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ABSTRACT: We investigate the heat transport mechanisms responsible in
driving the characteristic temperature-dependent thermal conductivities of Cg,
and PCBM crystals via molecular dynamics simulations. We find that the thermal
conductivity of PCBM is “ultralow” across the temperature range studied in this
work. In contrast, the temperature-dependent thermal conductivity of Cq
crystals exhibits two regimes: “crystal-like” behavior at low temperatures where
thermal conductivity increases rapidly with decreasing temperature and
temperature-independent thermal conductivities at higher temperatures. The
spectral contributions to thermal conductivity for Cg, suggest that the majority of
heat is carried by modes in the low-frequency regime (<2 THz), which is a
consequence of intermolecular interactions. Unlike for Cg;, these modes are not
responsible for heat conduction in PCBM due to the mismatch in density of
states introduced by the addition of low-frequency modes from the alkyl chains
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that are attached to the fullerene moieties.

he capability of fabricating carbon nanostructures (e.g.,

Cgo) in macroscopic quantities"” has triggered their use in
a plethora of applications such as photovoltaics,”* thermo-
electrics,”® and phase change memory devices.” Common to
these applications, the management of heat and thermal
characterization in fullerenes and their derivatives is critical
for their commercialization. For example, the complete
understanding of thermal transport has significance in properly
accounting for Joule heating in photovoltaic and phase change
memory devices,~ and likewise, knowledge of heat transport
mechanisms is necessary for thermoelectric applications where
materials with ultralow thermal conductivities and high electron
mobilities are desirable.”'’

Considering the impact that thermal characterization of Cgy-
based materials has on their device-driven applications,
relatively few studies have focused on investigating their
thermal properties. In this context, it has been shown that
bulk Cg, crystals demonstrate low thermal conductivities, ~0.4
W m™! K! measured via the static one-heater, two-
thermometer method and the 3w technique.'"'> Moreover,
the temperature dependence of the thermal conductivity
revealed an abrupt jump at 260 K as a result of an
orientational-order transition in Cg, crystals. Similarly, molec-
ular dynamics (MD) simulations have revealed that at
temperatures greater than 200 K C4, molecules rotate
unhindered at high frequencies, whereas at lower temperatures,
orientational freezing is observed.'”"*

The attachment of alkyl chains, or other such moieties, on
the fullerene (as in the case of the semiconducting PCBM,
[6,6]-phenyl Cg;-butyric acid methyl ester) can have a
significant change in structural and physical properties," '
including alteration of the characteristic thermal transport
mechanisms driving their thermal conductivities. Experimental
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investigations of thermal properties of fullerenes and their
derivatives have revealed almost an order of magnitude
difference between the thermal conductivities of hexagonal
PCBM and face-centered cubic Cg,.'" "' Using time domain
thermoreflectance, Duda et al.'"”'® reported ultralow thermal
conductivities (0.03—0.06 W m™! K™! at room temperature) for
PCBM, which marked the lowest ever measured thermal
conductivity for fully dense solids. They attributed the reduced
thermal conductivity to vibrational scattering resulting from the
addition of molecular moieties on the fullerene molecules.
Recently, Chen et al* performed nonequilibrium molecular
dynamics (NEMD) simulations on PCBM at 300 K and
ascribed the reason for the ~63% decrease in thermal
conductivity (from the addition of the molecular tails) to
localization of vibrational states and reduced group velocities of
heat carrying vibrations in PCBM as compared to bare Cg
structures. They also demonstrated that the mismatch of the
vibrational density of states (DOS) between the alkyl chain and
the fullerene could potentially result in the scattering of low-
frequency vibrations. However, a thorough understanding of
thermal transport, which includes the mode-level details of the
amount of heat carried by different frequencies and the
characteristic temperature dependence of thermal conductiv-
ities in C4 and PCBM, is still lacking. In particular, the
important questions that need to be addressed to gain more
insight into the thermal transport properties of fullerenes and
their derivatives are (i) what frequencies carry heat in the Cy,
crystal and how do these spectral contributions differ with the
addition of the alkyl chain on the fullerene moiety and (ii) how
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does orientational freezing affect the vibrational properties and
the MD-predicted temperature-dependent thermal conductivity
of fcc Cg. In this Letter, we seek to answer these questions by
performing MD simulations on model C4y and PCBM crystals.

We perform the MD simulations using the LAMMPS
package with a time step of 1 fs for all simulations.”* Consistent
with Chen et al.’s* prior study of thermal properties of Cg, and
PCBM, we implement the polymer consistent force field
(PCFF) to describe the inter- and intra-atomic interactions,
which include van der Waals forces, bond angles, dihedrals, and
improper interactions.”*** Initially, fullerene molecules are
placed in a fcc lattice with a center-to-center distance between
the molecules of 9 A.*® Similarly, the PCBM molecules are
placed in their respective hexagonal lattices. The structures are
allowed to relax under NPT integration, which is the
isothermal—isobaric ensemble with the number of particles,
pressure, and temperature of the system held constant for a
total of 1 ns at O bar of pressure. Following NPT integration, we
also perform NVT integration (which is the Nose—Hoover
thermostat>” with the number of atoms, volume, and
temperature of the simulation held constant) at the prescribed
temperature for another 1 ns. After equilibration, the densities
of the Cqy and PCBM structures are 1.75 and 1.48 g cm™,
respectively, at room temperature. The experimentally
determined densities of Cy, and PCBM are 1.68 and 1.52—
1.61 g cm™>, respectively, which are in good agreement with the
densities of our simulated structures.”’ An equilibrated
computational domain for the 5§ X 55 X 55 A? periodic fcc
structure of the Cg, crystal is shown in Figure la.

To efficiently calculate the thermal conductivities of our
simulated C4, and PCBM, we implement the Green—Kubo
(GK) and NEMD approaches for the Cq4 and PCBM
structures. The reason for implementing two different
approaches is to gauge the computational efficiency of the
two methods and to gain comparable levels of precision on the
thermal conductivities reported for the two different computa-
tional domains.”® We note that we have conducted both GK
and NEMD simulations on all structures and conclude that due
to considerable size effects in the Cq, (a consequence of long
mean-free-path vibrations carrying most of the heat),”” the GK
approach can be implemented to obtain thermal conductivities
with high precision. For PCBM, no size effects are observed for
structures with simulation domain lengths greater than ~20
nm. Note that the GK and NEMD approaches predict
comparable thermal conductivities for PCBM. However, due
to comparatively lower uncertainty in the NEMD results, we
report the NEMD-predicted values for our PCBM; similar
NEMD results at room temperature were obtained by Chen et
al,”” where the authors demonstrate the prevalence of size
effects in Cg, and the absence of size effects in PCBM.

Figure 1a shows the relaxed C4, computational domain used
to predict the thermal conductivity. Note that the 55 X 55 X 55
A® periodic system with 15 360 atoms used in this work is large
enough to eradicate any size effects in the GK predictions for
the Cg, structures. Figure 1b—d shows the converged values of
thermal conductivities at three characteristic temperatures,
which are obtained from the respective integrals of the heat
current autocorrelation functions (HCACFs) shown in the
insets.’>*' As shown in Figure 1b—d, a total time of ~80 ps is
enough to record a converged value of the HCACF, and the
thermal conductivity is determined from the procedure
outlined in ref 31. For the NEMD approach, we calculate the
temperature profiles under a microcanonical ensemble with the
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Figure 1. (a) Schematic of the S5 X 55 X 55 A’ periodic
computational domain used for Green—Kubo (GK) calculations for
Cgo- Converged values of the thermal conductivities obtained from the
integrals of the HCACFs (shown in the inset) for Cg, at (b) 300, (c)
100, and (d) 75 K. (e) Time-averaged steady-state temperature profile
for the PCBM structure (schematic of the computational domain
shown in the inset) at room temperature.

number of particles, volume, and energy held constant. The
steady-state temperature profiles are obtained by applying a
fixed amount of energy per time step to a warm bath at one end
and removing the equal amount of energy from a cool bath at
the other end. After 5 ns of adding and removing heat from the
heat baths, the steady-state temperature profile thus obtained is
used to predict the thermal conductivity by invoking the
Fourier law, Q = —xdT/0 z, where the applied flux, Q, is in the
z-direction. An example of the temperature profile for the
PCBM structure (see the inset of Figure lc) at room
temperature is shown in Figure lc. For all reported values of
thermal conductivity, the uncertainty is determined from five
simulations with different initial conditions.

The MD-predicted thermal conductivities for our Cg, and
PCBM crystals are shown in Figure 2. The temperature
dependence of thermal conductivity for the PCBM (or lack
thereof) is similar to the experimentally reported temperature
dependence by Duda et al.'”'® The thermal conductivity of
PCBM at room temperature is also consistent with the NEMD
predictions by Chen et al.** and agrees very well with the
experimentally measured values."®'? We note that, while the
PCBM molecules are placed in a hexagonal lattice in this work,
the alkyl chains are not oriented in the same direction.
However, as our MD predictions of thermal conductivity for
PCBM agree well with those reported by Chen et al.”* with the
alkyl chains oriented in the same direction, the disorder in the
PCBM most likely does not further lower the thermal
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Figure 2. Temperature-dependent thermal conductivity predictions
from the GK approach for Cg4, and the nonequilibrium MD approach
for PCBM structures. The thermal conductivity of PCBM demon-
strates amorphous behavior, whereas for the Cy, crystal, a jump in
thermal conductivity below 200 K marks the transition from “crystal-
like” to temperature-independent thermal transport behavior. The
dashed lines are to guide the eye.

conductivity of these structures as predicted via MD
simulations.

In contrast to the MD-predicted thermal conductivity of
PCBM, our results for Cq, crystals do not agree with the
experimentally reported values in the literature.''> Yet, the
0.27 + 0.025 W m™' K™! calculated via the GK approach at
room temperature is consistent with the prior NEMD results
from Chen et al.** This discrepancy with experimental results
has been attributed to the error introduced due to the linear
fitting in a relatively small range of system sizes considered in
their NEMD simulations.”> While this could potentially lead to
lower predictions of thermal conductivity, our GK results are
also ~33% lower than the experimentally reported values,
which suggests that size effects are not likely the cause of the
discrepancy. We note that the PCFF potential used to describe
the interatomic interactions might potentially not be sufficient
to reproduce the absolute values of the experimentally
measured thermal conductivities. Furthermore, the velocities
of atoms in our classical MD simulations are described by the
Maxwell-Boltzmann distribution, where the entire vibrational
spectrum of the system is excited at all temperatures. This
classical nature of the simulations could also be one of the
reasons for the discrepancy between the MD-predicted thermal
conductivities and the experimental results. However, for the
various reasons that we discuss later in this Letter regarding the
low-frequency mode contributions, we do not expect the
relative trends and differences in thermal conductivities among
the two systems studied in this work to change.

For the Cq, crystals, even though the MD predictions do not
quantitatively match with the experimentally determined values,
similar temperature trends are observed. Most notably, the
abrupt jump in thermal conductivity below ~200 K is
qualitatively similar to that observed in experiments conducted
by Yu et al.'' where the jump is observed at 260 K. They
attributed the sharp jump to the strong scattering of phonons in
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the orientationally disordered fcc phase, leading to temper-
ature-independent thermal conductivity above 260 K. The
“crystal-like” thermal conductivity behavior below 260 K has
been attributed to orientational freezing;32 similar behavior has
also recently been reported for binary superatomic crystals of
CogSes(PEt;)4(Cyp), in ref 32.

To gain more insight into the intrinsic vibrational properties
and spectral contributions to thermal conductivity of the Cg,
and PCBM structures, we calculate the DOS and implement
the spectral analysis method as described in our previous work
(ref 33). Briefly, for the spectral analysis, the heat current
between atoms i and j is proportional to the correlation of the
interatomic force EF; between the atoms and the velocities,
qinj(®) o (F;(¥; + 7)), where the brackets denote a steady-
state nonequilibrium ensemble average.””*° To calculate the
spectrally resolved thermal conductivities, forces and velocities
for the atoms under consideration are tabulated for a total of 10
ns with 10 fs time intervals under NVE integration. Similarly,
the DOS is calculated by taking the Fourier transform of the
velocity autocorrelation function.’”

Figure 3a shows the bulk DOS for the two structures. The
molecular tails in the PCBM broaden the sharp peaks seen in
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Figure 3. (a) Vibrational DOS for the Cq and PCBM structures. (b)
Normalized heat current accumulation for the two structures at high
(300 K) and low (50 K) temperatures.

the vibrational spectra of the Cg, crystal and also shift them to
lower frequencies. This is expected as the molecular tails
increase the length and mass of the molecules, which manifests
in the vibrational spectrum by adding low-frequency modes,
while the stiffer interatomic interactions between the sp® carbon
and the lighter atoms (or the C—H stretching modes) only
slightly increase the higher-energy spectrum of the crystals.
Figure 3b shows the normalized heat current accumulation
for our Cgy and PCBM crystals at high (300 K) and low (50 K)
temperatures. At high temperatures for the Cqy domains, the
thermal conductivity is dominated by the zone center modes
that are associated with long wavelength (frequencies lower
than 3 THz). In fact, ~65% of the heat is carried by vibrations
of <3 THz. The intramolecular C—C stretching modes also
contribute ~30% to the thermal conductivity of Cg, at the high
temperature. In comparison to the case of Cg, frequencies of

DOI: 10.1021/acs.jpclett.7b00609
J. Phys. Chem. Lett. 2017, 8, 2153—2157


http://dx.doi.org/10.1021/acs.jpclett.7b00609

The Journal of Physical Chemistry Letters

<3 THz do not contribute significantly to the thermal
conductivity of PCBM, and a significant amount of heat is
carried by vibrations in the 3—10 THz range (on a per-mode
basis). This reduced contribution to the thermal conductivity in
the <3 THz range in the PCBM as compared to that in the Cq
could potentially be the result of scattering (due to the DOS
mismatch) between the very low frequencies that are less than
3 THz (intrinsic to the Cg, intermolecular vibrations) and the
modes in the 3—10 THz range added due to the alkyl chains.”*
Furthermore, it is also noteworthy that the higher-frequency
regime (>20 THz) contributes ~25% to the total thermal
conductivity in PCBM, whereas they have negligible influence
on heat flow in the Cg, crystal. Note, that as MD simulations
are strictly classical in nature, all of the available vibrational
modes as shown in Figure 3a are activated.

Figure 3b also shows the spectral contributions at a
characteristic low temperature where the thermal conductivity
of Cg demonstrates an Umbklapp scattering-dominated 1/T
temperature trend. For the Cg, crystals, in comparison to the
high-temperature contributions to thermal conductivity, the
low-temperature contributions of vibrations in the <3 THz
range increase notably. This can be related to the “orientational
freezing” of rotational modes at low temperatures that results in
a lower scattering of the intermolecular modes, as we discuss in
more detail below. However, for the PCBM structures, the
spectral contributions at high and low temperatures are similar,
which is consistent with the temperature-independent thermal
conductivities predicted by our MD simulations.

The spectral contributions presented in Figure 3b can be
directly correlated to the harmonic lattice dynamics calculations
of the phonon dispersion relations conducted by Chen et al.**
for C4y and PCBM structures. Specifically, for Cg, vibrational
frequencies of <2 THz have considerably higher group
velocities, lv, = dw/0kl, and therefore larger contributions to
the thermal conductivity. However, for PCBM, the group
velocities are high for phonons with f < 1 THz, while the
remainder of the spectrum demonstrates very low group
velocities with flat dispersion curves. As noted earlier, while
PCBM has modes in the 3—10 THz frequency range that
contribute to thermal transport, this frequency range is
unoccupied for the Cg crystal (as is evident from the DOS
in Figure 3a and from the phonon dispersion curves in ref 22),
which manifests in the heat flux accumulation with zero
contribution to the thermal conductivity for this frequency
range (cf. Figure 3b).

Finally, we turn our focus to the modes that carry the most
significant amount of thermal energy in the Cg, crystals. Figure
4 shows the DOS in the low-frequency region for the Cy, under
different conditions. In Figure 4a, the low-frequency regime is
shown for a computational domain where the angular
momentum of the buckyballs is set to zero every time step
after equilibration. In other words, we restrict the freely rotating
motion of the buckyballs during the simulations. This allows us
to separate the contributions from the rotational motion to the
DOS of Cg. It is clear from Figure 4a that the effect of
hindering the rotation is mainly observed in the near-zero part
of the frequency spectrum where the DOS is considerably
diminished (see Figure 4a). This suggests that the low-
frequency peak in the DOS for the Cg, can be attributed to the
collective rotational motion of the buckyballs. As noted earlier,
at low temperatures (below 200 K for our buckyballs) where
the kinetic energy of the Cg molecules is not high enough to
overcome the energy barrier between the local energy minima,
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Figure 4. Vibrational DOS in the low-frequency regime (a) at 300 K
for Cg, showing the near-zero peak, which is a result of the rotational
motion of the buckyballs. Also included is the DOS when the angular
momentum of the buckyballs is set to zero (blue dotted line). (b)
DOS at 100 K (solid green line), showing the shift in the low-
frequency peak due to orientational freezing. (c) Normalized MSD of
the atoms as a function of time between the PCBM and the C,
structures.

the rotational degrees of freedom for the buckyballs are “frozen-
out”. This is clearly seen in Figure 4b, where the low-frequency
peak observed at room temperature is shifted to higher
frequencies at 100 K.

To quantitatively demonstrate that the low-frequency modes
at high temperatures are related to the rotational motion of the
Cg molecules, we compare the normalized mean-square
displacement (MSD) of the atoms as a function of time
between the PCBM and the Cq, structures, which describes
their random motion (cf. Figure 4c). For the PCBM, along with
an order of magnitude smaller value for the maximum MSD,
the MSD converges to a maximum value much faster as
compared to that of the Cg,. As reported by Chen et al,** the
time constant related to the slow rise in the MSD for the Cq is
associated with the ~0.1 THz peak in the DOS, suggesting that
indeed the rotational motion of Cg, at high temperatures is due
to the near-zero frequency modes.

In summary, we have shown that the temperature-dependent
thermal conductivity of Cg, exhibits two regimes: (i) thermal
conductivity increases rapidly with decreasing temperature at
low temperatures, which is attributed to orientational freezing,
and (ii) thermal conductivity is independent of temperature at
higher temperatures where diftusive rotational motion results in
low thermal conductivity. The calculations of spectral
contributions to thermal conductivity reveal that for Cg, the
majority of the heat is carried by modes in the lower-frequency
spectrum that result from intermolecular interactions. However,
these modes are not responsible for heat conduction in PCBM
due to the mismatch in DOS introduced by the addition of low-
frequency modes from the molecular tail attached to the

fullerene.
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