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Abstract

This study reports on the thermal conductivity of face-centered cubic C60 from 300 K to

700 K as simulated using classical molecular dynamics. The equilibrium Green-Kubo method

is used to predict that the bulk thermal conductivity, κbulk (GK), at 300 K is 0.19±0.01 W/m-K.

The resistance to thermal transport between nearest-neighbor molecules, Rnn, is isolated using

non-equilibrium methods and is 0.27± 0.03 TK/W at 300 K. The thermal conductivity due to

transmission between nearest-neighbors, κnn, is approximated with a nearest-neighbor resistance

network and is 0.010± 0.001 W/m-K at 300 K. The values of both κbulk (GK) and κnn are

relatively temperature-independent. The thermal conductivity between nearest-neighbors is

described with a discrete oscillator model, based on rotational oscillations. The simulated value

of κnn is recovered by considering a temperature-dependent scattering time.
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1 Introduction
Molecular solids (e.g., organic compounds and nano-structured carbon systems) are potential

material alternatives to conventional crystalline counterparts in applications ranging from semiconducting

materials in electronics1, 2 and optoelectronics3, 4, 5 to an array of medicinal and biological applications

that exploit the molecular structure.6, 7 These materials are attractive for the relative ease with which

the thermal and optical properties can be controlled by manipulating the molecular density and

composition.8 The promise of tuning performance with nanoscale precision has fueled scientific

interest in this subset of materials.9, 10

Advances in the ability to manipulate the properties of molecular solids have stemmed from

changes to atomic bonding environments. As an example, nano-engineering molecular interfaces

with the addition of polymers has proven to be vital to successfully manipulate the bulk thermal

conductivity11 of single-walled carbon nanotube networks. Researchers also report an increase in

thermal conductance between carbon nanotube molecules due to intermolecular chemical connection

facilitated by irradiation and functionalization.12, 13 In amorphous polymers, interchain interactions

have been improved by replacing weak intermolecular van der Waals forces with homogeneous

networks of strong hydrogen bonds.10 Additionally, thermal and optical properties of reduced

density, tetrahedrally-bonded, amorphous alumina solids have been shown to depend on the atomic

and molecular density.14, 15 Despite these advances, the development of “user-defined” material

properties in molecular solids is in its infancy as questions about energy transfer mechanisms

associated with molecular degrees of freedom (DOF) in the condensed phase remain.

The ordering of molecular nearest-neighbors (NNs) and the associated coupling strength strongly

influence energy transfer in molecular solids.16, 17, 18 At the interface, the orders of magnitude

difference in the strength of weak van der Waals compared to strong hybrid-sp bonding forces11

effectively restricts energy transport. Nano-sized and discrete molecular interfaces further limit

transport and are a major cause of the material properties exhibited by molecular solids.11 Coupling

at the interface is further complicated as a molecule can both oscillate and rotate in space and time

with respect to its NNs. Ultimately, the interplay between molecular DOF and contrasting bonding

environments results in unique energetic dynamics in molecular solids.
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The objective of this project is to report on the thermal conductivity, κ , of buckminsterfullerene

(C60) molecular solids simulated with classical molecular dynamics (MD) methods. Theoretically,

bulk C60 is an ideal molecular solid to study as a result of the isolation and symmetry of the

molecules. By focusing on temperatures at and above room temperature, we study the system

in its orientationally-disordered face-centered cubic (FCC) state,19, 20 and isolate the resistance

to thermal transport between NNs. Figure 1(a) shows an isolated C60 molecule and Fig. 1(b)

shows the local environment of the molecule in an FCC structure. Bulk κ is evaluated with

the equilibrium Green-Kubo (GK) technique. A resistance network, mediated by the thermal

interface resistance between NNs, simplifies the description of the thermal conductivity between

NNs. Thermal transport resulting from the intermolecular interactions is approximated within the

framework of a discrete oscillator model, as rotational motions.21 Section 2 provides a description

of the MD methods; the main results and a summary are presented in Sections 3 and 4.

2 Molecular Dynamics Simulations

2.1 Molecular Dynamics
The short length and time scales over which MD simulations are performed provide a means

to both predict κ and isolate the role that a single molecular interface plays thermally in bulk FCC

C60. LAMMPS,22 an open-source MD code distributed by Sandia National Laboratories, is used

C5

(a) (b)

dnn

Figure 1: (a) Isolated icosahedral C60 along its C5 axis of rotation. (b) 12 NNs, at a separation of
dnn =

a√
2
, where a is the lattice constant, comprise the local enironment of a C60 molecule in the

FCC arrangement.
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to perform the simulations. We use two common techniques for thermal transport predictions: the

equilibrium Green-Kubo (GK) method and a steady-state, non-equilibrium, method. Specifics of

the GK and steady-state methods are discussed in Sections 2.3 and 2.4.

Initial atomic positions and velocities, and an interatomic potential, are required to describe the

system. For a prescribed temperature, initial velocities are sampled from a Gaussian distribution

using a random number generator. Bulk configurations are assembled in an FCC arrangement from

isolated molecular cages23 relaxed using an energy minimization procedure in LAMMPS. Evolution

of the system in time is determined by solving a set of classical equations of motion for all particles.

The equations of motion follow Newton’s second law,

Fi = mir̈i, (1)

where Fi, mi, and ri denote the force, mass, and position of atom i. The force on atom i is

the negative of the derivative of the interatomic potential energy with respect to atomic position.

Desired system-level properties are computed from the outputs of an MD simulation, the time

histories of atomic positions and velocities.

Definition of a time step and an integration scheme are required to solve for updated atomic

positions and velocities. The velocity Verlet integration scheme is implemented in LAMMPS.22

Error associated with the scheme is proportional to the square of the time step of integration. To

conserve energy, a sufficiently fine time step is required; the time step must capture the highest-frequency

response of the system. The Nyquist-Shannon method24 offers that a system containing a highest

frequency of f is completely determined by ordinates 1/(2 f ) apart. A time step of 1 fs is fine enough

to address the highest experimental intramolecular vibration,25 at 47.2 THz, and is used throughout.

All reported MD results are generated from simulations run in the microcanonical, NVE, ensemble.

In this ensemble, the conservation of energy intrinsic to Newtonion equations of motion ensures

that total energy, E, system volume, V, and atomic number are constant. Prior to data collection, a

relaxation procedure is required to allow the molecules to lose the memory of their initial state. To

achieve zero-pressure during relaxation, the Nose-Hoover equations of motion are used to impose

weak coupling of the system with an external temperature bath for 106 timesteps. For a set of
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volumes, the system pressure is averaged over the final 2×105 timesteps. Zero-pressure lattice

constants are resolved to within 2% of experimental values19 using a linear fit of system pressures

to volumes. The systems exhibit pressure fluctuations at least an order of magnitude larger than the

average system pressure such that further resolution of the lattice constant is not meaningful.

2.2 Potential Energy
An appropriate potential energy function and a physically realistic structure are essential to the

fidelity of the MD simulations. A hybridized potential energy function, accounting for both bonded

and non-bonded forces, is required to study the relationship among atomic structure and thermal

transport in molecular systems. A Lennard-Jones (LJ) potential and a Tersoff bond-order potential

are chosen to model van der Waals and covalent interactions. Covalent interactions, defined by a

Tersoff bond-order potential,26

Ui(ri j) =
[
UR

i j(ri j)+bi jUA
i j(ri j)

]
/2, (2)

are described using Lindsay and Broido’s27 optimized parameters. The potential energy due to

covalent bonding between atoms i and j, separated by ri j, interacts through competing repulsive

and attractive pairwise terms, UR
i j and UA

i j. The position and composition of atoms close to the bond

play a role in the attraction through the many-body term, bi j.28 The factor of two indicates that the

energy is shared evenly between the two atoms. Interactions between two atoms that are not likely

to form a chemical bond and are not vicinal (1-4) neighbors in the same molecule29 are modeled

with a LJ 12-6 potential,

Ui(ri j) = 4ε[(
σ

ri j
)12− (

σ

ri j
)6]/2. (3)

The potential energy well depth, ε , and the equilibrium pair separation 21/6σ defines the Lennard-Jones

potential energy interaction between non-bonded pairs of atoms i and j. The energy and length

scales of the LJ potential, ε and σ , between carbon atoms have values of 2.84 meV and 3.4 Å.29

2.3 Equilibrium Methods
The Green-Kubo (GK) method is used to compute the thermal conductivity of the bulk systems.

Imposing no driving force, the method relates κ to the autocorrelation of the instantaneous heat
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current, S.30 κ along the α- direction is defined as

κα =
1

kBVT2

∫
∞

0
〈Sα(t)Sα(0)〉dt, (4)

where kB is the Boltzmann constant, V is the system volume, T is the simulation temperature, t is

the correlation time and 〈Sα(t)Sα(0)〉 is the heat current autocorrelation function (HCACF). For

isotropic FCC C60, κ is evaluated as the ensemble average of the three directional components.30

Overcoming two convergence challenges is critical to simulate repeatable GK results. Firstly,

the GK method often exhibits size effects due to any long wavelength transport that develops with

large system sizes. At 300 K, size effects are not detected on a 3x3x3 periodic system of 6480

atoms; further size effects are not considered. Secondly, of critical importance is to specify a

converged HCACF. Adequate simulation times must capture the full decay of the longest lifetime

energy carrier in the system. A correlation time of 50 ps is sufficient to record a converged value of

the HCACF, on a 2x2x2 periodic system, as shown in Fig. 2(a). Averaging of converged HCACFs

is performed for four sets of initial conditions, obtained by randomizing initial velocities. In terms

of ergodicity, this sampling significantly reduces the time required for the system to explore its own

phase space, leading to an expedient realization of an ensemble average. Values of κ are averaged

over correlation times of 10-50 ps, as shown in Fig. 2(b).
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Figure 2: Time evolution of (a) the HCACF and (b) the raw Green-Kubo thermal conductivity,
κbulk (GK), at temperatures 300 K, 500 K, and 700 K (thick, average, and thin lines).
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2.4 Non-Equilibrium Methods
Non-equilbrium molecular dynamics (NEMD) methods facilitate the prediction of the resistance

to thermal transport at intermolecular interfaces, Rnn.9 The nearest-neighbor thermal transport, κnn,

is readily calculated as a function of Rnn using a resistor network.31 In the NEMD simulations,

application of an energy conserving thermal current, q, generates a steady-state temperature gradient

from which the resistance to thermal transport can be determined. We consider that the heat current

applied to the cage of a single source molecule is shared evenly between its NNs (without direct

transmission to second NNs), a reasonable assumption in a weak van der Waals solid. In an

application of a thermal Ohm’s law, Rnn relates to the ratio of the temperature difference between

NNs, ∆Tnn, and the applied thermal current per nearest-neighbor molecule, qnn = q/12, as

Rnn = ∆Tnn/qnn. (5)

The method leading to the determination of Rnn, with Eqn. 5, is given in Fig. 3(a). To maximize

the spatial uniformity of the applied heat flux, the current applied to a single source molecule is

removed in equal parts from all third and fourth NNs. The temperature difference that develops,

around 10% of the simulation temperature, is allowed to reach a steady-state condition for 5×106

timesteps prior to data collection. The temperature difference is monitored over 5×106 additional

timesteps, and is averaged over the NNs. Error ranges reported for each final result of Rnn arise from

the consideration of three different magnitudes of the imposed thermal current. The temperature

gradient must be small enough to retain a linear response32 and large enough to be measured in the

simulations.

When Rnn is considered to be the sole thermal resistance, the thermal conductivity, κnn, is

easily calculated within a resistor network.31 The network, governed by the law of conservation of

energy, is described with a system of N simultaneous linear equations, with N unknowns defining

the temperatures of N molecules. A unique solution to a thermal gradient along the α- direction

is established by imposing the temperature of molecules in thermal reservoirs on either side of the

bulk. Figure 3(b) shows a model of the network, mediated by Rnn. A bulk system, with thermal
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(b)(a) Apply q between source 
molecule and 3rd & 4th NN. 

Determine the temperature 
difference between the source 
molecule and 1st NN, ΔTnn. 

Assume q passes evenly 
through 1st NN, as qnn.  

Calculate Rnnvia Eqn. 5. 

(c)

node

Rnn

Tcold

Thot

q’’

Figure 3: (a) Flow chart for the method to determine Rnn. (b) Nearest-neighbor resistance network.
(c) FCC bulk cell; Thot and Tcold are defined, q” is solved for. (b, c) Presented in Ref. 31.

reservoirs, Thot and Tcold, at the top and bottom of a channel, is shown in Fig. 3(c). In a relation

similar to Kirchoff’s circuit law, the total heat flux into the bulk is calculated by considering the

asymmetry in the current balance at a reservoir,31

q′′ =
1
Ac

∑
i in surface

γ

∑
j=1

(Ti−T j)

Rnn
= 0, (6)

where γ is the number of neighboring nodes, Ac is the cross-sectional area of conduction and (T i -

T j) is the finite temperature difference between nodes i and j. κnn is then calculated by applying

Fourier’s law,31

q′′ =−κnn,α
dT
dα

, (7)

which relates the total imposed heat flux, q′′, to the temperature gradient, dT/dα .

3 Results and Discussion
Table 1 presents the main findings for each of the temperatures considered: the relaxed lattice

constant, a, the bulk thermal conductivity evaluated with the Green-Kubo method, κbulk (GK), the

resistance to thermal transport at a nearest-neighbor molecular interface, Rnn, and the nearest-neighbor

thermal conductivity, κnn. The results indicate that the resistance to thermal transport between

nearest-neighbors is large enough so that the majority of the simulated bulk thermal conductivity in

9



T (K) a (Å) Rnn (TK/W) κnn (W/m-K) κbulk (GK) (W/m-K)
300 14.40 0.27±0.03 0.010±0.001 0.19±0.01
500 14.46 0.18±0.02 0.015±0.001 0.18±0.02
700 14.53 0.15±0.03 0.015±0.003 0.19±0.01

Table 1: Significant results from the classical MD simulations.

the FCC phase of C60, in the classical limit, is not the result of transmission between nearest-neighbor

molecules; thermal conductivity due to nearest-neighbor interactions accounts for only∼ 5% of the

total simulated κ . Other mechanisms that play a role in the molecular thermal transport include

intramolecular vibrations and, to a lesser extent, long-range collective molecular motions. Recently,

Kikagawa et al.33 reported similar findings for the distribution of thermal transport between degrees

of freedom in amorphous polymeric chains. Specifically, they found that κ of C250 polyethylene (ρ ,

0.85 g/cm3) is the result of ∼ 15% non-bonded interactions, and only ∼ 2% arising from collective

motions. The remainder of this document focuses both on understanding the simulation results and

on developing an analytical description of the intermolecular thermal transport.

Before considering the data, it is important to address effects that occur as a result of the classical

nature of MD simulations and the choice of a potential energy function. Firstly, MD follows a

Maxwell-Boltzmann population distribution, which is only valid in the temperature limit where

all vibrational modes are active. As such, scattering associated with the population of frequencies

below their activation temperature may affect the simulated thermal transport. While in MD all

frequencies are populated regardless of temperature, in a real isolated C60 molecule the lowest

frequency molecular vibrational mode has an activation temperature of 391 K and the highest

activation temperature is 2265 K.25 Secondly, as a result of the chosen an empirical potential

energy function, the simulation lattice constant is 0.2 Å larger than the experimental value,19 which

may result in lowered intermolecular frequencies.34 The choice of a potential also modifies the

strength of the interactions at play in thermal transport. These factors contribute to the nearly

halved simulated bulk κ as compared to the experimental value at room temperature,35 0.4 W/m-K;

Figure 4(a) plots the measured35 and simulated bulk κ values.

A successful model of thermal conductivity in disordered systems is used as a framework to

interpret the nearest-neighbor thermal transport, ignoring intramolecular vibrations and collective

10



molecular motions. Originating from the first model of lattice vibrations in solids, proposed by

A. Einstein in 1907,37 the Olson and Pohl21 (OP) model considers only rigid molecular motions

vibrating with a specific frequency. Simple modifications to the original model let us treat only

the nearest-neighbor rotational motions. Using classical Maxwell-Boltzmann statistics, the thermal

conductivity of rotational motions is the sum accounting for three polarizations (i), one longitudinal

and two transverse, defined by the activation temperature of the discrete oscillation, Θi,

κOP-rot = ∑
i

k3
BT

3π2h̄2 N1/3
Θiτx3e-x, (8)

where τ is the scattering time, N is the number density of fullerene atoms, (n/60)ρ , where n is the

number density of carbon atoms per unit mass and ρ is the volumetric mass density, Θi is defined as

Θi =
h̄ω0,i

kb
where ω0,i is the maximum acoustic angular frequency, h̄ is the reduced Planck constant

and x = Θi/T. ω0,i and τ are critical parameters in the resultant thermal conductivity.

Within the traditional OP model, the lifetime of each oscillation results from a random walk

as one half of the vibrational period (τT = π/ω). Figure 4(a) plots κOP-rot under the traditional

scattering time assumption (dotted). In this calculation, ω0,i are determined from the Debye approximation38

to the room temperature experimental dispersion,36 or relationship between frequency and wave-vector,

shown in Figure 4(b). In the Debye approximation,38 the maximum acoustic angular frequency
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Figure 4: (Colored online.) (a) Measured κ35 (solid line) alongside the simulated κbulk (GK)
(squares) and κnn (triangles). κOP-rot is plotted using ω0,i from a Debye approximation and τT
(dotted red). κOP-rot using τM is shown for ω0,i from a Debye approximation (dashed red, β = 2.0)
and from experiment36 (dashed blue, β = 2.6). (b) Experimental dispersion36 (298 K, blue points)
and its Debye approximation (red lines); ω0,i are shown (open ovals). (c) Predicted τM (dashed) and
τT (dotted) for ω0,L found by experiment.36
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is related to the sound speed, ci, as ω0,i = ciπ/a; ci and a are room temperature experimental

values.36, 19 As is clear from Fig. 4(a), in the classical limit, the assumption that rotational degrees of

freedom scatter each π/ω0,i seconds leads to an inaccurate trend of the simulated thermal conductivity

with temperature. Specifically, the value of κOP-rot (τT) decays as the temperature increases in

contrast to the simulated value of κnn which exhibits a slight increase with temperature. The

traditional scattering time of discrete oscillators is shown in Fig. 4(c). Using the traditional scattering

time to describe the simulation results in the classical limit, ω0,i needs to be highly temperature-dependent.

However, the lattice constant is found to depend weakly on temperature,19 both in experiment and in

our simulations, and the variation in the sound speed of collective motions is anticipated to be small

due to the orientationally-disordered state. A modified scattering time, τM, is required to describe

κnn in terms of discrete oscillations.

To model the simulation results, we apply a non-dimensional temperature-dependent term to a

scattering time proportional to the vibrational period scaled by 2π , (τM = C(T)/ω), where C(T) =

(T/Θi)
β and β is a constant. The resulting trend of κ with temperature depends strongly on the

fitting parameter β . To approach the value of κnn using experimental values of ω0,i,36 a value of β of

2.6 is required; with ω0,i determined in the Debye approximation, β is 2.0. Figure 4(a) plots κOP-rot

calculated with τM, κOP-rot (τM). Using a modified scattering time, shown with respect to temperature

in Fig. 4(c), κnn is well-described within the OP framework. The predicted temperature-dependence

of the scattering time of rotational motions of nearest-neighbor molecules, in the classical limit,

indicates towards the nature of thermal transport due to intermolecular degrees of freedom in bulk,

orientationally-disordered, FCC C60.

4 Conclusion
Classical molecular dynamics simulations have been performed to predict the thermal conductivity

of molecular C60 solids in the face-centered cubic, orientationally-disordered, phase. Thermal

interface conductance betwen nearest-neighbors has been simulated and a resistance network has

been used to calculated nearest-neighbor thermal conductivity. A discrete oscillator model, using a

temperature-dependent scattering time, describes the thermal transport between nearest-neighbors.
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