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ABSTRACT
Making materials out of buckminsterfullerene is challenging, be-
cause it requires first dispersing the molecules in a solvent, and
then getting the molecules to assemble in the desired arrangements.
In this computational work, we focus on the dispersion challenge:
How canwe conveniently solubilize buckminsterfullerene?Water is
a desirable solvent because of its ubiquity and biocompatibility, but
its polarity makes the dispersion of nonpolar fullerenes challenging.
We perform molecular dynamics simulations of fullerenes in the
presence of fullerene oxides in implicit water to elucidate the role
of interactions (van der Waals and Coulombic) on the self-assembly
and structure of these aqueous mixtures. Seven coarse-grained
fullerene models are characterized over a range of temperatures
and interaction strengths using HOOMD-Blue on high performance
computing clusters. We find that dispersions of fullerenes stabi-
lized by fullerene oxides are observable in models where the net
attraction among fullerenes is about 1.5 times larger than the at-
tractions between oxide molecules. We demonstrate that simplified
models are sufficient for qualitatively modeling micellization of
these fullerenes and provide an efficient starting point for investi-
gating how structural details and phase behavior depend upon the
inclusion of more detailed physics.
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1 INTRODUCTION
Buckminsterfullerene (C60) can be dispersed in water, starting from
both pure solid and organic solutions, rendering this colloid the
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most environmentally relevant form of the fullerenes [1–7]. The
ability to disperse C60 colloids in water, termed “nC60”, is of inter-
est from a nanomanufacturing perspective, because such solutions
offer a starting point for using thermodynamics to self-assemble
nanostructures from these organic conducting building blocks with-
out the need for volatile solvents. Early reports of C60 cytotoxicity
were followed by substantively conflicting reports of the material’s
environmental and biological behavior [2, 8–17]. This controversy
has elevated C60 to a status as a touchstone nanoparticle, in many
ways serving as a proxy for the scientific community’s responsible
development of nanomaterials as an industry.

Since its first laboratory synthesis in 1994 [5], several aspects of
nC60’s structure, stability, and reactivity have defied explanation.
Of the reported nC60 laboratory synthesis methods, most involve
transfer of the fullerene material from an organic solvent into wa-
ter [1, 2, 6, 18–20]. One approach, however, known as AQU/nC60,
involves simple extended stirring in water for a period of days to
months [6, 7, 19, 21, 22]. This last technique is notoriously incon-
sistent and unreliable, despite it being the most environmentally-
relevant approach. Most critically, the surface chemistry of the
colloidal particles must be charged or hydrophilic, or both, in
order to render the particles water-stable. The most significant
breakthrough in understanding the nature of this surface chem-
istry came in 2012 with the observation that for AQU/nC60 this
hydrophilic chemistry results from an unusually-stable epoxide
derivative of C60, which is formed through reaction of trace levels
of atmospheric ozone with buckminsterfullerene [23]. This same
C60O derivative has been shown, at least in some samples, to stabi-
lize aqueous colloidal aggregates of C60 (nC60) in three of the main
organic solvent-based synthesis techniques: the exchange methods
of hexane/isopropyl alcohol/water (HIPA), tetrahydrofuran/water
(THF), and toluene/tetrahydrofuran/acetone/water (TTA) [20]. The
present work aims to elucidate the self-assembly of fullerenes into
colloidal particles under conditions where a mixture of C60 and
C60O are present. This initial work explores equimolar quantities
of each, aiming to understand the minimal physics required to de-
scribe colloidal stabilization of C60 and C60O inwater.What C60 and



C60O characteristics and conditions are sufficient for C60O to stabi-
lize micelles (Figure 1) of C60? Are there other thermodynamically
stable arrangements of C60 and C60O?

We approach these questions of fullerene stability through the
lens of molecular simulations and micelle self-assembly. Molecular
dynamics (MD) and Monte Carlo (MC) simulations have been em-
ployed to investigate how the properties of amphiphilic molecules
can self-assemble into higher-ordered structures including micelles
[24–27]. These simulations provide a convenient way to study how
the thermodynamic stability of micelles and bilayers depends on
interactions and geometric constraints, as predicted by Israelachvili,
Mitchell, and Ninham [28]. For example, MD simulations of model
surfactants in a solvent show that micelles of varying structure
(disk, cylindrical, and spherical) can readily self-assemble over sim-
ulation timescales [26]. More recent work using a more complex
MARTINI model of surfactants in water demonstrates that the long
timescales of lipid bilayer transformations can be accessed in MD
simulations [25]. Representing solvent molecules implicitly using
Langevin or Brownian dynamics is another technique for accessing
longer timescales, and the work of Noguchi et al. demonstrates that
micelles can self-assemble from amphiphilic molecules and aggre-
gate into vesicles in the right conditions [24]. The thermodynamic
stability of spherical micelles, cylindrical micelles, vesicles, and
bilayers was demonstrated to be a function of amphiphile shape
(here, dumbbell size ratio) in MC simulations by Avvisati et al.
[27]. In summary, simplified models of amphiphiles have been suc-
cessfully deployed to study thermodynamic phase behavior and
self-assembly for a wide variety of amphiphilic molecules. Here,
our coarse model of amphiphilic C60O is developed in the spirit of
Refs. [27] and [24] and we investigate its self assembly with C60 in
an implicit solvent with MD simulations.

2 MODEL
We use MD simulations to investigate a sequence of seven coarse-
grained models of C60 and C60O to determine how our choice of
model determines the structures that self-assemble. In all of the
models, C60 is represented by a single coarse-grained simulation
element (Figure 2(h)), C60O is represented by two spherical sim-
ulation elements (Figure 2(a–g)), and water is modeled implicitly
using Langevin dynamics [24, 29]. The hydrodynamic drag on each
spherical simulation element is described by the Stokes formula

Fd = 3πηdv⃗ (1)

where η is the viscosity of the fluid, d is the particle diameter, and v⃗
is the particle velocity. Random forces on each spherical simulation
element from the implicit solvent are described by ζ (t ), which is
related to the drag force through the fluctuation dissipation theorem

〈
ζ (t )2

〉
= 2FdT (2)

and where 〈
ζ (t )ζ (t ′)〉 = 0. The net effect of modeling the solvent

implicitly through Langevin dynamics is that the simulation ele-
ments are thermostatted not to travel so fast as to be numerically
unstable, but with dynamics and computational cost sufficient to
reach equilibration in minutes to hours. We also note that the in-
ertial terms (masses, moments of inertia) do not factor into the
equilibrium structures sampled.

Figure 1: Representative snapshot of C60 (blue spheres) stabi-
lized in water with C60O (red spheres with small blue dots)
acting as a surfactant between the nonpolar C60 and polar
water.

The seven models we consider here are chosen to answer: What
combinations of van der Waals interaction strengths, partial charges,
and molecular geometry are sufficient to predict the formation of
C60 micelles stabilized by C60O? The models also roughly represent
a gradient of increasing complexity, from simplified models that do
not explicitly include long-range electrostatics, to models that have
partial charges and moments of inertia informed by first-principles
calculations.

(1) The geometry of C60O in Model 1 (Figure 2a) is designed
using approximate atomic sizes and positions from the op-
timized OPLS-AA force field (optimized potentials for the
simulation of liquids, all atom) [30].

(2) The geometry of C60O in Model 2 (Figure 2b) is informed by
density-functional theory (DFT) calculations described later
in this paper.

(3) Model 3 (Figure 2c) uses the same geometry as Model 2, but
adds naïve partial charges to the coarse-grained C60 and
O beads, creating a static dipole across the C60O molecule.
Model 3 also scales down the energies of the O-O and O-
C60 interactions.

(4) Model 4 (Figure 2d) improves upon Model 3 by applying
partial charges calculated from first principles and using
interaction energies scaled to the represent accurate van der
Waals forces.

(5) Model 5 (Figure 2e) is identical to Model 4, except the charge
magnitudes are scaled down so the dipolemoment onC60Ohas
the correct magnitude, in exchange for lower partial charges.
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Figure 2: Seven models of C60O are tested for their self-assembly properties with C60 (center) in implicit solvent. Clockwise
from the top, each successive model is a perturbation to the prior one: Model 2 updates the location and size of the O-group
and adds naïve charges to Model 1. Model 3 has more accurate Lennard-Jones (LJ) interaction energies. Model 4 has partial
charges informed by density-functionary theory (DFT) calculations and LJ interactions drawn from literature. Model 5 scales
the charge magnitudes of Model 4 to have an accurate dipole moment. In Model 6 we keep the Model 5 C60 details, but vary
εCC . Model 7 is identical to Model 6 (εCC varied), but omits partial charges.

(6) Model 6 (Figure 2f) takes a different view and explores how
the C60-C60 interactions influence phase behavior (by vary-
ing εCC ), using the same C60O model as Model 5.

(7) Model 7 (Figure 2g) is identical to Model 6, except it omits
the partial charges on C60O.

In concert, these models comprise a sequence of assumptions about
how C60 and C60O behave that begins simply, adds in electrostatics,

more accurate van der Waals forces, more accurate charges, and
dipoles that enable systematic evaluation of which features are
necessary for capturing hypothesized C60-C60O phase behavior.



The potential energy between a pair of simulation elements is
described by the Lennard-Jones interaction potential

ULJ (ri j ) = 4εkl *,
(
σi j

ri j

)12
−

(
σi j

ri j

)6+- , (3)

where ri j is the center-to-center distance between particles i and j,
εkl is the Lennard-Jones well depth, σkl is the Lennard-Jones length
scale, where k and l indicate particle types, with k ∈ {A,B,C} and
l ∈ {A,B,C} in this work. We use Lorentz-Berthelot mixing rules
where σkl =

σkk+σl l
2 represents the sum of the radii of particles i

and j whose types are k and l , respectively, and cross-interactions of
energy scales are (εkl =

√
εkkεl l ) [31, 32]. Equation 3 has a global

minimum at ULJ (ri j = σkl 21/6) = εkl , so we may select εkl to
represent qualitative attractions between model elements A (C60 in
C60O, red elements in Figure 2), B (O, smaller blue elements in
Figure 2), and C (C60, Figure 2h).

To minimize confusion that arises when mentally converting be-
tween “particle type”, “atom types”, and “molecules”, we henceforth
adopt the following naming conventions:
• “A”, “B”, and “C” are used to refer to the spherical simula-
tion elements that are used to models of C60O and C60, and
will only be used in the context of parameters describing
interactions between simulation elements (e.g. εBB and qA
in Table 1) and structural metrics such as radial distribution
functions between particles of type B дBB .
• The symbols C60O and C60 are used to refer to molecules
of C60O and C60 generically, both within and outside the
context of the models presented here.
• In structural analysis, “A” and C60O are interchangeable,
and “C” and C60 are interchangeable. That is, a shortcut
heuristic for this work is that “A” = C60O and “C” = C60,
and we include both sets of symbols as a reminder of the
distinction between model implementation (“A”, “B”, and
“C”) and molecules (C60 and C60O).

To minimize unit conversion errors and maximize the inter-
pretability of predictions with other simulation results, we employ
base units of massM = 1.20 × 10−24 kg, length σ = 1.01 × 10−9 m,
and energy ε = 3.24× 10−20 J to convert between physical fullerene
parameters and near-unity dimensionless simulation parameters.
That is, when we report εAB = 0.5, it means that εAB = 0.5ε =
1.62 × 10−20 J. Using dimensionless simulation parameters allows
for quick inspection of relative magnitudes and aids with analysis.
The base units of massM and length σ correspond to the mass and
van derWaals diameter [30] of C60, respectively. The base unit of en-
ergy ε corresponds to the minimum potential energy of a C60 dimer
in water and is within the range of calculations from prior work
(2.7×10−20 to 3.7×10−20) [33, 34]. Derived units of time τ =

√
Mσ 2
ε

are 6.15 × 10−12 s. One quirk of dimensionless simulation units is
the convention of reporting temperatures T in terms of dimension-
less energy, which can be converted to Kelvin using TKelvin = εT

kB
,

where kB = 1.38 × 10−23 J/K. With ε = 3.24 × 10−20 J , T = 1 corre-
sponds to 2348 K, but we caution overinterpretation of this absolute
temperature: Rather, we are reminded that constructing a model in
terms of ε—a coarse-grained aqueous C60 interaction, whatever it
may be—we are able to investigate what other model parameters are

Table 1: Interaction parameters representing oxygen-
oxygen εBB , functionalized C60-oxygen εAB , and unfunc-
tionalized C60-C60 attractions, as well as partial charges on
functionalized C60 (qA) and O (qB ) groups.

Model εBB εAB εCC qA qB
1 1 0.5 1 0 0
2 1 0.5 1 1 -1
3 0.2 0.2 1 1 -1
4 0.06 0.25 1 4.658 -4.658
5 0.06 0.25 1 1.257 -1.257
6 0.06 0.25 1.0 to 2.0 1.257 -1.257
7 0.06 0.25 1.0 to 2.0 0 0

sufficient for observing micellization. Framed this way, correspon-
dence of room-temperature (298 K) micellization in experiments
with the present model’s predictions at T = 0.7 would provide
rationale for re-interpreting ε = 298 K×1.38×10−23 J/K

0.7 = 5.87 × 10−21
J within the context of this model.

The C60O are represented as rigid bodies [35]. This minimal
model allows for the shapes of these molecules to be realistically
represented without having to keep track of their computation-
ally expensive internal degrees of freedom. We choose interaction
strengths (εAA, εBB , and εCC ) in terms of ε to systematically model
systems with varying degrees of attraction. In this work, we focus
on understanding how the choice of εkl ’s determines the structures
that emerge (Table 1).

2.1 Partial Charge Calculation
To determine charge distribution on the fullerene and the position
of the oxide oxygen (Models 4, 5, 6, and 7), we employ quantum
chemical calculations using density-functional theory (DFT). The
calculations are carried out using Quantum Espresso [36] with peri-
odic boundary conditions using the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) exchange-correlation
functional [37]. Projector augmented wave (PAW) pseudopotentials
[38] enable explicit calculation of the 2s and 2p electrons of C and O.
Calculations are conducted at the Γ point. C60 is initialized in large
cube with edges greater than 20Å (roughly three times the diameter
of the fullerene), so as to minimize periodic image interactions.

The wave functions are composed of summations of plane waves
with energies up to 45 Rydberg (612 eV). No differences in geometry
or energies were seen between the calculation using a 45 Ry cutoff
energy and a calculation using a 40 Ry cutoff energy, suggesting
that both cutoff energies are sufficient to accurately model the
wave function. As both wave functions are calculated to ensure
convergence, we used the more accurate 45 Ry wave function for
all further analysis. Bader analysis [39] is used to determine the
charge on the atoms in the Buckyball. The code used to calculate
the Bader charges was written by the Henkelman group [40, 41].

3 METHODS
Coarse-grained molecular dynamics simulations are performed us-
ing the HOOMD-Blue simulation engine [42] on NVIDIA K20 GPUs


