aqueous (as aggregates) phases. Experiments were performed using a 50 mL
cylindrical quartz reactor with a magnetic stirrer. Two experimental light conditions were
used: Black Light Blue (BLB) lamps with wavelengths from 350-400 nm and Fluorescent
Lamps (FL) with a UV cutoff filter for wavelengths > 400 nm. Irradiation intensities for
BLB and FL conditions were probed with a potassium ferrioxalate actinometric method
[107] and found to be 4.70 × 10-6 Einstein·L-1s-1 (Φ = 1.26) and 4.31 × 10-7 Einstein·L-1s-1
(Φ = 1.11), respectively [108]. For aqueous phase experiments, the reaction solution
contained 40 mL total of 5 µM of fullerene aggregates, 10 mM phosphate buffer at pH
7.1 and 0.85 mM furfuyl alcohol (FFA) as a 1O2 probe with a reaction rate of k (FFA +
1

O2) 1.2 × 108 M-1s-1 [109]. Organic phase reactions consisted of 5 µM of fullerenes
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(fully dispersed) in toluene for C60, A and C with 0.85 mM FFA. Due to B’s insolubility
in toluene and differential 1O2 lifetimes in solvents, FFA experiments were not performed
for B in the organic phase. A positive control for 1O2 production was conducted with the
well-known 1O2 sensitizer, Rose Bengal (Figure 41 in the Appendix). Negative controls
were conducted under dark conditions and with L-histidine, a well-known 1O2 quencher.
4.3.2. Laser Flash Photolysis
Nanosecond transient absorption spectra of triplet states of C60 derivatives were
measured using laser flash photolysis (LFP). The LFP experiments were carried out
under air-equilibrated conditions. The third harmonic generation (THG, 355 nm) of a Qswitched Nd:YAG laser (Continuum, Surelite II, pulse width of 4.5 ns, full width at half
maximum, fwhm) was applied as the excitation light. A Xenon lamp (ILC Technology,
PS 300-1) was focused on the experimental suspensions as the probe light to monitor the
transient formation and subsequent decay. The temporal profiles were recorded using a
monochromator (Dong-Woo Optron, Monora 500i) equipped with a photomultiplier
(Zolix Instruments Co., CR 131) and a digital oscilloscope (Tektronix, TDS-784D). The
transient absorption spectra were measured by an intensified charged-coupled device
(CCD) with a gate time of 1.6 ns and a 10 ns time delay (Ando Technology, iStar).
The sub-picosecond transient absorption spectra of triplet states of functionalized
C60 were obtained with a pump-probe transient absorption spectroscopy system (Ultrafast
Systems, Helios). The pump light was generated using a regenerative Ti:sapphire laser
amplifier system (Coherent, Libra-F, 1 kHz) with a diode-pumped Q-switched laser
(Coherent, Evolution). The seed pulse was generated by a Ti:sapphire laser (Coherent,
Vitesse). The pulse (355 nm) produced from an optical parametric amplifier (Coherent,
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TOPAS) was used as the excitation pulse. The pump pulse passes through a mechanical
chopper synchronized to one-half of the laser repetition rate, resulting in a pair of the
spectra with and without the pump, from which absorption change induced by the pump
pulse was projected.

4.4. Antimicrobial Activity

Bacteria and virus inactivation experiments were performed in the bulk, aqueous
phase for fullerenes as aqueous aggregates. Antibacterial and bactericidal properties of
functionalized fullerenes were evaluated based on three complimentary approaches: 1)
minimum inhibitory concentration (MIC) tests, 2) viral inactivation kinetics tests in
solution, and 3) bacterial inactivation tests in solution. Test species included gramnegative Escherichia coli (E. coli) and MS2 bacteriophage. These methods have been
regularly used to evaluate disinfection kinetics and mechanisms by various disinfectants
and selected nanomaterials [63, 102, 110-114].

4.4.1. Photoinactivation Setup
The photo-reactor used for experiments consisted of three 6-watt fluorescent
lamps (FLs) with a UV cutoff filter (400 nm) or three 4-watt Black Light Blue (BLB)
lamps oriented directly above a magnetically stirred reaction vessel. Emission spectra are
provided in Figure 42 in the Appendix. Incident intensities measured at 365 nm using a
UVX Radiometer (UVP, LLC) were 38.0 µW/cm2 and 1.17 mW/cm2 for the FL (without
the UV cutoff filter) and BLB lamps, respectively. A blue light sensor (PMA 2121, Solar
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Light Co.) was also used for the FLs, with an average value of 482 µW/cm2. Sunlight
experiments were performed on the Georgia Institute of Technology’s campus in Atlanta,
Georgia (33°46'25" N, 84°23'38" W) using a reaction vessel on a magnetic stirrer under
open sunlight on the 4th and 12th of September, 2013. On both days experiments were
conducted between 1:00 and 1:30 pm EST, the ambient temperature was measured at 36
ºC, the blue light intensity averaged ca. 2.8 mW/cm2 and the UVA intensity averaged ca.
1.0 mW/cm2. The maximum UVA intensity reached a high mark of 1.20 and 1.01
mW/cm2 on the 4th and 12th, respectively. Production of 1O2 production was measured
using furfuryl alcohol (FFA), a 1O2-selective probe compound (k (FFA + 1O2) = 1.2 × 108
M-1s-1).[109, 115] Production of superoxide radical anions (O2∙-) was measured using
nitro blue tetrazolium (NBT2+) [35] and XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)2H-tetrazolium-5-carboxanilide salt) [116] with or without dimethylaniline (DMA) [117]
as an electron donor. O2∙- anions were produced at varying concentrations via KO2
dissolution to calibrate the XTT and NBT2+ methods [35].

4.4.2. Antimicrobial Experimentation
All microbial agents were obtained from the American Type Culture Collection
(ATCC). Photoinactivation experiments were conducted with E. coli and MS2
bacteriophages according to methods reported previously [43, 48, 50, 65]. All reagents
and materials were either used directly from sterile packaging or autoclaved at 121ºC for
20 min prior to use. Briefly, the E. coli photoinactivation experiments were performed
using the ATCC 8739 strain inoculated in 30 mL of nutrient broth (BD inc., DifcoTM) and
incubated at 37 ºC for 18 h in a shaking incubator. The inoculation resulted in a
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stationary-phase culture with ca. 2.0 × 108 cfu/mL. The cultured E. coli were diluted into
the reactor solution with phosphate buffered saline (PBS) solution, resulting in 10 mL
total volume consisting of fullerene aggregates, PBS, and ca. 2.0 × 106 cfu/mL E. coli.
The bottom half of a 60 mm diameter sterile petri dish with a magnetic stirrer was used as
the reaction vessel and placed in the photoreactor with UVA light as detailed below.
Aliquots of the reactor solution were sampled periodically, diluted, and spread onto
nutrient agar plates and counted after incubation for 18 h at 37ºC.
The MS2 photoinactivation experiments were setup in a similar fashion to the E.
coli reactors, following recently used protocols [43, 65]. The ATCC C3000 E. coli strain
was used as the host bacteria for the bacteriophages and was grown for four hours on
tryptic soy broth to reach the exponential growth phase. MS2 stocks at ca. 1011 pfu/mL,
which had been centrifuged to separate virus particles from cell debris, were spiked into
the reactor solution containing PBS and fullerene derivatives to achieve a 10 mL volume
with 108 pfu/mL, and placed light irradiation as described below. Sample aliquots were
withdrawn at time intervals, added to a soft agar nutrient solution with E. coli C3000,
poured onto prepared agar plates, and incubated for 18 h at 37ºC. Plaques of MS2 formed
where the E. coli were infected by the viral agents and were counted to observe the
inactivation of MS2 as a function of irradiation time. Natural Organic Matter (NOM)
from the Suwannee River (International Humic Substance Society, RO isolation) was
used to simulate environmental conditions.
Innate antimicrobial properties of the fullerene derivatives were assayed using a
minimum inhibitory concentration (MIC) test, following the methods typically used for
fullerene aggregates.[48, 56] A modified Minimal Davis media was prepared and used as
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a growth media for E. coli DH5α. Solutions of varying fullerene concentrations were
prepared in multi-well plates with Minimal Davis media and DH5α. The plates were then
incubated for 18 h at 37 ºC. Growth inhibition was determined by optical density, OD600,
of the wells, where the lack of growth indicated bacterial inhibition.

4.5. Molecular Dynamics Simulations

Molecular dynamics (MD) simulations have become a standard method to
investigate time-evolved physical motions of atoms and molecules in a system of
interacting molecules. MD simulations of a single fullerene or of multiple fullerenes in
aqueous solutions have been performed by researchers to obtain fundamental
understanding of the solvent-induced behaviors of fullerene(s) [84, 118, 119]. In this
study, the MD simulations were utilized to understand the physical movements and
thermodynamic interactions on one or two fullerenes, including C60 and the A and B
series, hydrated by 1,000 water molecules. The preparation procedure of the initial
systems for the MD simulations is described in the following subsection. The MD
simulations allow for analysis of the nature of hydration around the fullerene cage. The
time-evolved trajectory of an O2 molecule added into each system containing a
fullerene/fullerene derivative hydrated by 1,000 water molecules was also investigated by
the MD simulations to investigate the interactions of an O2 molecule with the fullerenes.
In all cases the MD simulations were performed under the canonical ensemble (NVT)
condition at 298 K for 1 ns followed by the isothermal-isobaric (NPT) condition at 298 K
and 1 atm for 1 ns to equilibrate the systems. Additional MD simulations were performed
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in the NPT ensemble at 298 K and 1 atm for 1 ns to characterize physical and
thermodynamic properties, including time evolved motions and thermodynamic
interactions, the radial distribution functions (RDFs) of water molecules, and the mean
squared displacements (MSDs) of water molecules within specific shells around the
fullerenes. All MD simulations were performed through the large-scale atomic/molecular
massively parallel simulator (LAMMPS) code combined with reliable atomic charges and
force field parameters [120, 121]. Nose-Hoover thermo- and baro-stats were used to
control the temperature and pressure in the NVT and NPT ensembles. The quantum
mechanical (QM) method of the Jaguar software package (version 4.0, Shrodinger Inc.)
with the B3LYP level of theory and 6-31+G(d,p) basis set was introduced to
geometrically optimize a fullerene and its derivatives and then reliably predict their
atomic charges. Charge-based coulombic interactions were handled using the particle–
particle particle–mesh (PPPM) solver. DREIDING-type force field parameters, which
have been improved by force field parameterization process described in the subsection
4.5.2, allow for reliable modeling of all possible interactions in the systems containing
fullerenes with 1,000 water molecules (and an O2 molecule) [122]. While it is difficult to
make direct, physical measurements to verify these molecular simulations, the trends
observed with sequentially functionalized fullerenes are expected to provide valuable
information that are supported by the physical tests that are performed.

4.5.1. Preparation of the Initial Fullerene-Water Systems
The fullerene-water systems were initially prepared by adding one or two
fullerenes and 1,000 water molecules into a cubic cell having a size of 30 Å × 30 Å × 30
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Å. All the atoms in the systems were subsequently geometrically optimized using the
improved DREIDING-type force field parameters (see section 4.5.2) in the Cerius2
software package (Molecular Simulations Inc., San Diego, CA). The cell size and shape
were fixed during the geometry optimization. Figure 2 shows C60 with 1,000 water
molecules after the geometry optimizations.
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Figure 2: Geometrically Optimized system of 1,000 water molecules arranged around a
single C60 molecule.

30

4.5.2. Force Field Parameterization
In general, the MD simulations in many studies are performed on the basis of the
bonded and non-bonded interactions defined by the well-known DREIDING force field
parameters. However, the pre-equipped force field parameters do not always accurately
describe the non-bonded dispersion interactions in simulation systems, prompting many
efforts to improve the force field parameters [123-125]. Here, these adaptations are
employed to reliably describe the potential energy surfaces between a fullerene and a
water molecule or between a fullerene and an oxygen molecule. A set of Morse potential
parameters (D, Re, a) was obtained by fitting to the potential energy surfaces of the two
pairs (fullerene-water and fullerene-O2) which were predicted by the QM calculations
followed by the dispersion corrections. The Morse potential is defined by ( )
(

(

)

) , where D is the well depth, Re is the equilibrium bond distance, R is

the distance between atoms, and a controls the ‘width’ of the potential. Two possible
binding positions, namely positions on top of either hexagonal or pentagonal ring, were
considered for predicting the potential energy surfaces of the two pairs.
All of our QM calculations were performed with the Perdew–Burke–Ernzerhof
generalized gradient approximation (GGA) functional using the Vienna ab initio
simulation package (VASP) [126-129]. The core electrons of each atom were described
by the projector augmented wave method [130]. We used a conjugate gradient method for
the geometry optimizations of the two pairs in a fixed cubic cell having a size of 30 Å ×
30 Å × 30 Å. Such a large cubic cell was used to exclude the interaction effect between
adjacent periodic images. A cutoff energy of 600 eV was used in all calculations.
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Geometries were relaxed until the forces on all atoms were less than 0.005 eV/Å. All
calculations were performed using a 2 × 2 × 2 Monkhorst-Pack mesh of k-points.
Figure 3 shows the comparison between the QM-based potential energy curves
and the fitted force field based potential energy curves. For all four cases in the figure,
the potential energy surfaces generated using the fitted force field are in a great
agreement with those generated from the QM method. The fitted force field parameters
are listed in Table 1. The improved DREIDING-type force parameters were therefore
used in the MD simulations.
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Figure 3: Comparison between the QM-based potential energy curves and the fitted force
field based potential energy curves for H2O on the (a) hexagonal and (b) pentagonal rings;
and for O2 on the (c) hexagonal and (d) pentagonal rings of C60.
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Atom pairs
C(C60) – O(H2O)
C(C60) – H(H2O)
C(C60) – O(O2)

Table 1: Fitted force field parameters.
D
Re
0.105677
4.299
1.407436
1.858
0.118400
3.703
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a
1.314
2.142
1.465

5. AGGREGATE FORMATION AND CHARACTERIZATION

This chapter describes the effects of aggregation on the physical, photochemical,
and chemical properties on the fullerene derivatives, compared with their pre-aggregated
states. This chapter provides experimental evidence that tests hypotheses one through
three outlined in section 1.4.

5.1. Functionalization Affecting Photochemistry of Fullerenes

5.1.1. UV/Vis Absorption in Organic Solvent
The visible absorption spectra for C60, A, and C in toluene are plotted in Figure 4
to compare relative absorption across the visible regions. Consistent with previous reports,
mono-functionalized A1 and C1 exhibited red-shifted peaks resembling C60’s
characteristic 410 nm peak [104, 105]. The broad absorption band of C60 centered around
540 nm, which has been shown to correspond to forbidden singlet-singlet transitions
[131], was blue-shifted and enhanced with each addition to the cage. This transition has
been reported to be enhanced by interaction of 3O2, implicating 1O2 sensitization [131,
132]. Accordingly, it would be expected that these derivatives could have faster 1O2
sensitization rates than C60 in the natural environment where broad-spectrum visible light
dominates. Absorption in the visible range was enhanced with increasing
functionalization due to extended conjugation of the pi electron system [133], such that
A3 > A2 > A1 > C60 and C3 > C2 > C1 > C60. Visible absorption of A was enhanced
over C, such that A1 > C1, A2 > C2 and A3 > C3. The difference between A and C,
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given the same number of addends, is somewhat unexpected given that the structure of
the C addend contains more pi-conjugation (i.e., the phenyl ring on C’s addend) than A.
This difference, however, may be explained by the diminishing effects of adding to a
highly conjugated chromophore and the strain induced by the three-membered ring
between the addend of C and the C60 cage compared with the five-membered ring in A

Molar Absorbance (M-1cm-1)

[133, 134].
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Figure 4: Visible absorption spectra for C60, A and C derivatives in toluene.

5.1.2. Singlet Oxgyen Production in the Organic Phase.
Probing 1O2 production, Figure 5 shows the FFA degradation curves for A and C
in toluene under FL (a) and BLB (b) irradiation. Under visible light illumination, the
derivatives showed enhanced 1O2 production over pure C60, which was consistent with
the visible light absorption trends mentioned above, C3 > C2 > C1 > C60. The trend is
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reversed under UVA irradiation, where there is less difference in absorption between
derivatives. This reversal in kinetics between light conditions provides some evidence for
less efficient ISC with higher triplet excited state and lower singlet excited state energy
levels. A closely matched C in these FFA degradation patterns with the exception of not
having distinguishable differences in kinetics under visible irradiation, which can be
attributed to more overlaps in their visible spectra (e.g., A2 ≥ A3 at 405 and 490 nm).
Contrary to what is expected based on their visible absorption spectra, C exhibited
enhanced 1O2 production over A with visible light. This apparent contradiction implicates
other factors, possibly more important than ground state absorption, that affect 1O2
production (i.e., the type of bond a functional group forms with the C60 cage may affect
the 3C60* lifetime). The apparent difference in reaction orders in the visible light cases can
likely be attributed to the concentration of FFA used compared to the rate of 1O2
production, such that rapid production yields a second order rate dependent on both [FFA]
and [1O2] and slower production allows for a pseudo-first order case when a steady state
1

O2 concentration can be established [109].
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Figure 5: FFA degradation by C60, A and C in toluene under (a) fluorescent lamps with
cutoff filter (400-650 nm) and (b) black light blue lamps (350-400 nm).

5.2. Aggregate Photoactivity
5.2.1. Photochemical Characterization
Aqueous aggregates were formed at the nano-scale for all derivatives and were
stable (unchanging in size) as prepared over several months, with the exception of B1
which continued to agglomerate into larger particles after preparation. UV/Vis spectra
taken at 5 µM are plotted in Figure 6. It is known that the UV/Vis spectra of fullerenes
change significantly upon aggregation, resulting in broadened and shifted peaks,
depending on preparation methods and size of the aggregates [52]. C60, along with the A
and C series exhibited enhanced absorption in the visible range, and notably, C60’s broad
absorption peak centered about 500 nm is no longer lower than the corresponding peaks
of the derivatives. The characteristic vibronic signal for C60 at 410 nm and 430 nm for A1
and C1 in toluene (Figure 4) disappears for the aggregates, due to fullerene-fullerene
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interactions within the aggregates [132]. Interestingly, aggregates of B had significantly
lower absorption in the UVA-visible range, despite being structurally very similar to A.
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Figure 6: UV/Vis spectra for A, B and C as aqueous aggregates at 5 µM.

5.2.2. Aqueous Aggregate Photoactivity
FFA degradation experiments were performed using all aqueous aggregate
samples with UVA radiation, yet only B2 and B3 exhibited significant 1O2 production
over the course of the photo-illumination , as seen in Figure 7 (data not shown for A and
C, showing no degradation). Control experiments under dark conditions and with specific
radical quenchers confirmed that FFA degradation was ascribed to the photochemical
production of 1O2. FFA degradation kinetics of B2 and B3 were not significantly different,
as might be expected from their nearly identical UVA absorption spectra. The UV/Vis
absorption spectra, however, do not fully explain the dearth of 1O2 production in
aggregates of other derivatives; in fact, the B series aggregates have lower absorption
than A, C and C60 at wavelengths above 350 nm. The presence of a broad absorption
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band from 400-600 nm in C60 and the A and C derivatives likely indicates C60-C60
interactions [52]. The lack of this band in the B series suggests a difference in
aggregation state, possibly with less molecule-molecule interactions within the aggregate.
It is known that C60 aggregates are not effective for photosensitized 1O2 production
(compared to its molecularly dissolved counterpart), likely due to surface area limitations
and self-quenching mechanisms, and it has been suggested that more soluble derivatives
that either do not aggregate significantly or do not form crystalline aggregates are more
capable of sensitizing 1O2 in the aqueous phase [35, 36].
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Figure 7: FFA degradation by the B series in the aqueous phase under BLB irradiation.
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The presence of photoactivity in B2 and B3 aggregates and the lack thereof in
other derivatives was confirmed using LFP experiments. Figure 8 compares the
population of the triplet excited states of B2 and A1, as examples of photoactive and nonphotoactive derivatives, respectively. After the initial excitation pulse, a clear triplet state
can be seen being populated at 650 nm for B2, with a corresponding decay of the singlet
excited state observed at 510 nm. In contrast, A1’s triplet state, (probed at 700 nm due to
a shifted triplet energy state) was rapidly quenched with a lifetime on the order of
picoseconds. The singlet state of A1, probed at 550 nm formed and decayed on the same
timescale as the triplet state (Figure 43). Probing B2’s triplet state 500 ns after the
excitation pulse, Figure 9(a), revealed that its lifetime in an oxygen purged environment
was long-lived compared to triplet A1. When monitored in the presence of O2, however,
B2’s triplet state was quenched within nanoseconds (Figure 9(b)). These results suggest
that the lack of photoactivity in most of the derivatives can be attributed to a rapidly
quenched triplet state, and that B2 and B3 aggregates do not undergo self-quenching
pathways to the extent of other derivatives with the same number of addends. Previous
studies showed that aggregated C60 has a triplet state that decays within picoseconds,
compared with lifetimes of 50 to 150 µs when molecularly dispersed with surfactants or
in benzene [10, 36].
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Figure 8: Absorption differences displaying triplet excited state populations probed with
LFP for (a) B2 at 650 nm (with the singlet population probed at 510 nm) and (b) A1 at
700 nm.
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Figure 9: Nanosecond laser spectroscopy for B2: (a) triplet state absorbance 500 ns after
laser excitation and (b) triplet state absorption difference at 650 nm in the presence of O2.
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5.3. Physical Characterization

5.3.1. Aggregate Size and Zeta Potential
Aggregates of each derivative were characterized and compared for size and ζpotential. DLS analysis, as reported in Table 2 and Figure 10, found the aggregates to be
highly polydisperse and to vary in size and ζ-potential. Less stable aggregates (with low
absolute ζ-potential values under ca. 30 mV) increased in size with decreasing ζ-potential,
as expected from colloidal physics. ζ-potentials of the aggregates had an expected
correlation to the number of addends for the B series. With increasing addends for B, the
zeta potential becomes more positive, starting at a negative value for B1 (-16.9 mV). The
negative ζ-potential of B1, indicates that one cationic charge does not stabilize C60 in
water enough to counteract the hydroxylation, epoxidation and subsequent hydration that
are suggested to be responsible for the negative surface charge [78, 135-137]. It is
important to note that the size of aggregates did not matter for 1O2 production in our
study, as B2 and B3 degraded FFA at very similar rates, despite the significant difference
in size. Additionally the A and C derivatives were not photoactive in the experimental
timeframe, despite being similar or smaller in size than any of B. These findings contrast
the often hypothesized surface-area limitation explanation for fullerene aggregates not
producing significant amounts of 1O2.
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Table 2: Aggregate zeta potentials and sizesa
Sample
ζ-Potential(mV)
d (nm)
w (nm)
PDI
C60
-46.0
122.5
47.01
0.155
A1
-43.0
117.0
62.90
0.192
A2
-47.5
127.7
32.48
0.229
A3
-48.3
114.1
35.09
0.133
B1
-16.9
260.5
34.65
0.325
B2
+13.1
711.1
49.57
0.513
B3
+27.4
145.9
36.66
0.213
C1
-52.3
112.3
29.19
0.173
C2
-42.3
107.7
31.42
0.189
C3
-34.9
99.7
26.35
0.238
a
All values are calculated from three or more repetitions. ζ is
the zeta potential, d is the Z-Average diameter, w is the peak
width and PDI is the polydispersity index.
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Figure 10: Aggregate size distributions for A, B and C.

5.3.2. Aggregate Crystallinity
TEM imaging confirmed the DLS size measurements, finding aggregates to be
variable in size and shape, matching expected dimensions from DLS. Further, electron
diffraction patterns were used to probe the crystallinity of the aggregates. Representative
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TEM images with corresponding diffraction patterns are shown in Figure 11. Based on
past hypotheses on the photoactivity of fullerene aggregates, it is expected that
photoactivity of aggregates is mitigated by their crystalline nature, due to self-quenching
mechanisms (e.g., triplet-triplet annihilation) [28, 35, 36, 65, 138]. In line with the
crystallinity hypotheses, C60, B1 and the A series were all found to have crystalline
diffraction patterns, and B2 and B3, which were definitively photoactive, were not
crystalline. None of the C derivatives, however, were crystalline, suggesting that
crystallinity does not fully explain the dearth of photoactivity in aggregates (diffraction
patterns not shown). These data on the photoactivity and physical characteristics of the
aggregates of fullerene derivatives puts many prior assumptions about the relationships
between aggregation and 1O2 production in question.
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Figure 11: TEM and associated electron diffraction images for C60, A3, B3 and C3.
Well-defined diffraction rings around the electron beam in C60 and A3 indicate an
ordered, crystalline structure.
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5.4. Chemical Characterization

5.4.1. XPS Characterization
5.4.1.1.

XPS Surveys

Aggregates of the A and B derivatives were dried and collected as a powder for
XPS analysis. The chemical compositions of the aggregate powders were assayed to test
for contaminations and to determine the amount of surface oxidation on the aggregates.
Full elemental scans were performed and are recorded in Figure 44 in the Appendix.
Chemical identities of peaks were defined and calculated for atomic percentages by the
Advantage software package accompanying the instrument; these data are tabulated in
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Table 3. Some silica contamination in the A series is immediately apparent and is likely
responsible for the excessive oxygen content of nA2. It is noteworthy, however, that the
Si-O ratios appear to be closer to a 1:1 ratio than what may be expected from
contamination from glass or other minerals which would tend to have Si-O ratios of 1:2
or lower. If Si is assumed to have a 1:1 ratio with O, then all fullerenes are rather
consistent in having compositions of 1 to 4% O as pristine fullerenes compared to the
aggregates which had ca. 7 to 16% O. Nitrogen is seen in several samples, as would be
expected by their functionalization. Iodine is also observed in B3 as expected for the B
derivatives. Sodium and Fluorine appear anomalously in nA2 and both B3 samples,
respectively, also indicating contamination that could be from the use of glass containers.
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Table 3: Elemental compositions from XPS scans as atomic percentages and carbon
oxidation percentages of total carbon for pure fullerene powder and aggregated fullerenes.
Sample
C60
nC60
A1
nA1
A2
nA2
A3
nA3
B2
nB2
B3
nB3

O%

C%

Si%

N%

Na%

I%

F%

C-C%

O-C%

C=O%

1.02
12.95
9.16
7.10
4.34
47.39
4.98
11.37
3.72
16.71
2.40
16.29

98.98
87.05
83.02
92.90
88.15
23.14
88.17
84.94
96.12
83.29
93.29
79.61

0
0
7.04
0
3.66
27.33
3.32
0
0
0
0
0

0
0
0.78
0
3.85
NA
3.52
3.69
0
0
0
0

0
0
0
0
0
2.14
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
1.55
0

0
0
0
0
0
0
0
0
0
0
2.40
4.10

93.09
40.91
96.61
48.47
94.99
61.39
90.44
50.85
82.87
60.12
82.58
73.53

6.91
31.9
3.39
38.98
5.01
28.4
6.39
33.02
17.13
28.44
17.42
20.01

0
27.18
0
12.55
0
10.22
3.17
16.13
0
11.44
0
6.46

5.4.1.2.

XPS C1s Scans

In addition to the coarse survey scans, the C1s peak occurring at approximately
285 eV was closely examined for the presence of chemical shifts due to oxygen
functionalization of the carbon cages. C1s scans and their resolved peaks, by GaussianLorentzian computations with a fixed fwhm, are shown in Figure 12 and Figure 13. The
peak at 284.5 eV is attributed to C-C bonds which are prevalent in the fullerene cage.
Peaks shifted by 1-2 eV higher in energy can be generally labeled as C-O bonds, while
peaks in the 288 to 291 range can be assigned as di-oxygenated bonds (e.g., C=O or O-CO groups) [78, 139, 140]. The broad signal spanning about four eV beginning six eV
higher than the C-C peak corresponds to the π- π* shakeup from the presence of
significant aromaticity in the fullerenes [141, 142]. Notably, the nB2 peaks are shifted
higher in energy, which is attributed to a charging effect that was also observed in the
O1s peak as described in the following section. The percentages of total carbon oxidized
by one or two oxygen bonds are listed in
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Table 3 with the total elemental compositions. In general, the quantities of oxidation
observed for the pristine versus aggregated fullerenes are consistent with reports in the
literature [73, 78, 79, 139, 140]. The significant presence of oxygen functionalization
suggests that the aggregation method employed chemically alters the fullerenes as they
aggregate. This oxidation is likely part of the reason for the negative charge on the nonionic fullerene aggregates. It is also worth noting that other methods of aggregate
preparation have yielded much lower oxygen functionalization, particularly for cases
prepared with stirring only or in dark conditions [73, 90].
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Figure 12: C1s scans with fitted peaks for (a) C60, (b) nC60, (c) A1, (d) nA1, (e) A2, and
(f) nA2.
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52

5.4.1.3.

XPS O1s Scans

To complement the C1s scans and the elemental analysis from the survey scans,
O1s scans were also performed with high resolution to examine any chemical shifts
present. The O1s scans are presented in Figure 14, but individual peaks were not
resolved, due to the complicated nature of O1s peaks and the many overlapping signals.
The nB2 signal is clearly shifted higher in energy compared to other O1s signals, as an
artifact of a charging phenomenon discussed in the context of the C1s peaks. A strong
signal is observed from the nA2 scan, which is attributed to the presence of significant SiO contamination. Overall, the fullerenes exhibited higher O1s peaks after aggregation,
with particular increase in signal in the binding energy (BE) range of 1-2 eV above the
peak of the pristine fullerenes. The peak in the pristine fullerenes is centered at ca. 532
eV which aligns well with organic C-O bonds, and the increase in signal in the 533-534
range is indicative of organic C=O bonds [142], supporting the analysis from the C1s
peaks. This increase and shifting in BE for the O1s peak has been reported previously for
nC60, particularly for cases of nC60 formation under light and oxic conditions [90]. While
the presence of C-O and C=O functional groups have been evidenced for the aggregated
fullerenes, contamination from adsorbed O2 or CO2 may have contributed to the peaks,
which would help explain the O1s signals for the pristine cases. Another explanation for
the oxidation of the pristine fullerenes, however, could be oxidation of the fullerite
powder by ambient ozone, as recently suggested by Murdianti et al. [135]. Another
important note is the ratio of O to C in the aggregate scans. While a high percentage of
carbon atoms experience shifts in BE for their C1s electrons, it is not likely that a full 26 %
of carbon is oxidized in the nB3 case. It is doubtful even that the apparent 16 % oxygen
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observed in nB3 all comes from functionalized carbon, because the fullerenes retain a
significant portion of their photochemical character that arises from their highly πconjugated chromosphere. It is possible, then, that water molecules are trapped within the
aggregates during the aggregation process, increasing the O1s signal.

54

3500

1800

(a)

3000

1600

A1
nA1

(b)
C60

1400

nC60

2500
2000

Counts/s

Counts/s

1200

1500

1000
800
600

1000

400
500
200
0

0

(c)

A2
nA2

20000

10000

A3
nA3

(f)

B3
nB3

4000

2000

0

0

(e)

B2
nB2

4000

2000

3000

Counts/s

Counts/s

(d)
6000

Counts/s

Counts/s

30000

2000

1000

500

1000

0
545

1500

540

535

530

0
545

525

BE (eV)

540

535

530

BE (eV)

Figure 14: O1s peaks for (a) C60, (b) A1 (c) A2, (d) A3, (e) B2, and (f) B3
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5.4.2. FTIR Characterization
To further probe and confirm the findings of the XPS analysis of the fullerenes
and their respective aggregates, ATR-FTIR was used. The spectra for C60, the A, and B
fullerenes and their aggregates are shown in Figure 15. The observed peaks in the spectra
generally match well with reports in the literature. Pristine C60 exhibits expected peaks at
1,430 and 1,180 cm-1, consistent with known C-C vibrational peaks [78, 82, 90, 139, 143].
Upon aggregation, several new peaks are present for nC60: a broad band centered at 1,000
cm-1 is indicative of a mixture of C-O bonds [78, 82, 139]. A peak at 1,710 cm-1 indicates
the presence of carbonyl (C=O) bonds. Further, there is a minor peak centered at 2,900
cm-1, which indicates C-H bonds likely formed when O groups were added to C=C bonds
[78, 82], and a broad signal between 3,200 and 3,600, consistent with O-H stretching
from water or alcohol groups [78, 82, 139]. These changes in FTIR spectra appear to be
consistent across the various functionalized fullerenes. Each case shows an increase in
and broadening of signal around the 1,000 and 1710 cm-1 regions. One notable feature is
nA2’s large signal centered at ca. 1150 cm-1, which is known to be a Si-O stretching band
[144], as expected from the noted Si-O contamination observed in the XPS analyses. C-H
stretching bands are observed for all A and B derivatives as pristine fullerenes, as
expected given the presence of C-H groups in their structure. Interestingly, these bands
are barely observed in the aggregates of the B derivatives, possibly indicating that these
H groups are substituted during the functionalization process during aggregation. Overall
these results confirm the suspected oxidation of the fullerene aggregates observed in the
XPS analyses. The significant increase of signal in the 3,200 to 3,600 cm-1 range also
points to the possibility of trapped H2O molecules within the aggregates. Given that all
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fullerenes appear to undergo similar functionalization by various oxygen groups during
the aggregation process, it can be inferred that the nature of aggregate formation is not
responsible for the discrepancy in photoactivities between the B derivatives and all others
compared. While it is known that intense UV irradiation or ozonation effectively oxidize
nC60, resulting in more hydrophilic suspensions that are photoactive in water [48, 79], the
present results suggest that other mechanisms drive the photoactivity (or lack thereof) in
the derivatives studied here.
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Figure 15: ATR-FTIR spectra for C60, A, and B derivatives and their aggregates in KBr
pellets.
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6. ANTIMICROBIAL PROPERTIES OF FUNCTIONALIZED FULLERENES

With thorough characterization of the functionalized fullerenes, assessment of
their antimicrobial properties is expedient to understanding the relationships between
functionalization and aqueous (photo)biological properties. This chapter effectively tests
and provides evidence towards hypothesis four in section 1.4. Size fractionation
experiments were also performed on the photoactive B2 and B3 derivatives specifically
to test the antimicrobial properties for size dependency, providing further examination of
hypotheses three in section 1.4.

6.1. Effects of Size and Particle Interactions on Antimicrobial Interactions

6.1.1. Characterization of Size Fractionated Aggregates
Size fractionation via membrane filtration was performed successful for both B2
and B3 derivatives. The concentrations of permeate solutions, recorded in Table 4, were
determined using UV/Vis absorption, with spectra for each size fraction shown in Figure
45 in the Appendix. With the exception of the 30 kDa fraction of B2, the spectral
structures were consistent across size fractions, indicating that the fullerenes existed as
aggregates in each size regime. The spectra for the 30 kDa fraction of B2 closely
resembled those of the B3 peaks, possibly indicating the small presence of B3 in the B2
sample allowed a small fraction of the solution to form smaller particles containing
primarily B3 and pass through the 30 kDa membrane. This observation is in line with the
known purity of the sample: B2 containing small amounts of B3 and vice versa, and it is
notable that the B2 and B3 appeared to have segregated to some degree in solution [63].
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For both B2 and B3, nearly all particles passed through both the 0.45 and 0.22 µm
membranes. While B3 particles effectively passed through a 30 kDa membrane, B2 had a
higher yield of particles through the 300 kDa membrane. The 30 kDa permeate fractions
reveal that B3 aggregates may be loose compared with B2, breaking apart into smaller
pieces or individual molecules, passing through the membrane, and re-aggregating in the
permeate solution.

Table 4: Concentrations of size fractionated solutions.
Sample
Concentration Fraction of Total
Approximate
(µM)
(%)
pore size (nm)a
B2 0.45 µm
22.28
100
450
B2 0.22 µm
22.43
100
220
B2 300 kDa
17.86
80.2
35
B2 30 kDa
1.37
6.1
<5
B3 0.45 µm
19.27
94.8
450
B3 0.22 µm
19.97
98.2
220
B3 300 kDa
13.82
68.0
35
B3 30 kDa
8.57
42.2
<5
a
Values for kDa membranes are approximate nominal pore sizes.

DLS revealed that fractionation did segregate particles with into variable sizes as
seen in Figure 16, but also reveals that re-aggregation occurs for small, unstable particles.
Both 30 kDa samples were not stable enough to measure, indicating re-aggregation
occurring. The 300 kDa samples also exhibited some inconsistency and measurement
errors during sample analysis, further demonstrating the instability of the smaller
aggregates. Aggregates passed through a typical filter, with a 0.22 or 0.45 µm membrane,
were comparable to typical nC60 aggregates. The presence of smaller particles in the B
derivatives after passing through a 300 kDa membrane, particularly B3, suggests that the
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large particles may actually be agglomerations of aggregates that are 20 or 40 nm in
diameter for B3 and B2, respectively. The distribution for the 300 kDa B2 sample was
bimodal, further indicating the presence of smaller, sub-aggregates undergoing reaggregation post-filtration. Photochemical degradation of FFA was also recorded for the
various size fractions of B2 and B3, as seen in Figure 17. Consistent with previous results
[63], B2 out performed B3 in 1O2 production. Both samples exhibited subtle trends of
increasing degradation kinetics with decreasing particle size, likely due to increased
surface area for 1O2 sensitization. It is notable that a shift of ca. 80 nm in average particle
diameter resulted in only a very minor change in observed 1O2 production, contrary to a
common notion that fullerene aggregates are photochemically limited by surface area.
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Figure 16: Number-weighted particle counts by diameter, measured with DLS for (a) B2
and (b) B3. Error bars are the standard deviation of measurements.
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Figure 17: FFA degradation by various size fractions of B2 and B3 at 5 µM.

6.1.2. Particle-Microbe Interactions
The interactions between fullerene aggregates and MS2 were probed with DLS,
reported in Figure 18. Note that intensity weighted measurements are reported here to
identify the presence of particles with largely variable sizes; the distributions represent
the presence, not quantity of the given size particles. Measurements of viruses alone
found them to be at ca. 35 nm, while aggregates sizes ranged from 50 to 300 nm,
depending on the derivative, and had highly polydisperse distributions. Samples of A and
B derivatives were used to probe the interactions of the viruses and differentially charged
aggregates. Analysis of the cases of A2 and A3 with MS2 revealed that the distributions
were extended to include the virus particles in addition to the aggregates in solution. In
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contrast, the B aggregates with MS2 had a bimodal size distribution, revealing some
mono-dispersed virus particles at 40 nm and other agglomerations of MS2 and B2 or B3
at ca. 200 or 450 nm, respectively. In the B2 with MS2 case, the intensity of signal for
particles in the range of B2 aggregates was very low. Similarly, no B3 aggregates were
apparent by themselves, suggesting that the virus particles may have acted as a binding
agent to enhance agglomeration of the B aggregates, due to electrostatic attraction (zeta
potential of MS2 = -55.4 mV [43] and B3 = +27.4 mV [63]) as a major driving force.. A
previous report analyzed the effect of proximity on various fullerene aggregates’ abilities
to inactive MS2 and provided evidence for higher inactivation rates with closer particlevirus interactions [64]. Based on the apparent, direct association of B2 and B3 aggregates
with MS2, effective MS2 inactivation is expected.
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Figure 18: DLS intensity-weighted size distributions for A2, A3, B2, and B3 with MS2
virus in a 10 mM PBS solution at pH 7.2.
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6.1.3. Innate Toxicity of Functionalized Fullerenes
Toxicity of fullerene aggregates towards E. coli under dark conditions was probed
using an MIC test. Inhibitive concentrations showed that only B derivatives were toxic
under concentrations of fullerene aggregates reasonably attainable as colloidal
suspensions: the fullerenes inhibited growth at 0.2, 0.3, and 0.5 µM for B1, B2, and B3
respectively. The toxicity of the B series was in line with well-documented effects of
quaternary ammonium groups as a class of molecules [145] as well as prior studies of
cationic-functionalized C60 [43, 45, 47, 65-67]. Inhibitory concentrations for all noncationic fullerenes studied here did not inhibit growth at concentrations up to 20 µM. The
upper limit of concentrations for C60, A, and C aggregates were limited by solution
stability; concentrations of 400 µM as reported in Lee et al., were obtained using highly
water soluble derivatives and were not possible for our derivatives [65]. Given that highly
soluble derivatives do not exert toxicity up to 400 µM, it is reasonable to presume that the
A and C derivatives, which were not toxic up to 20 µM, would also have an MIC
unattainable in any realistic environment. MIC for B2 and B3 did not vary under different
size regimes (data not shown), suggesting that size effects do not drive the toxicity
mechanism. Although variations between B derivatives was too small to establish a
meaningful trend, it is interesting that B1 exerted toxic effects even though aggregates
tended to be highly unstable in solution due to surface charge effects [63].

6.2. Photoinactivation of E. coli
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All derivatives were tested for photoactivity towards E. coli. As expected given
their previously reported photoactivities [63], only B2 and B3 were found to have activity
towards bacteria under UVA irradiation at 5 µM, as plotted in Figure 19. No sizedependent differences were apparent for inactivation experiments when performed for the
various size fractions of B2 and B3 aggregates. Size fraction data were, therefore,
averaged and error bars show the standard error of the experiments. Inactivation data for
A and C derivatives as well as control experiments are shown in Figure 46 in the
Appendix. B2 exhibited faster inactivation, with a 2-log kill in 40 minutes, compared to
60 minutes for B3, corresponding to the fact that B2 also sensitized 1O2 more efficiently.
The lack of size-dependency on inactivation and the correspondence to 1O2 production
capacity suggest that either inactivation did not rely on the aggregates penetrating into the
bacterial cell or that the differences in sizes in these regimes had no significant effect on
cell penetration, an interesting topic for further investigation. The presence of a lag phase
during the first 30 minutes of the experiments before inactivation began could be
indicative of either the time required for aggregates to penetrate into the cell, or
alternatively, the time it takes for the sensitized 1O2 to degrade the cell membrane before
inactivating the bacteria. An intriguing observation was made while conducting these
experiments: bacterial colonies that grew on the samples after the lag phase were
consistently smaller in diameter than those of controls or from initial time points. This
qualitative observation likely has some implication concerning the ability for cells to
repair and replicate and could warrant further investigation.
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Figure 19: E. coli inactivation by combined size fractions of B2 and B3 at 5 µM under
UVA light.

6.3. Photochemical Inactivation of MS2 Bacteriophage

6.3.1. Effects of Particle Size
Photo-inactivation experiments were performed on all derivatives with MS2
under visible or UVA light. Rapid degradation and inactivation of the viruses was
observed for B2 and B3. Parallel to the E. coli case, other derivatives that did not exhibit
photoactivity did not exhibit viral inactivation under experimental conditions, as seen in
Figure 47 in the Appendix. MS2 inactivation by size fractionated B2 and B3 aggregates,
plotted in Figure 20, was remarkably rapid given the relatively low concentration and
light intensity compared with the E. coli case or with other reports (as discussed in the
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following sections). The B3 aggregates exhibit no clear trend in size-dependent
photoactivity, with all four sizes achieving approximately the same level of inactivation
after 80 seconds. B2 particles, however, were more variable in inactivation rates, with the
smallest particles having the most rapid inactivation, on par with the B3 particles. The
variability between the 0.22 and 0.45 µm B2 particles is surprising, given their similar
sizes documented in Figure 16. Overall, it seems that particle size is not a significant
factor in the ability for the fullerenes to produce 1O2 and subsequently inactivate MS2.
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Figure 20: MS2 Bacteriophage inactivation by B2 and B3 aggregates by particle size.

6.3.2. Light and Concentration Dependence of MS2 Inactivation
Photoinactivation of MS2 by B3 under visible irradiation exhibited an extremely
fast kinetics; e.g., 5-log (99.999%) inactivation by 1 M in less than 2 min as seen in
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Figure 21. Dark control experiments showed no virus loss (i.e., viruses that associate with
agglomerates can be still counted as an individual plaque during plate analysis),
confirming that the adsorption alone does not contribute to inactivation observed in these
experiments. A clear concentration dependency was observed from 100 to 1,000 nM,
with a 2-log inactivation achieved after 5 min with 100 nM. No significant inactivation
was observed for both 10 and 50 nM over 2 h. When low concentration suspensions were
exposed to the UVA irradiation instead of visible light, efficient inactivation was
observed, with an exceptional 4-log kill in 4 min by 50 nM. The inactivation for 10 nM
under UVA was also increased, but plateaued at 2 logs after ca. 20 min. It is remarkable
that B3 achieved a 2-log within tens of min at 10 nM, or ca. 9 µg/L. As a reference, a
recent study reported that wastewater NOM, a known 1O2 sensitizer, achieves a 2-log
MS2 inactivation at the mg/L range under UVB light after 12 h [146].
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Figure 21: Concentration dependence of MS2 inactivation by B3 aggregates under
visible or UVA irradiation in 10 mM PBS at pH 7.2, 25 oC.

Extremely efficient viral inactivation necessitates the questions of efficiency in
environmentally relevant conditions. Figure 22 displays the results from experiments
conducted under sunlight with 250 nM B3 with and without 5 mg/L NOM. Experiments
were performed on the 4th and 12th of September, 2013. On both days experiments were
conducted between 1:00 and 1:30 pm EST, the ambient temperature was measured at 36
ºC, the blue light intensity averaged ca. 2.8 mW/cm2 and the UVA intensity averaged ca.
1.0 mW/cm2. The maximum UVA intensity reached a high mark of 1.20 and 1.01
mW/cm2 on the 4th and 12th, respectively. Remarkably, a 2-log inactivation was almost
immediately observed, even though the first sample was withdrawn within less than 5 s
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after addition of viruses. The same rapid loss of MS2 was also observed in the laboratory,
but only when B3 concentrations were extremely high. Control experiments confirmed
that this MS2 loss occurred only when the sample was exposed to sunlight with B3 (i.e.,
no loss due to adsorption to B3 or vessel). The inactivation of MS2 with 250 nM B3 with
NOM was slightly slower than in PBS, likely due to a quenching or protective effect by
NOM [147] or possibly from subtle variation of light conditions on experimental days.
NOM can play a role in the sensitization of 1O2 and inactivation of viruses [146], but
NOM’s contribution to 1O2-mediated MS2 inactivation would be too minor to be
observed, given the brief experimental window. Light attenuation by the NOM is not
likely significant, given the shallow depth (3.5 mm) of the reaction solution during
experimentation. Even taking NOM effects into consideration, B3 appears to be highly
photochemically active under environmentally relevant conditions and at sub-micromolar
concentrations.
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Figure 22: MS2 inactivation by 250 nM B3 under sunlight, with and without 5 mg/L
NOM (10 mM PBS, pH 7.2, 36 oC).

6.3.3. Singlet Oxygen as the Dominant Inactivation Agent
Control experiments suggest that 1O2 is the dominant inactivating agent by B3 as
well as for B2, a derivative with one less methyl pyrrolidinium group than B3 and
slightly slower MS2 inactivation kinetics (Figure 48). Excess L-histidine (250 mM) as
1

O2 scavenger reduced the inactivation rates of B3 and B2 from kobs = 3.95 and 3.37 to

1.17 and 0.433 min-1, respectively (k L-histidine/kobs ratios = 0.3 and 0.13 for B3 and B2). As
a comparison, k L-histidine/kobs ratios of 0.57 [146] and 0.76 [148] have been reported when
1

O2 plays a dominant role in MS2 inactivation. The presence of SOD (30 mM), a

commonly employed O2- scavenger, also inhibited MS2 inactivation by B3 (k SOD/kobs =
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0.32). But the O2- production rate by 5 µM B3 under UVA was very low and determined
to be 0.02 or 0.06 µM/min, measured using nitro blue tetrazolium (NBT2+) [35] or XTT
(2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt) [116]
with or without dimethylaniline (DMA) [117] as an electron donor (Figure 49), after
calibration according to Lee et al [35]. Accounting for the B3 concentration difference,
the actual O2- produced during the inactivation experiments is estimated to be on the
order of 10-10 M/min, whereas 1O2 production is estimated to have a steady state
concentration on the order of 10-11 M, as discussed below. This observation, combined
with the fact that tert-butanol (30 mM) as a OH scavenger did not reduced the
inactivation rate, rules out OH and O2- as oxidants responsible for MS2 inactivation. It
should be noted that SOD is also an efficient 1O2 quencher (2.7×109 L∙mol-1∙s-1), even
compared with L-histidine (3×107 L∙mol-1∙s-1), explaining the reduced MS2 inactivation
in the SOD control [149]. MS2 inactivation with other derivatives, which were shown to
be incapable of producing 1O2 [63], yielded no inactivation (Figure 50).
The fact that B3 and B2 exerted ca. 4 log E. coli inactivation after 90 min of UVA
irradiation while other, non-cationic derivatives exhibited no observable inactivation
(Figure 19Figure 46), matched the lack of 1O2 production observed in Figure 7 [63]. The
MS2 consists of a protein capsid that acts as a protective shell to the genomic RNA [150];
this structure is much more vulnerable to 1O2, which is selective towards proteins
compared to the lipid membrane of E. coli [151]. These controls and results collectively
support that photochemically produced 1O2 was responsible for viral inactivation.
6.3.4. Quantitation of Photo-Induced Inactivation by Fullerenes.
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The inactivation kinetics were plotted against CT (concentration of disinfecting
agent (1O2) × exposure time) in Figure 23 to compare the kinetics of 1O2 inactivation
obtained in this study with previously reported kinetics. The [1O2]ss was calculated to be
1.01×10-8 and 7.63×10-9 mg/L from the kinetics of FFA degradation for B3 at 5 and 1 µM
under visible and UVA light, respectively, as seen in Figure 51. Examining the data from
experiments in the FL reactor, points are scattered along a reasonably correlated trend
line (R2 = 0.865). The linear regression includes only data from the linear portion of FL
experiments. A linear relationship between sensitizer concentration and 1O2 production,
as demonstrated previously [43], was assumed in order to calculate [1O2]ss at very low B3
concentrations when it was impossible to quantify FFA degradation. Accordingly, a 2-log
inactivation corresponds to a CT of 1.21×10-9 mg-min/L, which is markedly smaller than
previously reported 1O2-CT by cationic aminofullerenes at 6.4×10-5 mg-min/L [43]. Our
CT value is also lower than other 1O2-CT estimations in other systems but only by an
order of magnitude; Badireddy et al. reported a CT of 1.27×10-8 mg-min/L for several
fullerenes for 2-log MS2 inactivation, and 2.25×10-8 mg-min/L was calculated from
Kohn et al.’s reported [1O2]ss [64, 146]. Rose Bengal (RB) is another well-known 1O2
sensitizer that has recently been studied for MS2 inactivation. Rosado-Lausell, et al.
reported RB at 0.5 µM to have a kobs of 0.076 min-1 which corresponds to a 2-log CT of
3.07×10-7 mg-min/L, while B3 at 0.5 µM had a kobs of 2.12 min-1 [148]. On a molar basis
B3 outperforms RB significantly.
Strong association between MS2 and B3 further contributed to enhanced
inactivation kinetics [64]. Dynamic light scattering (DLS) analysis suggests that B3
agglomerated with MS2 (ca. 30 nm), shifting average sizes from 150 to 600 nm, with a
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surprising disappearance of signal in the range of the aggregates alone (Figure 18). The
agglomeration was not observed when A3, a non-ionic analogue of B3, was used,
indicating electrostatic attraction (zeta potential of MS2 = -55.4 mV [43] and B3 = +27.4
mV[63]) as a major driving force. The gradual decrease in inactivation kinetics in Figure
21 (e.g., 10 nM B3 under UVA irradiation) might have resulted due to an accumulation
of MS2 on the B3 particles, preventing further MS2-B3 interactions.

Figure 23: MS2 inactivation is plotted versus 1O2-CT for concentration-dependence
experimental data.
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7. MOLECULAR INTERACTIONS

Having compiled significant characterizations on the structure to activity
relationships of the functionalized fullerenes, it is obvious that cationic functionality for
fullerenes with few functional groups attached are an important structural factor in
determining their photoactivity and consequent biological activity. The mechanism
responsible for the variable photoactivities, however, is still unresolved. This chapter
provides experimental and theoretical evidence towards understanding how aggregation
phenomena affect the photochemistry of fullerene aggregates, according to hypothesis
five in section 1.4.

7.1. Fullerene-Fullerene Interactions

7.1.1. Examination of Nanoscale Morphology
While the size and crystallinity of the aggregates were previously measured and
discussed using TEM imaging, the resolution was lacking to examine the fine features of
the aggregates, including their surface roughness and crystal lattice lines. Of the
derivatives studied, A, and B are compared here to examine the effects of cationic
functionalization on aggregate structure, given the difference in photoactivity between
the two. High resolution TEM images of the fullerenes can be found in the following
figures: nC60 in Figure 24, A1 in Figure 25, A2 in Figure 26, A3 in Figure 27, B2 in
Figure 28, and B3 in Figure 29. High magnification imaging of nC60 and A1 in Figure
24b and Figure 25b yielded clear images of crystal lattice lines, consistent with the
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crystallinity observed with EDS as described in section 5.3.2. Counting the number of
lattice lines found within the 20 nm scale bar, yielded 24 crystal lattice lines (or one line
every 0.83 nm) for both nC60 and A1, consistent with previous reports of nC60 [78, 152].
Assuming a 0.35 nm radius of the C60 cage, the fullerenes are calculated to be 0.16 nm
apart. Crystal lattice lines were not found in any of the remaining derivatives, despite the
fact that EDS showed crystallinity for A2 and A3. The lack of observable lattice lines
may be due to the presence of functional groups causing a less uniform crystal structure
to form or causing a blurring of the interstitial spaces between lattice lines.
With progressively more functional groups the A and B aggregates both appear to
have less discrete particle morphology. A3 retains distinct particle boundaries, however,
while B2 and B3 have progressively more ambiguous particle edges. These observations
can be seen in the images provided but were also consistent with other particles during
analysis (images not captured). Interestingly, a large particle of what appeared to be a
solid block (non-aggregated) of B2 was found, as seen in Figure 28b and c; images of this
chunk were captured to compare it to aggregated clusters and to search for crystal lattice
lines, which were not found. The lack of clearly defined particles in the B3 images; even
at lower magnifications particles were difficult to image in a way that appeared fully in
focus. This observation suggests that the B3 particles are more amorphous than others.
Prior work on analyzing the dependence of fullerene aggregate photoactivity on particle
morphology has suggested that higher fractal dimensions (i.e. higher particle surface area
within a given area) have greater ROS production efficiencies [75, 153]. While the fractal
dimension analysis is not performed here, it is noteworthy that the observations based on
the images presented seem to be in agreement, with the possible exception of A3. Based
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on the lack of photoactivity observed for A3 and its more irregular particles as compared
to the A1 and A2 particles, the degree to which the particles are formed as discrete units
may be more important than the fractal dimensions alone.

Figure 24: TEM images of nC60 under (a) 60k × and (b) 400k × magnification.

Figure 25: TEM images of A1 under (a) 100k × and (b) 400k × magnification.
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Figure 26: TEM images of A2 under (a) 50k × and (b) 300k × magnification.

Figure 27: TEM images of A3 under (a) 50k × and (b) 300k × magnification.

Figure 28: TEM images of B2, with (a) and (b) at 50k × and (c) at 300k × magnification.
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Figure 29: TEM images of B3 under (a) 50k ×, (b) 80k, and (c) 200k × magnification.

7.1.2. Simulated Interactions
As described in the section 4.5, the MD simulations in the successive NVT (298
K) – NPT (298 K and 1 atm) ensembles were performed for two nanoseconds to
equilibrate the systems of 1,000 water molecules and two fullerenes of the same
functionality. Subsequently, the additional MD simulations in the NPT (298 K and 1 atm)
ensembles were performed for one nanosecond to characterize the time-evolved
trajectories and interactions of fullerenes/fullerene derivatives. Interaction distances of
the two fullerenes, measured as distances between their respective centers of mass, were
computed as a function of time for one nanosecond with initial positions at 1.3 nm apart.
Plots of the fullerene-fullerene distances are shown in Figure 30. The C60, A1, and A2
cases show clear attraction, sticking at a distance of 1 nm, or 0.3 nm from edge to edge of
the fullerene cages for the C60 case. This result is in good agreement with the observed
lattice lines in the TEM imaging in the previous section, where fullerenes were observed
to arrange in a lattice with 0.16 nm spacing, between lattice lines. Of course, a crystal
structure is a more complicated environment, with more external forces affecting the
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spacing. Still, the values of 0.3 nm spacing predicted for solvated fullerenes and 0.16
observed in a lattice structure are not unreasonably different. The appearance of lattice
lines in the A1 and nC60 TEM images also correlate well with the modeling results in that
C60 and A1 both exhibit rapid attraction with no subsequent movement away from each
other. The simulated interaction of A2 fullerenes also predicts close attraction, even
though crystal lines were not found during TEM observation. The A2 particles were
observed, however, to have very clearly defined particle boundaries with similar surface
morphology as nC60 or A1 aggregates. A3, however, exhibited a significantly more
fractured or jagged morphology for particles, suggesting less regular A3-A3 interactions.
The simulated interactions show that A3 fullerenes do not immediately attract and stick
together, but did so after 0.7 ns of the simulation. The A3 interaction appears to be less
probable, perhaps dependent on the physical alignment of functional groups, but strong
enough to stick together once the fullerenes get near each other. These observed
interaction dynamics may be responsible for the aggregate surface morphology discussed
previously. Finally, the B series exhibits significantly different and weaker interactions
than C60 or the A series. For each B derivative, the distances never became closer than ca.
1.3 nm and generally varied between 1.3 and 2 nm apart, indicating weaker—and
potentially nonexistent—interactions and electrostatic repulsion. The B2 case exhibits a
portion from 0.3 ns on where the B2 fullerenes appear to have drifted apart resulting in
no interaction. This distance between B fullerenes may be important in preventing the
TTA self-quenching pathway that drastically reduces fullerene aggregates ability to
photosensitize 1O2 in aqueous media. The weaker interactions are also in good agreement
with the observed photochemistry and particle morphology; B aggregates (excluding B1
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which did not form stable aggregates) were found to be significantly photoactive with
less dense and less defined particles.
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Figure 30: Fullerene-fullerene interactions in a system of 1,000 water molecules for C60,
A, and B.

7.2. Fullerene-Water Interactions

7.2.1. Raman Spectroscopy of Aggregate Solutions
Raman spectroscopy was employed to probe the effects of fullerene aggregates on
their surrounding water solvation structures. The characteristic Raman signal from liquid
water is known to shift upon changing temperature or addition of solutes and has been
used to measure the impacts of such changes by various experimental conditions [154,
155]. Raman spectroscopy has recently been employed to assess the impacts of C60
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aggregates on the localized water structure, reporting more structured hydration
environments with increasing nC60 concentrations [89]. The characteristic water signal
was collected and is shown in Figure 31. Raman spectra of nC60, A, and B aggregates
were collected at varying concentrations and subsequently fitted with GaussianLorentzian peaks. The peak fitting calculations provided variable results, depending on
initial peak location guesses. 10 fitting attempts were therefore performed and averaged
for each of the three characteristic peaks at each concentration and sample tested. Results
from this Raman analysis are shown in Figure 32 for the O-H symmetric bending mode
and in Figure 52 and Figure 53 in the Appendix for the first order stretching modes. The
stretching modes did not appear to exhibit any clear trend, given the error bars, which
represent the standard deviation of the 10 fitting attempts. The symmetric bending,
however, appears to experience a slight blue shift with increasing aggregate
concentrations, consistent with the previous report on nC60 [89]. This blue shift in the
symmetric bending is likely due to an increase in the order of the water molecules
solvated the fullerenes. Of the aggregates, B3 caused the greatest blue shift in the
symmetric bending mode, likely due to a greater surface area of the aggregates, as
observed in the TEM imaging. It is noteworthy that all fullerenes appear to shift the
bending mode to a higher energy, indicating that they are all affecting the localized water
structures.
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Figure 31: Raman spectra and fitted Gaussian-Lorentzian peaks for DI water.
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Figure 32: Raman peak locations of the second order O-H symmetric bending (2v2) for
varying concentrations of fullerene aggregates.

7.2.2. Radial Distribution Functions
RDF predicted from the MD simulations in the NPT (298 K and 1 atm) ensemble
were analyzed calculations were computed for C60, and the A and B derivatives. Results
for C60 appear to match well with what has been reported previously in literature. In
Figure 33 the calculations shown predict a first hydration shell at approximately 6.5 Å
and a second at around 9.5 Å from the center of mass for the fullerenes. These values
match the reported radii for hydration shells very well [84-86, 88]. A slight reduction in
the density of water molecules at the first hydration shell is noted in the derivatives as
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compared with C60, likely due to the presence of the functional groups occupying space
that would otherwise have water molecules. This observation is consistent within each
series of derivative: with each functional group added there is a lower density of water
molecules in the first water layer. A corresponding increase in density in the region just
beyond the first hydration shell with increasing functionalization provides further
evidence. Generally, the fullerenes do not appear to be significantly different in the way
they affect the hydration layer immediately surrounding fullerenes, consistent with
observations from Raman spectroscopy. One scarcely noticeable difference between the
A and B series is a slight shift in distance for B3 compared to A3, as seen in Figure 33b,
which could indicate slightly weaker B3-H2O interactions.
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Figure 33: RDF of water molecules from the center of mass of (a) C60, (b) C60 compared
with A3 and B3, (c) the A series, and (d) the B series. g(r) indicates the density of water
molecules at a given radius r.
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7.2.3. Mean Squared Displacement Computations
Similar to the RDF case, the MSDs matched well with previous reports of the
MSDs of water molecules around C60 [85]. Figure 34 plots the MSD of all water
molecules in the C60, A2, and B2 systems along with the MSD for each water layer
around C60. The MSD of the first and second hydration layers of C60 are also in well
accordance with reported literature values [85]. Analysis of these three fullerenes shows
that hydrophilic functionality causes a decrease in water mobility around the fullerenes.
This decreased mobility likely indicates a shift in the nature of the hydration of water
around the fullerene cage; water molecules would be more stable next to hydrophilic
functional groups compared with the hydrophobic cage of C60, resulting in reduced
movement. Another observation from the hydration layers for each of the A and B
fullerenes in Figure 35 is that the mobilities for each fullerene vary by hydration layer (ie.,
1st, 2nd, or bulk water molecules), but there appears to be no consistent trend for the
variable order of the layers’ MSD values. These results are in good agreement with the
RDF results, suggesting that there are distinct hydration layers that can be characterized,
but the differences in hydration between different types of fullerenes are not noticeably
different.
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Figure 34: MSD as a function of time of (a) all water molecules in the C60, A2, and B2
cases and (b) the water molecules in the 1st, 2nd, and 3rd hydration layers for C60.
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Figure 35: Water molecules in the 1st, 2nd, and 3rd hydration layers as a function of time
for (a) A1, (b) A2, (c) A3, (d) B1, (e) B2, and (f) B3.
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7.3. Fullerene-Oxygen Interactions

The interactions between an O2 molecule and each fullerene within the system of
1,000 water molecules were analyzed from the MD simulations in the NPT (298 K and 1
atm) ensemble which were performed over a 1 ns timeframe. Fullerene-O2 interactions
may have significant implications on the ability for the sensitization process to occur.
Interaction distances and energies have been recorded for C60 and each of the A and B
fullerenes. Figure 36 shows the interactions of O2 with C60. Clear and strong interactions
are present between 0.2 and 0.4 ns, for a total of 201 ps of interaction time, with
interaction energies ranging between -0.5 and -1.4 kcal/mol. These strong interactions
may cause adsorption (or exciplex formation) of O2 onto the C60 such that it does not
subsequently escape into the bulk phase after receiving an excitation. Indeed, a study of
sensitizing 1O2 in the gas phase using fullerene coated surfaces showed that 1O2 adsorbed
onto the fullerene surfaces rapidly without significantly escaping into the gas phase [156].
It has also been shown that O2 can act as a catalyst for back electron transfer (BET)
reactions in a zinc porphyrin-fullerene system [157], which may be a relevant process by
which a ground state fullerene quench 1O2 [9]. Alternatively, if an O2 molecule remains at
the surface of a fullerene too long, the BET process may proceed and quench the
excitation before the C60-O2 exciplex dissociates. Lifetimes of charge transfer exciplexes
for 9-cyanophenanthrene and electron donors were reported in the nanosecond time
frame [158]. Finally, the ability for the O2 molecule to rotate within the solvent cage is an
important factor limiting the internal conversion rate step of the 1O2 sensitization [159].
Researchers have shown that sensitizers with strong sensitizer-O2 interactions experience
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decreasing 1O2 production efficiency with increasing solvent polarity [160-164]. Overall
1

O2 production efficiencies were also shown to decrease with decreasing sensitizer

oxidation potentials [160-165]. The dependence of 1O2 sensitization efficiency on solvent
polarity and sensitizer oxidation potentials stems from the nature of the charge-transfer
exciplex that is responsible for the majority of 1O2 sensitization, including by fullerenes
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Figure 36: Interactions between C60 and O2 over 1 ns; the black line represents distance
and the red represents interaction energy between C60 and the O2 molecule.

The interaction dynamics of O2 with the A and B fullerenes are presented in
Figure 37. A clear distinction between the A and B series is immediately visible, with
less O2-fullerene interactions for the A series than for B. On average the A derivatives
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had interaction times of 103 ps during the 1 ns simulation, while the B derivatives had an
average of 30 ps of interaction time. The interaction energies were generally in the range
of -0.5 to -1.8 kcal/mol, with the notable exception of B2 which only reached an
interaction energy of -0.18 kcal/mol. The significant difference in the O2 interactions
between the A and B fullerenes correlates well with the photoactivities of A and B as
aggregates reported here and implicates the importance of the sensitizer oxidation
potentials, as discussed above. The B series has innately higher oxidation potential, given
the cationic charge(s), than the A series, which was also observed during the
measurement of their surface charges. These theories provide a new framework for
understanding the photoactivity of fullerene aggregates. Given the highly polar nature of
water and the strong interactions between most fullerenes and O2, the rotational mobility
of O2 during exciplex formation and electron and energy transfer processes, the oxidation
potential of the fullerene may be an important driver of its photoactivity, with higher
potentials allowing for more mobile O2 molecules and higher sensitization efficiencies.
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Figure 37: Interactions between (a) A1, (b) A2, (c) A3, (d) B1, (e) B2, and (f) B3 and O2
over 1 ns; the black line represents distance and the red represents interaction energy
between each fullerene and the O2 molecule.
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8. ENVIRONMENTAL IMPLICATIONS

8.1. Importance of Physical, Chemical, and Photochemical Characterizations

The results of thorough characterizations of carefully chosen fullerene derivatives
herein highlight and addressed several key gaps in the understanding of how aggregation
affects fullerene photochemistry, particularly for functionalized fullerenes. There have
been two common explanations for the lack of photoactivity of fullerene aggregates:
reduced surface area [53] of the particles and their crystalline nature promoting triplettriplet annihilation [10, 54, 65] effectively reducing their photoactivity. In this study,
however, neither theory has fully explained the observations made for the derivatives
studied: large aggregates effectively produced 1O2, while smaller particles that were not
crystalline produced no observable 1O2. The only observable difference between the
photoactive and non-photoactive derivatives was that B2 and B3, which both produced
1

O2, had positively charged surfaces, unlike all other derivatives with negative zeta

potentials. Although molecule-molecule interactions are still likely to be important,
surface phenomena may also be critical to the photochemistry of aggregates. In particular,
surface oxidation potential and consequent hydration structures may interfere with the
sensitization process of negatively charged fullerene aggregates that may otherwise be
effective sensitizers (e.g., the C series which were not crystalline) [78, 135-137]. It is
known that redox characteristics affect 1O2 production efficiency for sensitizers [159] and
that significant solvent-complex reorganization must be allowed for an important route of
1

O2 sensitization [166]. These characteristics have perhaps been overlooked by
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researchers wishing to establish a mechanistic understanding of fullerene aggregate
photochemistry. For the cases of slightly functionalized fullerenes, environmental
concerns based on the photosensitization capacity of fullerene aggregates appear to be
dependent on the properties of the type of functional group attached, more than the
number of addends.
Close examination of the chemical changes in the fullerene derivatives upon
aggregation in water were made to discern the effects of aggregation-induced
functionalization (with O groups) on aggregate photochemistry. While several research
groups have examined this type of functionalization (and intentionally induced further
surface oxidation in some cases) of nC60 and have attributed these effects to increased
photoactivity [75, 78, 79, 90, 139, 153], few studies have conducted these types of studies
on functionalized fullerenes. Based on the FTIR and XPS analysis reported here, it is
clear that surface oxidation of the functionalized fullerenes occurs consistently across
various types of fullerenes and does not drive the stark difference in photochemistry
observed between the A and B series. It is important to realize that this surface oxidation
mechanism responsible for the stabilization of nC60 aggregates in water with a negative
charge is at play for both A and B derivatives, noted by the negative surface potential of
B1 aggregates and increasingly positive potentials for B2 and B3 [63]. This finding
suggests that the aggregation process and technique employed may not be as important in
determining the photosensitization capacity of fullerenes as their final surface character
and potentials.
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8.2. Remarks on Photoinactivation and Toxicity

The potential biological effects of the fullerenes were tested to examine the
relationships between photoactivity, functionalization, and toxicological effects. The
work presented herein found that of nC60 and each series of derivatives studied, only the
B series was found to exert significant toxicity on E. coli. Further, only B2 and B3
showed any appreciable photo-induced inactivation of MS2 bacteriophage or E. coli, in
excellent agreement with the observed 1O2 production. Although B2 and B3 exhibited
highly similar inactivation rates, B3 was examined thoroughly in order to make
comparisons with previously reported inactivation kinetics. It is difficult to directly
compare the kinetics of B3 with other fullerenes in literature, given the variable
concentrations and light sources used. Close examination of published data on fullerenes
as photoinactivation agents, summarized in Table 5 in the Appendix, points to the
remarkable photoinactivation efficiency of the methyl pyrrolidinium substituted fullerene.
Badireddy et al. conducted experiments with twice the UVA intensity (2.3 mW/cm2) and
ca. 1000 times higher concentration and reported inactivation rates that were an order of
magnitude slower for several fullerenes as compared with B3 [64]. The aminofullerene
[43] was also tested under stronger light intensity and concentrations that were 5 to 20
times higher than our highest reported here and yielded inactivation rates that were two
orders of magnitude slower than our values. The account of B3 photo-induced MS2
inactivation here is particularly astonishing because vanishingly low concentrations
achieved rapid MS2 inactivation under environmentally relevant light intensities. While
ca. 1-log difference in inactivation kinetics may be attributed to difference in 1O2-CT,
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which is likely enhanced due to virus-aggregate interactions as discussed above, the
remarkably rapid kinetics of B3-MS2 inactivation could be the result of more efficient
1

O2 production per irradiation intensity and sensitizer concentration. We report a [1O2]ss

of 3.17×10-13 M produced from 5 µM B3 (Figure 54), while we estimate the [1O2]ss from
the reported CT and inactivation time of Badireddy et al.’s C60(NH2)6 sample to be
7.94×10-14 M from 6.13 µM of fullerene under much more intense light conditions.
Overall, this study calls for greater attention to the promising environmental applications
and potentially significant environmental implications of this material.

8.3. A Closer Look

Conflicting theories regarding the variable photoactivities of fullerene aggregates
prompted a closer examination of the molecular interactions and surface phenomena that
have not previously been explored for sequentially functionalized fullerenes. A suite of
molecular characterization and modeling techniques were employed to explore the
dynamics of fullerene photosensitization of 1O2 at the molecular scale. High resolution
TEM imaging revealed important morphological differences between the non-photoactive
A derivatives and the photoactive B series. TEM imaging suggests that the surface
character (amorphous verses clearly bounded) of aggregates may be more important in
deciding their photoactivity than their size. This structural factor will be important in
predicting the photoactivity of other functionalized fullerenes. Furthermore, these
physical observations align well with the modeled results of fullerene to fullerene
interactions in an aqueous system, where the B derivatives were found to have less
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interaction and no ‘adhesion’ to one another, as observed in the A cases. The closer
clustering of fullerenes in the A cases likely leads to increased triplet-triplet annihilation
compared with the B aggregates, explaining the dichotomized photoactivities. In this case,
molecular modeling may be a quick and relatively cheap method of predicting the
photoactivity, and therefore photo-toxicity, of novel functionalized fullerenes.
To summarize the findings of hydration dynamics around the fullerenes, it was
found that, as previously reported for C60, each fullerene is predicted to have two to three
distinct water layers acting as solvation cages around the fullerene core. Interestingly,
these water layers were not significantly different in physical ways probed with RDF and
MSD simulations. Similarly, the Raman spectroscopic results suggested an increase in
the structure of water around aggregates but did not find significant differentiation
between types of functionalization. At first look, these results of hydration layers seem
inconsequential to the examination of the photosensitization mechanism of fullerene
aggregates. Combining the hydration observations with O2-fullerene interactions modeled
in an aqueous system, however, provides a deeper understanding of how the surface
character of fullerene aggregates affects the interactions of O2 with fullerenes within the
solvation shells. It is known that during the photosensitization process, a sensitizer and
O2 form an exciplex where energy is transferred through partial charge transfer (zero net
charge exchange) [159]. These exciplexes undergo an internal conversion that requires
the O2 molecule to be able to rotate within the solvation cage; stronger interactions
between the O2 molecule and the sensitizer can cause a decrease in sensitization
efficiency due to a decreased mobility of O2 [159, 164, 167]. A clear difference in O2fullerene interactions was observed for the A and B derivatives here. The B series, which
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was found to be significantly photoactive as aggregates, had significantly weaker
interactions with O2 than C60 or the A fullerenes. The strong O2-C60 interactions for nonphotoactive fullerenes suggest that the sensitization route is inhibited by a decrease in O2
mobility within the solvent cage around the exciplex unit. These observations suggest
that the aggregation of the fullerenes themselves may not play such an important role in
photosensitization of 1O2 after all. It is possible that an individual C60 molecule in an
aqueous solution would have inhibited 1O2 production efficiency simply due to its low
oxidation potential in a highly polar solvent. These analyses also provide a useful tool for
predicting the photochemistry of novel fullerene derivatives, particularly if prediction can
me made simply based on the oxidation-reduction potential of a given fullerene in water.
It is likely that many factors are at play in determining the photoactivity of
fullerene derivatives. The thesis presented here provides significant insights on the
degrees to which various mechanisms affect fullerene photochemistry in water. The
results presented discount the mechanisms of aggregate size, crystallinity, surface
oxidation, and alteration of the pi-conjugated C60 cage as major factors in predicting
fullerene photoactivity in water. Rather, the fullerene-fullerene interactions and
consequent surface morphology of aggregates and the oxidation potential at the surface of
the fullerenes may be the two most important factors predictive of the capacity for
fullerene aggregates to effectively sensitize 1O2 in aqueous media.
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Figure 38: MALDI-Mass spectra for C60 with a.) A derivatives in toluene, b.) B derivatives
as aqueous aggregates, and c.) C derivatives in toluene.
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Figure 39: H-NMR Spectra for A derivatives in deuterated toluene, showing characteristic methyl and methylene signals from the
pyrrolidine group(s) at ca. 2.5 and 3.8 ppm, respectively.
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Figure 40: H-NMR Spectra for B derivatives in deuterated dimethyl sulfoxide, showing characteristic methyl and methylene signals
from the pyrrolidine group(s) at ca. 4.0 and 5.8 ppm, respectively.
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Figure 41: FFA degradation in water by 5 µM A and C derivatives under BLB with 10
µM Rose Bengal under visible light as a positive control.
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Figure 42: Normalized intensity spectra for the BLB lamps and the FLs with a UV cutoff
filter.
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Figure 43: Transient absorption spectra for A1 during pulse radiolysis.
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Figure 44: XPS scans of fullerenes before and after aggregation.
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Figure 45: UV/Vis spectra characterizing the size fractionated solutions for (a) B2 and (b)
B3.
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Figure 46: E. coli inactivation by UVA only, A, and C derivatives at 5 µM under UVA,
with a dark control using B2 at 5 µM.
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Figure 47: MS2 inactivation by nC60, A, and C derivatives at 5 µM with UVA irradiation.
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Figure 48: MS2 inactivation for B2 and B3 at 1 µM (unless otherwise specified) with
dark, L-histidine (250 mM), t-BuOH (30 mM), and SOD (30 mM) controls using and a
UVA only (no fullerene) case. Data is also shown from Figure 21 for experimental values
of B3 at 500 and 1,000 nM.
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Figure 49: Production of O2∙ as measured by the formation of formazan in the XTT
method (observed at 470 nm) and by the formation of monoformazan by the NBT2+
method (observed at 530 nm), by 5 µM of B3 under UVA irradiation.
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Figure 50: MS2 inactivation by nC60, A, B1, and C derivatives at 5 µM under UVA light.
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Figure 51: FFA degradation kinetics for B3 under visible and UVA light at 5 and 1 µM,
respectively.
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Figure 52: Raman peak locations of the first order O-H symmetric stretching (v1) for
varying concentrations of fullerene aggregates.
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Figure 53: Raman peak locations of the first order O-H asymmetric stretching (v3) for
varying concentrations of fullerene aggregates.
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Figure 54: FFA degradation kinetics for B3 under visible and UVA light at 5 and 1 µM,
respectively.
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Table 5: Comparative inactivation and sensitization efficiencies of fullerenes.
Type of
Sensitizer:
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Fullerol [138]
Fullerol [138]
Fullerol [138]
nC60 [64]
C60(OH)6 [64]
C60(OH)24 [64]
C60(NH2)6 [64]
nC60 <800 nm
[53]
nC60 <450 nm
[53]
nC60 <50 nm
[53]
HC4 [43]
NOM (WSP)
[146]
Rose Bengal
[148]
B3 (here)
B3 (here)
*Steady State

Conc. (µM)

Microbia
l Agent

Oxidant
Yield

Units

Inactivation Rate
(kobs min-1)

Irradiance
(mW/cm2)

Light Spectrum

40
40
40
6.944
6.083
4.433
6.127

MS2
PRD1
T7
MS2
MS2
MS2
MS2

0.039
0.039
0.039
0.132
0.563
0.686
0.969

µM/min
µM/min
µM/min
µM/min
µM/min
µM/min
µM/min

0.105
0.026
0.035
0.059
0.175
0.187
0.389

2.89
2.89
2.89
2.3
2.3
2.3
2.3

UVA
UVA
UVA
UVA
UVA
UVA
UVA

1.389

MS2

18.1

au/s/mg TC

0.00333

2.41

UVA

1.389

MS2

31.5

au/s/mg TC

0.0208

2.41

UVA

1.389

MS2

56.3

au/s/mg TC

0.0645

2.41

UVA

15

MS2

0.0074

s-1

0.0408

0.165

Visible

15 (mg/L)

MS2

-

-

0.00333

35.2

320-800 nm

0.5

MS2

3.64×10-13

M (ss*)

0.0758

40.0

320-800 nm

1.0
0.0010

MS2
MS2

0.00229
1.60×10-6

min-1
min-1

4.08
0.036

.0380
1.17

Visible
UVA
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