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a b s t r a c t

The ability to polymerize solid-state C60 molecular crystals via intermolecular covalent bond formation
provides controllable routes to obtaining structures with tunable mechanical and thermal properties. In
this regard, using molecular dynamics simulations, fundamental insights into the interplay between
degree of polymerization and the ensuing evolution in the thermophysical properties of C60 polymorphs
are obtained for the first time. In particular, it is unambiguously shown that 2-D polymerized C60
polymorphs show a two order of magnitude enhancement in the thermal conductivity and one order of
magnitude change in the elastic stiffness. The significant increase in the thermal conductivity is corre-
lated to the presence of new THz thermal phonon modes, characterized by larger mean free paths. In
addition, it is also seen that the Debye temperature of the C60 structures is strongly dependent on the
extent of polymerization. The new understanding obtained in this work provides valuable guidelines for
the design and development of new C60 based phononic metamaterials for applications as vibrational
and thermal management systems.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Spherical fullerene molecules such as C60 exhibit interesting
chemical properties due to their curvature and icosahedral sym-
metry [1]. Consequently, C60, an electron acceptor, readily un-
dergoes a variety of addition, cycloaddition and polymerization
reactions [2]. In its solid state form, C60 forms an FCC molecular
crystal at room temperature, which polymerizes by formation of
covalent bonds between neighboring C60 molecules, when sub-
jected to pressure, electric field or radiation [2e5]. Interestingly, the
degree of polymerization (1-D vs. 2-D vs. 3-D) is tunable,
depending on the nature and intensity of the external stimulus. In
addition, recent advances in solution based crystal engineering
have resulted in obtaining solvent-intercalated crystalline C60 self-
assemblies that demonstrate chemistry-driven tunable polymeri-
zation [6] While the structural characteristics of the C60 polymers
cience and Engineering, Uni-
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have been reasonably well studied [7], fundamental characteriza-
tion of the thermophysical properties as a function of polymeri-
zation have not yet been systematically examined due to inherent
difficulties in synthesizing pure phases. In this context, we carry out
a detailed investigation on the interplay between polymerization
and the resulting thermophysical properties using state of the art
atomistic computational techniques. Given that the covalent
bonding between C60 molecules should enable significant differ-
ences in the phonon derived properties of polymerized vs unpo-
lymerized C60 polymorphs, special attention is paid to understand
the changes in thermal phonon properties and the consequent ef-
fects on the variations in specific heat, Debye temperature, and
thermal transport of the corresponding 2-D polymeric C60 struc-
tures. Lessons learned from this study will not only provide sci-
entific insights into the interplay between extent of the
polymerization and thermophysical properties, but with equal
importance, provide fresh perspectives towards utilizing poly-
merized C60 structures for targeted thermal management
applications.
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2. Background

The most stable solid state C60 phase at ambient conditions is
the unpolymerized FCC phase (a¼ 14.04 A), while, the primary
undoped polymeric C60 phases crystallize in either rhombahedral
(R-phase) or tetragonal (T-phase) or orthorhombic (O-phase)
structures. In the polymeric phases, the intermolecular bonding
arises due to [2 þ 2]-cycloaddition reactions [8] and is character-
ized by charge transfer between carbon double bonds in neigh-
boring 6-fold C60 faces. In the absence of electric and optical
stimulus, C60 polymerization requires both thermal and pressure
activation, to ensure appropriate intermolecular orientation and
separation. The O-phase consists of 1-D parallel chains of covalently
bonded C60 molecules, while, both T-phase and R-phase consist of
2-D planes of covalently bonded C60 molecules as shown in Fig. 1.
For the T-phase, each molecule is bonded to four nearest neighbors
molecules (a¼ 9.09 A, c¼ 14.95 A), while in the R-phase, each
molecule is bonded to six nearest neighbors (a¼ 9.19 A, c¼ 24.5 A).

Understanding the vibrational spectra of both unpolymerized
and polymerized phases is necessary to enable a fundamental
characterization of the respective phonon derived thermophysical
properties. An important interrelationship between the different
thermophysical properties is given in Eqn. (1) [9], linking themode-
by-mode contributions to the thermal conductivity (к) of the ma-
terial. For a given phonon frequency u, yg, yp, cy, tr represent mode
specific group velocity, phase velocity, heat capacity and life-time
respectively, while uL,max, uT ;max represent the maximum longi-
tudinal and transverse frequency that can be supported by the
system. However, at high temperatures (relative to the Debye
temperature) this equation is effectively reduced to Eqn. (2) [10],
where Cr

V is the volumetric heat capacity, vs represents the longi-
tudinal speed of sound and l is the effective mean free path of
thermal phonons.
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Past investigations have examined the vibrational properties of
the FCC and the polymerized phases [9e15]. However, difficulties in
producing pure phase polymerized structures and the sensitivity of
C60 solids towards photo-polymerization introduce inherent un-
certainties in the characterization of the C60 solids' vibrational
properties. Based on available literature, the vibrational spectrum
of the FCC phase can be characterized in terms of isolated
Fig. 1. Structures of FCC, T-Phase and R-Phase (Top and side vie
intramolecular C60 peaks (8e60 THz) as well as additional lattice
(intermolecular) modes up to 1.8 THz. For the polymerized phases,
the underlying C60 symmetry is broken due to polymerization,
lifting the degeneracy of some high symmetry intramolecular
modes; in addition, new vibrational modes attributed to the co-
valent intermolecular bonds also arise, as discussed in Ref. [15].

In terms of thermophysical properties, the specific heat (CV) and
Debye temperature (qD) of the FCC molecular crystal have been
studied in more detail as compared to the polymerized phases
[16e18]. There is considerable scatter in the reported values of the
Debye temperature of the FCC phase (qD~ 37e100 K) as shown in
Ref. [19], while the thermal conductivity (к~ 0.4W/m-K) [16] has
not been extensively studied. The low qD and к of the FCC phase are
a consequence of the weak intermolecular interactions between
non-bonded C60 molecules. In addition, the reported values of CV at
300 K for the FCC phase ranges between 490e740mJ/g/K [19].
Literature on the thermophysical properties of the polymerized
phases is relatively sparse [20e24] and often uncertain as pointed
out before. For example, based on available literature, the qD for the
2-D polymerized phases is estimated to be anywhere between 42 K
[24] to 215 K [20]. Further, thermal conductivity studies on the
polymerized phases have been largely inconclusive due to large
structural disorder associated with the synthesized polymeric
structures [25e28].

As evident from this discussion, given the dearth of information
on the polymerized C60 phases and considerable scatter in available
literature associated with all three phases, there is a clear need for
investigations to examine and characterize their thermophysical
properties. Towards this end, using molecular dynamics (MD)
simulations, the thermophysical properties of the molecular crystal
FCC phase will be compared and contrasted with 2-D polymerized
T-phase and R-phase structures, leading to insights that underlie
key differences in their respective behaviors. For these purposes, a
new interatomic potential, capable of modeling the above phases is
specifically developed. Atomistic computational methods provide
reliable means of obtaining a fundamental characterization of
structure-property relations of materials, without resorting to
more expensive experimental characterization techniques. Further,
key insights obtained from such methods can provide important
guidelines for design and synthesis of appropriate C60 structures for
targeted technological applications.

In the next section, we provide details on the computational
methods adopted in this work.

3. Models and methods

Quantum chemical methods such as density functional theory
(DFT) have been utilized to examine the ground-state electronic
properties of the FCC phase [29]. However, careful implementation
w). (A colour version of this figure can be viewed online.)
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of such methods have to be undertaken to include thermal effects
to ensure accurate representation of the structure and thermo-
physical properties of the solid-state C60 polymorphs. Specifically,
the FCC molecular solid is stabilized at temperatures greater than
260 K due to the rotation of the C60 molecules, which is tempera-
ture activated. The complete rotation of the C60 molecule renders
them to be effectively spherically symmetric due to continuous
reorientation, allowing the molecular solid-phase to be treated as
an FCC structure. Thus, in principle, DFT examinations of the FCC
structure as well as other polymorphs should include different
relative configurations of neighboring C60 molecules, necessitating
the need for large supercells. Further, properties such as thermal
conductivity require the ability to include temperature dependent
anharmonic effects for accurate representation of phonon scat-
tering processes. Towards this end, third (and higher-order) de-
rivatives of the dynamical matrix obtained from 0 K DFT
calculations are used in conjunction with a linearized Boltzmann
Transport Equation (BTE) framework. Given the complexity in
evaluating higher-order derivatives, typical DFT-BTE implementa-
tions only utilize third-order derivatives, and are thereby restricted
to considering three phonon scattering processes [30].

In this regard, classical molecular dynamics (MD) simulations
provide a welcome compromise, if appropriate interatomic po-
tentials are chosen. In particular, they allow for conducting finite
temperature simulations of larger ensembles, where different
structural configurations can be sampled effectively. Further, tem-
perature driven phonon anharmonicity can be explicitly captured,
providing the ability to accurately examine the different thermo-
physical properties. In this context, the choice of the potential as
well as the adopted methods to evaluate the thermophysical
properties is discussed below.
3.1. Interatomic potential models

To model the FCC phase, the potential should be capable of
representing intramolecular sp2 bonding as well as longer range
van der Waal interactions, while for the polymerized phases,
additional sp3 bonding has to be accounted for. A preliminary test
of available potentials was conducted, which included Tersoff [31],
LCBOP, and Airebo [32,33] force-fields. However, none of these
potentials were able to stabilize the room temperature T-phase and
R-phase over extended MD-simulation timescales (~ns). Thus, in
this work, the Tersoff potential (Eqn. (3)) as parameterized in
Ref. [31] was used to simulate the bonded interactions (sp2, sp3),
while the van der Waals interactions were simulated using a Morse
potential (Eqn. (4)), which was fitted to the long-range part of the
LCBOP potential [33]. Note that the long-range potential was
restricted to interactions between atoms belonging to different
molecules; if neighboring molecules were bonded (as is the case in
polymerized structures), then the van der Waal interactions were
turned off. The functional form of the potential is given in Eqn. (4)
and the corresponding parameters are given in Table 1.
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Table 1
Morse potential fitting parameters.
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The Morse Potential is given by:

E ¼ D0½exp½ � 2aðr � r0Þ� � 2exp½ � aðr � r0Þ�� (4)
3.2. Simulation details

The open-source Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS) [34] package was used as the primary
MD simulation engine. All three systems (i.e., FCC, T-phase and R-
phase) were initially energy-minimized at 0 K using the Polak-
Ribiere [35] version of the conjugate gradient algorithm, which
served as the initial structure for equilibration at 300 K and 1 bar.
Equilibration was achieved by subjecting the systems to isobaric-
isothermal (NPT) and canonical (NVT) ensembles respectively for
a total duration of 1 ns. MD simulations of the FCC phase used a
timestep of 1 fs, while for the R-phase and the T-phases, the
timestep was 0.1 fs. The size of the timestep was chosen to ensure
energy conservation during NVE simulations, which were used for
evaluating thermophysical properties.

To obtain specific heat at constant volume (CV) and thermal
conductivity (к) at 300 K, each systemwas then subjected to an NVE
ensemble for 10 ns, from which the velocity autocorrelation and
thereby the vibrational density of states (DOS), as well as the heat
current autocorrelation function (HCAF) were obtained. Note that
under the classical harmonic approximation, the DOS is equivalent
to the velocity autocorrelation power spectrum, and given by the
Fourier transform of the velocity autocorrelation function.

Using the DOS (g(v)) and HCAF, CV and к can be obtained ac-
cording to Eqns. (5) and (6).
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In Eqn. (6), which is based on the Green-Kubo formalism, V is
the volume of the simulation cell, T is the temperature, kB is the
Boltzmann's constant and h is the Planck's constant. Further, the
evaluation of J, which represents the heat current (given in Eqn.
(7)), enables the calculation of the HCAF (J(0).J(t)).J(t) is defined in
terms of ri, Ei, yi, which represent the position, potential energy,
velocity of the ith atom respectively, while rij and Fij represent the
interatomic distance and force between the ith and jth atoms.
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To ensure convergence in the estimation of к, a running average
of J(t) was performed for the entire duration of the simulation(s) of
10 ns A careful study of the dependence of к on the extent of the
correlation time was carried out. It was seen that correlation times
of 50 ps and 100 ps were required for the unpolymerized (FCC) and



Table 2
Tabulation of the lattice parameters (a,c) and sheets separation distance of the of the
FCC, T-phase and R-phase structures (Å). The experimental values are as reported in
Refs. [40,41]. The calculated values as obtained in this work correspond to the
energy-minimized structures at 0 K and structures at 300 K and 1 bar. The DFT cal-
culations [29] for the FCC structure was based on a 4-molecule (~240 atoms)
supercell and the corresponding 0 K lattice parameter is given in parenthesis. Note
that the DFT calculation incorporated dispersion corrections, which are not
accounted in standard local density approximation and generalized gradient
approximation based functionals.

Exp. Energy Minimized (0 K) At 300 K

FCC a 14.04 14.42 (14.27) 14.61
T-phase a 9.09 9.22 9.24

c 14.95 15.16 15.2
Sheet separation 7.48 7.67 7.56

R-phase a 9.19 9.28 9.29
c 24.50 24.74 24.78
Sheet separation 8.17 8.31 8.25
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polymerized phases (T- and R-phase) respectively. The integral in
Eqn. (6) was evaluated using the trapezoidal rule. For each system,
five different configurations, each with a different starting velocity
distribution was used for providing statistical bounds on the esti-
mated properties. A similar approach was undertaken to obtain the
DOS and CV.

In addition to the 300 K equilibrated simulations, the 0 K energy
minimized structures were subjected to uniform volume expansion
and contraction (up to 5% deformation). For each volumetric
deformation configuration (V), the structurewas energyminimized
(at constant volume) and the corresponding energy vs. volume (E-
V) curves were obtained and used as the basis for obtaining CV, the
Debye temperature (qD) and the coefficient of thermal expansion
(aT) as discussed below. The estimation of CV independently from
Eqn. (5) and the E-V curves, provide internally self-consistent
validation of the adopted methods, while differences (if any) in
the respective estimations can be used for understanding the
contributions of the different degrees of freedom to CV.

The Birch-Murnaghan equation (Eqn. (8)) is invoked for fitting
the E-V curves, with a, b, c, and d representing the fit parameters.

EðVÞ ¼ aþ b V�2
3 þ c V�4

3 þ d V�2 (8)

The Debye temperature qD within the Debye-Gruneisen
approach can be calculated from the properties obtained from the
ground state equation of state (EOS) and in general is defined as
follows [36,37],
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where g is the Gruneisen constant describing the anharmonic ef-
fects of the vibrating crystal lattice and can be approximated either
based on Slater [38] or Dugdale and Macdonald [39] expressions as
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0 and V0 are obtained from an analysis of the
curvature and minimum as obtained from Eqn. (8), while the re-
ported Debye temperature qD was evaluated for V ¼ V0. s  is a
scaling factor and is set to unity, based on a preliminary analysis for
reproducing qD for other carbon-based materials such as diamond
and graphite.
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Finally, the 0 K energyminimized structures were also subjected
to appropriate small strain deformations, to obtain the respective
elastic stiffness tensors.
4. Results

As a first step towards characterizing the interplay between
polymerization and the thermophysical properties, the accuracy of
the developed potential was examined with respect to predicting
the lattice parameters of the three systems under study. As evident
from Table 2, the potential captures the effects of polymerization
and correctly predicts the relative differences in the lattice pa-
rameters of the three phases; however, the lattice parameters are
overestimated by ~4% for the FCC phase and by approximately 1%
for the polymerized phases. For reference, the DFT-obtained
structural properties of the FCC phase [29] is also given in Table 2.

Next, we turn our attention to the elastic moduli (Table 3); as
expected, the extent of the polymerization leads to significant in-
crease in the in-plane moduli (C11, C22); in particular, the covalent
intermolecular bonds in the polymerized structures lead to an or-
der of magnitude (~20X) change in the modulus; further, the R-
phase demonstrates a higher modulus than the T-phase, a direct
consequence of the increased extent of polymerization. Interest-
ingly, despite restricting polymerization to being in-plane, both the
T-phase and R-phase demonstrate an increase in the out-of-plane
modulus (C33), which is correlated to a decrease in the out-of-
plane inter-sheet separation. In particular, the formation of inter-
molecular covalent bonds leads to in-plane densification, which in
turn allows a larger contribution from the van derWaal interactions
between C60 molecules in the out-of-plane direction. On a related
note, the increase in modulus is also reflected in the resulting in-
crease in the longitudinal speed of sound (vs), which is related to

the moduli as follows: vs ¼
ffiffiffi
C
r

q
, where r is the mass density of the

system.
The respective E-V curves for the three systems are given in

Fig. 2. It is clear that the polymerized structures demonstrate
higher curvatures (and therefore higher bulk modulus); more
importantly, it is seen that despite applying uniform volume
deformation (expansion or contraction), after energy minimization
at every deformation step, the intramolecular bond distances
remain virtually unchanged and the volume changes are only re-
flected as changes in the intermolecular and inter-sheet separation.
Thus, the properties derived from the E-V curves correspond to
those of the molecular solid, with the intramolecular and rotational
degrees of freedom frozen out.

The thermophysical properties as derived from the E-V curves
are given in Table 4. Of most interest is the variation in qD, as qD
represents the Debye limit for the unpolymerized (FCC) and poly-
merized (T-phase and R-phase) molecular solids, above which all



Table 3
Elastic moduli (C11; C22;C33; B0) and the corresponding speeds of sound (V) of the
FCC, T-phase and R-phase structures. Note that the in-plane properties are different
than the out-of-plane properties for the polymerized phases.

FCC T-phase R-phase

C11 ;C22ðGPaÞ 11 201 228

Vsound
11 ;Vsound

22

�
m
s

�
2717 10415 11141

C33ðGPaÞ 11 24 25

Vsound
33

�
m
s

�
2717 3613 3726

B0ðGPaÞ 8.2 59.9 76.3

Fig. 2. Energy per atom vs. relative volume for the FCC (solid), T-Phase (dash) and R-
Phase (dots) structures.

Table 4
Thermophysical properties volumetric thermal expansion (aV ), Debye temperature
(qD), bulk modulus (B0) and its derivative w.r.t pressure(B

0
0) of the FCC, T-phase and

R-phase structures as obtained from the ground state equation of state (EOS).

FCC T-phase R-phase

B0 8.2 59.9 76.3
B

0
0

15 4.6 5.4

QD(K) 73 195 234
aV (1/K) (10�6) 57.9 1.89 1.23
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the intermolecular phonon modes are ‘activated’ and the molar
specific heat (i.e., heat capacity of a mole of C60 molecules) reaches
the Dulong-Petit limit (for molecular solids). Importantly, Table 4
shows that the absence of polymerization correlates to a lower qD
for the FCC phase, as compared to the polymerized phases. Of
particular relevance is the fact even for the polymerized structures,
qD is less than room temperature (300 K). Further, the reported qD
for the FCC phase falls well within the bounds of the scatter in the
reported literature values.

Other relevant observations include the fact that aT for the FCC
phase is much larger (30e40 X) than that of the polymerized
phases, indicating that at 300 K, the extent of anharmonicity is
much more significant for the FCC phase.

To complement the predictions as obtained from the E-V curves,
we now examine the DOS as estimated at 300 K for the three sys-
tems. The DOS explicitly captures both the temperature dependent
intramolecular and intermolecular vibrations as well as contribu-
tions from the rotational degrees of freedom. For comparison, the
DOS of an isolated C60 molecule is also given. Specifically, Fig. 3(a)
and (b) depict the DOS for an isolated C60 molecule and the FCC
solid respectively, while Fig. 4(a) and (b) provide the DOS of the T-
phase and R-phase respectively.

For the isolated C60 molecule, only 46 out of the 174 vibrational
degrees of freedom are distinct because of the high symmetry.
These 46molecular modes extend from 9 to about 60 THz as shown
in Fig. 3(a) and are attributed to localized intramolecular sp2

modes. In the case of the FCC phase, there is a gap in the DOS be-
tween 2 and 9 THz. A comparison with the DOS of the isolated
molecule clearly shows that the lower end of the spectrum (i.e.,
<2 THz) arises from the van der Waal intermolecular vibrations as
well as molecular rotations. In contrast, for both T-phase and the R-
phase, the band-gap characteristic of the FCC phase significantly
shrinks, a direct consequence of the differences in the intermo-
lecular bonding (i.e., van der Waal secondary bonding vs. covalent
bonds). Interestingly, a similar shrinking of the band-gap was also
reported by Renker et al. [42] who studied the effect of Rb-doping
as well as the 1-D polymeric solid.

Using the DOS, CV (inmJ/g/K) of the three phases were evaluated
according to Eqn. (5) and the respective temperature dependence is
shown in Fig. 5. We restrict our studies to 550 K, since it is known
that the polymerized systems become unstable beyond 550 K
[43,44]. The CV of all three phases at 300 K contain additional
rotational (only for FCC) and sp2 contributions, and are therefore
larger than the E-V estimated values.

Next, using the DOS and E-V estimations in tandem, we isolated
and identified the contributions of the different degrees of freedom
(i.e., intramolecular vs. intermolecular vs. rotational) to the
respective CV at 300 K (Table 5). For the intermolecular contribu-
tions (derived from E-V), it is clear that the 3R limit is reachedmuch
before 300 K. Thus at 300 K, the intermolecular contributions
correspond to 34.7mJ/g/K for the three phases. Further, an analysis
of the rotations of the C60 molecules in the FCC phase, showed that
they were ‘fully activated’ at 300 K; thus the rotations provide
another 17.3mJ/g/K (¼ 3

2R=mol) for the FCC phase. Obviously, ro-
tations are suppressed in the polymerized phases due to the co-
valent intermolecular bonding. Finally, the sp2 contributions were
obtained by subtracting the above identified values from the total
CV estimated from the DOS. Comparisons with experiments
demonstrate the ability to closely match experimental data [19,22].

In an effort to examine internal self-consistency, the contribu-
tions of the low frequency modes of the DOS to the specific heat
were obtained by restricting the integral in Eqn. (5) to only these
modes. Reassuringly, the specific heats of the low-frequency modes
(0e2 THz) corresponding to the FCC phase, as well as that of the
polymeric phases (~0e7 THz) were consistent with the respective
intermolecular contributions as obtained from the E-V curves.

The next and final step towards characterizing the thermo-
physical properties involves the examination of the respective
thermal conductivities к In this regard, the thermal conductivity of
the three systems as evaluated from MD is given in Table 6. Care
was taken to accurately evaluate к. Specifically, as seen in
Fig. 6(a,b,c), the durations of the MD simulations were chosen to be
sufficiently long to ensure convergence, and the reported к values
were averaged over the last three nanoseconds of each run. As
evident from Table 6, the effect of polymerization results in a two
order of magnitude increase in the in-plane thermal conductivity of
both T-phase and the R-phase. Also, the out of plane thermal con-
ductivities were an order of magnitude larger than unpolymerized
FCC phase, similar to the increase in the out-of- plane moduli of the
polymerized phases.

To understand the reasons underlying the significant increase in
the in-plane thermal conductivity (к11, к22), we invoke the respec-
tive DOS. As discussed earlier, fundamental differences in the DOS
exist between the unpolymerized and polymerized phases as seen
by the presence of additional phonon modes between 2 and 7 THz,



Fig. 3. DOS of (a) one C60 molecule and (b) C60 FCC crystal, up to the maximum supported frequency.

Fig. 4. DOS of (a) T-phase; (b) R-phase for the low frequency range (1e10 THz). The respective insets represent the total DOS up to the maximum supported frequency.
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while the DOS look similar at other frequencies. Thus it can be
discerned that the ‘new’ modes characteristic of the polymerized
phases in the range 2e7 THz are the primary heat energy carriers,
and these thermal phonons underlie the significant increase in the
in-plane thermal conductivity of the polymerized phases. Further,
in the FCC phase, only the low-frequency THz modes (<2 THz) can
be considered as contributing towards thermal conductivity, since
the higher frequency intramolecular modes (�7 THz) are localized
within the C60 molecules.

Thus, it can be summarized that the frequencies between 2 and
7 THz that arise solely due to strong intermolecular bonds enable
the significant increase in к of the polymerized phases. The fre-
quencies below 2 THz correspond to weaker van der Waal forces,
which are the primary thermal phonon modes in the FCC phase.
Frequencies greater than 9 THz arise due to sp2 intramolecular in-
teractions, but do not transport thermal energy in C60 solids. On a
related note, using Eqn. (2) (which is a valid approximation at 300 K
given the respective qD) in conjunction with vs;  Cr

V and k, an
effective mean free path (lp) of the thermal phonons were esti-
mated for the three phases; it was seen that lp for the T-phase and
R-phase was 5.9 nm and 7.5 nm, indicating that the coherence
length of typical thermal phonons in the polymers extend across
multiple covalently bonded C60 molecules. On the other hand, for
the FCC phase, lp was approximately 0.3 nm.

While the focus of this study has been on 2-D polymerized C60
polymorphs, the observed inter-relationship between the extent of
polymerization and the ensuing properties was applicable to the 1-
D systems too. In particular, the mechanical modulus as well as the
thermal conductivity of the O-phase, which consists of 1-D parallel
chains of covalently bonded C60 molecules, were commensurate
with the lower extent of polymerization associated with the O-
phase. The bulk modulus and C11 of the O-phase (i.e. along the axis
of polymerization) were 32 and 184 GPa respectively, which while
lower than the 2- D counterparts, was still significantly higher than
the FCC molecular solid. A similar trend was observed for the
thermal conductivity of the O-phase along the polymerization axis
(~5.6W/m-K). Thus based on these observations, one can unam-
biguously state that the thermophysical properties of C60 solid-
state polymorphs are directly dependent on the nature and
extent of polymerization.



Fig. 5. Specific heat capacity (CV) as a function of temperature as integrated from the
DOS (Eqn. (5)) for the FCC (solid line), T-Phase (dash line) and R-Phase (dots line)
structures.

Table 5
Intermolecular, intermolecular and rotational contributions to Heat capacity (Cv)
(mJ/g.K) at 300 K of the FCC, T-phase and R-phase structures.

FCC T-phase R-phase

Intramolecular 609.0 572.0 576.1
Intermolecular 34.7 34.7 34.7
rotation 17.3 NA NA
Total 661.0 606.7 610.8

Table 6
Thermal conductivity (W/mK) at 300 K of the FCC, T-phase and R-phases respec-
tively. For the FCC structure, the reported value was averaged over the three di-
rections (x, y, z), while for the T-phase and R-phase the in-plane conductivity (k11
and k22) was averaged over the x and y directions.

FCC T-phase R-phase

k11 0.26± 0.003 22.82± 0.33 32.9± 0.74
k22 0.26± 0.003 22.82± 0.33 32.9± 0.74
k33 0.26± 0.003 1.81± 0.07 7.66± 0.27

Fig. 6. Convergence of thermal conductivity as a function of time as calculated using
Green-Kubo method of (a) C60 FCC crystal; (b) T-phase; (c) R-phase where the solid
lines and the dashed lines represent the in-plane and out-of-plane thermal conduc-
tivities respectively.
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5. Conclusions and perspectives

In conclusion, using MD, we have rigorously examined the
thermophysical properties of C60 molecular crystals. In particular,
we have paid attention to the role of polymerization on the prop-
erties of 2-D polymerized C60molecular solids. It is clearly seen that
the formation of primary bonds between C60 molecules signifi-
cantly enhances both mechanical and thermal properties. The 2-D
polymerization of C60 introduces new delocalized THz phonon-
modes that are chiefly responsible for heat conduction. The fact
that there is a simultaneous orders of magnitude enhancements in
both the thermal conductivity and mechanical modulus provides
brand new avenues for adoption of C60 solids as acoustic and
phononic metamaterials with on-demand tunable properties,
enabling wide-ranging technologies for thermal and acoustics
management. In particular, recent developments in obtaining
reversibly polymerizable C60 structures [45], should enable the
dynamic tunability of their vibrational properties, potentially
leading to breaking of symmetry (e.g. time reversible symmetry).
Thus, dynamically polymerizable C60 superlattices can be suitably
utilized for designing unconventional devices such as thermal
rectifiers, tunable surface acoustic wave filters and vibration
dampeners. Such applications will be examined in a future study. In
addition, similar studies that investigate polymerization driven
tunability of functionalized C60 systems (e.g. PCBM in organic
photovoltaics) will also be undertaken and strategies for devel-
oping multifunctional C60 based materials will be put forth.
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