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We report on the thermal conductivities of alkyl- and indene-group functionalized fullerene derivative
thin films as measured via time domain thermoreflectance and steady state thermoreflectance. The thermal
conductivities vary from 0.064 ± 0.007 W m−1 K−1 for [6,6]-phenyl C61 -butyric acid methyl ester (PCBM)
to 0.15 ± 0.017 W m−1 K−1 for indene-C60 bisadduct at room temperature and do not exhibit significant
temperature dependence from 300 to 375 K. In comparison to the thermal conductivity of PCBM, increasing the
length of the alkyl chain, as in the case of [6,6]-phenyl C61 -butyric acid butyl ester, and [6,6]-phenyl C61 -butyric
acid octyl ester leads to higher thermal conductivities. Likewise, increasing the number of alkyl chains attached
to the fullerenes as in the case of bisadduct PCBM leads to a higher thermal conductivity compared to that of
PCBM. We present atomistic insights into the role of chemical functionalization on the overall heat transfer
in these fullerene derivatives by conducting molecular dynamics simulations and lattice dynamics calculations.
The thermal conductivities predicted via our atomistic simulations qualitatively agree with the experimental
trends for our fullerene derivatives. Lattice dynamics calculations reveal that one of the main factors dictating
the ultralow thermal conductivities in fullerene derivatives is the large reduction in modal diffusivities in the
molecular crystals as calculated from the Allen-Feldman model, thus providing an explanation for their largely
reduced thermal conductivities as compared to that of C60 crystals. The low diffusivities result from high degrees
of localization of Einstein-like vibrations in fullerene derivatives due to the molecular side chains, providing the
ability to dial-in the properties of these low thermal conductivity solids via molecular engineering.
DOI: 10.1103/PhysRevMaterials.4.065404

I. INTRODUCTION

Owing to their remarkable chemical, mechanical, electrical, and transport properties, fullerenes and their derivatives
have attracted much attention in applications such as thermoelectrics [1,2], photovoltaics [3,4], phase change memory [5],
medicine [6–8], and nanomechanical devices [9,10]. Central
to these applications is the complete understanding of thermal
transport properties of fullerenes and their derivatives in solid
films. In this regard, fullerene derivatives of [6,6]- phenyl C61
butyric acid methyl ester (PCBM) have been shown to possess
some of the lowest thermal conductivities of any fully dense
solid with remarkable values of ∼0.03–0.07 W m−1 K−1
measured at room temperature, comparable to the thermal
conductivity of air [11–14].
The thermal conductivity of PCBM is almost an order of
magnitude lower than the thermal conductivity of fullerene
crystals at room temperature [15], providing an exciting
path toward fullerene-based materials with large tunability in
their thermal properties for diverse thermal management and
thermal-based applications and devices. The ultralow thermal

*
†

ag4ar@virginia.edu
phopkins@virginia.edu

2475-9953/2020/4(6)/065404(8)

conductivities in fullerenes and their derivatives have been
attributed not only to the reduction in mean-free paths, but
also hypothesized to arise from high degrees of localization of
vibrational modes [12–14]. In tandem with low-temperature
heat capacity measurements, Olson et al. [15] argued that
the low thermal conductivity in fullerite microcrystals results
from localization effects that occur due to Einstein-like behavior of vibrations where the oscillations within each fullerene
molecule are poorly coupled with those of the neighboring
molecules [16]. Indeed, vibrational localization has been suggested to be one of the significant mechanisms responsible
for the large reduction in thermal conductivities of layered
materials with weak van der Waals interactions between the
layers [17–19]. For example, Chiritescu et al. [19] showed
a factor of 30 reduction in thermal conductivity of layered
WSe2 grown from alternating W and Se layers along the c
axis in comparison to their single crystal counterparts. They
noted that phonon localization could partly explain the large
reduction in the cross-plane thermal conductivity of layered
WSe2 . However, vibrational localization effects and their
significance to overall thermal transport has never been rigorously demonstrated through computational or experimental
approaches. This is especially true for the case of fullerene
crystals and their derivatives where it has been predicted
that Einstein-like oscillations can help explain the observed
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reduction in thermal conductivity in PCBM [11–14]. Thus, an
important goal of this study is to shed light on the underlying
mechanisms driving the low thermal conductivity in fullerenes
and their derivatives.
Another goal of this study is to understand the relative
effects of different functional groups on the thermal transport
properties of fullerene derivatives in the solid state. In terms
of the various functional groups, indene-C60 films have been
shown to possess better solubility in organic solvents, such
as chloroform, than PCBM [20]. Similarly, PCBM bisadducts
and indene-C60 bisadduct (ICBA) have been shown to increase the low LUMO energy level of PCBM that limits the
open circuit voltage and have relatively increased efficiencies
in solar cells as compared to PCBM [21,22]. Therefore, a
comprehensive knowledge of the effects of chemical functionalization on the thermal transport properties of solid state
fullerene derivatives is imperative to fully realize their potential and the impact that these novel materials can have on the
existing and emerging technologies.
In this article we experimentally show that, by increasing
the chain length of the alkyl group or by increasing the
number of alkyl chains attached to the fullerene molecules, the
thermal conductivity of fullerene derivatives can be increased
significantly. Likewise, the thermal conductivity can be increased even further by replacing the long alkyl chains with
indene functional groups, leading to thermal conductivities
that approach those of unfunctionalized fullerene crystals. To
support our experimental results, we conduct molecular dynamics (MD) simulations supported by lattice dynamics (LD)
calculations to investigate the thermal transport processes in
fullerenes and their derivatives. Our work reveals that one of
the main factors dictating the ultralow thermal conductivities
in fullerene derivative films is the reduced mode diffusivities
in the molecular crystals. This reduction in diffusivities of the
modes is amplified in PCBM structures due to the vibrations
from the ester groups that results in large localization of the
entire spectrum of vibrations. This diffuson-mediated thermal
conductivity can be increased by increasing the alkyl chain
length or replacing the alkyl functional groups with indene
groups. Furthermore, in agreement with our experimental
results, we find that increasing the number of functional
groups in our MD-simulated fullerene systems can also lead
to predictable increases in heat transfer of these solids.

II. METHODS
A. Experiment

[6,6]-phenyl C61 butyric acid methyl ester (PCBM), [6,6]phenyl C61 butyric acid butyl ester (PCBB), [6,6]-phenyl
C61 butyric acid octyl ester (PCBO), indene-C60 monoadduct
(ICMA), indene-C60 bisadduct (ICBA), and bisadduct PCBM
(bis-PCBM) were purchased from Sigma Aldrich in powder
form. Each powder was dissolved in chlorobenzene at a
concentration of 5 mg/mL at 60 ◦ C while stirring. Solutions
were deposited onto IR transparent silicon substrates either
by drop cast to form ∼3 μm thick films or spin cast to
create ∼20–80 nm thick films (see Fig. S2 of the Supplemental Material [23]). Figures S3 and S4 of the Supplemental
Material [23] show the vibrational spectra of the various

fullerene derivatives measured via Fourier-transform infrared
spectroscopy and the heat capacity for PCBM measured using
differential scanning calorimetry, respectively. We report thermal conductivity from measurements on both thin and thick
films in order to appropriately bound measurement errors
due to variations in heat capacity, an input parameter in
our thermal model as discussed further in the Supplemental
Material [23].
Time domain thermoreflectance (TDTR) is used to measure the thermal conductivities of our fullerene derivative
films. TDTR is a pump-probe technique, in which ∼150 fs
pulses emanate from a Spectra Physics Tsunami at ∼12.5 ns
time intervals (80 MHz repetition rate). Details of the experimental setup and the accompanying analyses that accounts for pulse accumulation effects have been detailed
elsewhere [30–32]. Pump pulses are modulated at 8.8 MHz
in order to create a periodic heating event and we monitor
the ratio of the in-phase to out-of-phase signal (−Vin /Vout )
of the probe beam with a lock-in amplifier. Pump and probe
beams are focused (on 80 nm thick Al transducers deposited
on top of our samples) at 1/e2 radii values of ∼10 and 5 μm,
respectively. A mechanical delay stage is used to temporally
delay the probe pulses relative to the pump pulses for a
maximum of 5.5 ns.
For our TDTR measurements, we define the sensitivity of
the ratio to various thermal properties used in the thermal
model by [33]

Sx =

∂ln(−Vin /Vout )
,
∂ln(x)

(1)

where x is the thermophysical parameter of interest and Vin
and Vout are the in- and out-of-phase signals, respectively.
Figures S5(a) and S5(b) show the sensitivities of the ratio to
the thermophysical parameters for a d ∼ 3 μm thick and a
d ∼ 25 nm thick PCBO film at 8.8 MHz pump-modulation
frequency. For the case of the thicker film, the most sensitive
parameters in the model are the thermal conductivity (κ)
and the heat capacity (CV ) of the film, which have the same
sensitivity for the entire delay time. This is because the heat
flow from the Al transducer deposited on the films for TDTR
measurements
is mainly governed by the thermal effusivity
√
( κCV ) of the fullerene derivative samples. Therefore, accurately knowing the heat capacities of the various films is crucial for these measurements. However, for our thinner films,
the most sensitive parameter is the thermal conductivity; the
heat capacities of the thinner films are not as important since at
the prescribed modulation frequency, heat flow is mostly dictated by the thermal resistance of the film (d/κ). This allows
for the thermal conductivity to be determined independently.
Furthermore, to gain confidence in our thermal conductivity
measurements with the TDTR technique, we perform steadystate thermoreflectance (SSTR) measurements on our Al/3
μm PCBM/Si sample to determine the thermal conductivity
of PCBM without the need for an accurate determination of
the volumetric heat capacity since SSTR measurements are
insensitive to the heat capacity (details in the Supplemental
Material [23]).
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B. Atomistic simulations
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For our molecular dynamics simulations, we use the
LAMMPS package [34]. The structures are equilibrated at
300 K for a total of 1 ns under the isothermal-isobaric ensemble with the number of particles, pressure, and temperature of
the system held constant at 0 bar pressure. Periodic boundary conditions were applied in all three principal directions
throughout the equilibration process, and atomic densities
were monitored and compared to experimental values. The
densities after equilibration for our C60 , PCBM, and amorphous carbon are 1.78, 1.48, and 3.19 g cm−3 , respectively
(also given in Table S3 of the Supplemental Material [23] for
all the samples). For our amorphous carbon structure, we use
the melt-quench technique to create the structures [35], and
the subsequent MD simulations were performed with a 0.5 fs
time step throughout all simulations. Starting with a diamond
cubic crystal structure with a lattice constant of diamond, we
heat the domain at a temperature of 8000 K then quickly
follow it by rapid quenching to cool the systems at a constant
volume.
We utilize the Green-Kubo (GK) method to predict the
thermal conductivity of our structures. In this method, the
thermal conductivity in the αth direction is given by [36–39]
 ∞
1
Sα (t )Sα (0)dt,
(2)
κα =
kBV T 2 0
where t is the time, T and V are the temperature and volume of
the system under consideration, respectively, and Sα (t )Sα (0)
is the αth component of the heat current autocorrelation
function (HCACF). The heat current is calculated every 10
time steps during the data collection period. Integration is
carried out until the HCACF completely decays to zero and we
set a prescribed correlation time to perform the integration as
shown in the insets of Figs. S6(a) and S6(b) for C60 and amorphous carbon, respectively. The HCACF decays to zero by 20
ps for the case of C60 and by ∼1 ps for amorphous carbon.
Their corresponding thermal conductivities calculated from
the integral of the HCACF during the total correlation time
are shown in Figs. S6(a) and S6(c), where the data is averaged
from 20 to 50 ps and 2 to 7.5 ps to accurately predict the thermal conductivities of C60 and amorphous carbon, respectively.
The total simulation time is set to 15 ns, which is long enough
to produce smooth HCACF profiles. For a detailed analysis of
the choice of total simulation and correlation times to reduce
uncertainties in the GK predicted thermal conductivities, the
readers are referred to Ref. [40]. As domain sizes can alter
the calculated thermal conductivities if all the vibrational
modes are not included in the computational domain, even in
GK simulations with periodic boundaries [41], we check for
cell size effects by conducting simulations on two different
domain sizes to ensure convergence.
We also perform LD calculations based on the AF model,
which calculates the lower limit to thermal conductivity contribution
from diffusive and nonpropagating modes as [42,43]
κAF = diffusons = kB /[V DAF,n (ωn )], where ωn is the frequency of the nth diffuson and DAF,n under the harmonic
approximation is calculated as
πV 2 
|Snm |2 δ(ωn − ωm ),
(3)
DAF,n (ωn ) = 2 2
h̄ ωn m=n
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FIG. 1. (a) Characteristic TDTR data for PCBM, PCBB, and
ICBA with the corresponding thermal model fits, and (b) measured
thermal conductivities for the fullerene derivative films. PCBM,
PCBB, and PCBO show increased thermal conductivity with increasing alkyl length. The trend is repeated with the indene functionalization (ICMA, ICBA). Increasing the number of side chains also
increases the thermal conductivity of these fullerene derivatives.

where |Snm | is the heat current operator for the harmonic
modes. Note, the Lorentzian broadening of the delta function
must be several times greater than the average mode spacing
δavg .
III. RESULTS AND DISCUSSIONS

Characteristic TDTR data for the PCBM, PCBB, and
ICBA, along with their respective best-fit models are shown
in Fig. 1(a). The measured thermal conductivities of the
fullerene derivative films are shown in Fig. 1(b). PCBM
films show “ultralow” thermal conductivities of ∼0.06
W m−1 K−1 , consistent with previously measured values of
0.03–0.07 W m−1 K−1 [11,12,14]. Our TDTR measurements
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FIG. 2. Temperature dependent thermal conductivity for our
PCBM, PCBB, and ICMA films along with literature values for
crystalline C60 [15], amorphous carbon [44], [Co6 Te8 ][C60 ]2 [45],
and PCBM [11,12,14].

for Al/3 μm PCBM/Si agree well with our SSTR measurements (which are insensitive to the heat capacity of PCBM;
see Fig. S1) on the sample providing confidence in our TDTR
results. The thermal conductivity of the PCBB and PCBO
films with longer molecular tails [as depicted by the structures
in Fig. 1(b)] are ∼70% greater than that of PCBM, while
a thermal conductivity more than twice that of PCBM are
exhibited by the ICMA, ICBA, and bis-PCBM.
Figure 2 shows the thermal conductivity of PCBM, PCBB,
and ICMA films as a function of temperature. For comparison,
we also plot the thermal conductivities of amorphous carbon
and crystalline C60 , superatomic crystals of [Co6 Te8 ][C60 ]2 ,
and PCBM [11,12,15,44,45]. Within experimental uncertainty, the thermal conductivity of fullerene derivatives do not
exhibit significant temperature dependence. Consistent with
prior studies, PCBM shows ultralow thermal conductivity,
however, as shown in Fig. 1(b), the thermal conductivity
reported by Duda et al. [12] for spun-cast PCBM films are
almost 50% lower. This discrepancy is likely due to differences in packing density and microstructural morphology
arising from the different processing conditions for various
PCBM films, along with potential sources of uncertainty in the
thermal measurements and analyses, such as the assumed heat
capacities and densities of the PCBM [11,12]. However, we

note that the values measured in this study are in agreement
with values reported by Wang et al. [11] and Pohls et al. [14].
Although the fullerene derivatives have almost twice the
mass density as compared to that of amorphous carbon (see
the Supplemental Material [23]), their thermal conductivities
are on the order of, or lower than, those of amorphous carbon
as shown in Fig. 2. The difference in the thermal conductivities of amorphous carbon as compared to the fullerene-based
solids is mainly due to the network of covalent bonds in the
former as opposed to the weak van der Waals interactions
between the bucky ball units in the latter, which are comparatively less efficient at heat conduction as we discuss in
more detail below. It is also interesting to note that fullerenebased single crystals of [Co6 Te8 ][C60 ]2 with large unit cells
exhibit similar thermal conductivities to our ICMA and PCBB
films [45], suggesting that large repeated unit cells could
lead to enhancement of nonpropagating modes, also discussed
below.
Figure 2 shows that the thermal conductivity of functionalized fullerene films are clearly lower than that of a fullerene
crystal without functionalization (solid gray squares). Moreover, the significant difference in thermal conductivity as a
function of temperature between the bare fullerene and the
functionalized fullerenes suggests that heat transfer mechanisms in the structures are vastly different. In C60 crystals
at high temperatures (> 250 K), molecules rotate freely and
scatter low frequency acoustic modes, whereas at low temperatures this rotation is frozen out and the crystal behaves
as expected, where Umklapp processes dictate their thermal
conductivity [46,47].
To lend more insight into the heat transfer processes in the
functionalized fullerene solids, Fig. 2 also plots the calculated
theoretical minimum thermal conductivity of PCBM from a
model that assumes the lifetimes of heat-carrying oscillations
are one half the period of vibration. Therefore, this minimum
limit to thermal conductivity is given by [48]
 π 1/3
  T 2  i /T x 3 ex
κmin =
kB n2/3
vi
dx,
6
i
(ex − 1)2
0
i
(4)
where the sum is taken over the three sound speeds (vi ),
n is the atomic density, and i = vi ( h̄/kB )(6π 2 n)1/3 is the
cutoff frequency for each polarization. For the calculations
shown in Fig. 2, the longitudinal sound speed for PCBM
is determined from picosecond acoustics [49], and we estimate the transverse sound speed based on the longitudinal
to transverse ratio in C60 /C70 microcrystals as reported in
Ref. [15]. The predicted minimum in thermal conductivity
for PCBM structures are almost higher by a factor of 6
compared to the experimentally measured values as shown in
Fig. 2 of the paper. This suggests that the description of heat
conduction through thermal interactions on the length scale of
the vibrational wavelength is inadequate to describe energy
transport in fullerene-based solids. However, the minimum
thermal conductivity model has been shown to be successful
in describing the heat conduction in amorphous carbon with
strong covalent bonds [44]. Although the fullerenes have
strong covalent bonds within the fullerenes, the weak van
der Waals interactions between the fullerenes leads to large
localization of vibrations and therefore renders the minimum
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FIG. 3. (a) Schematic of a 60 × 60 × 60 Å3 computational domain for our PCBM structure. (b) Green-Kubo predicted normalized thermal
conductivity with respect to the thermal conductivity of PCBM at 300 K for the various structures studied in this work. (c) Normalized
thermal conductivity of PCBM, bis-PCBM, PCBO, and bis-PCBO as a function of temperature. Spatial components for the two-dimensional
eigenvectors for 0.6 THz frequency modes in (d) C60 and (e) PCBM. (f) Modal diffusivity calculations from the Allen and Feldman model for
crystalline C60 and PCBM structures. The diffusivities of an amorphous carbon structure are also shown for comparison.

thermal conductivity ineffective in describing the thermal
conductivity of the fullerene-based solids. Taken together,
these observations suggest that the large repeated unit cells
for the fullerene-based structures can lead to Einstein-like
vibrations, where the oscillations are highly localized and
uncoupled within each unit cell, consistent with Olson et al.’s
observations on C60 /C70 microcrystals [15].
To gain atomistic insight into the heat transfer mechanisms
in these fullerene derivatives, we perform atomistic simulations to predict the thermal conductivities of the various
structures studied in this work and compare the results with
MD predictions for amorphous carbon and C60 structures (the
details of the calculations are presented in the Methods and the
Supplemental Material [23]). Figure 3(a) shows a schematic
of a 60 × 60 × 60 Å3 computational domain for the PCBM
structure used in our simulations; the interatomic interactions
are based on the polymer consistent force-field (PCFF) potential (details are provided in the Supplemental Material [23]).
Since the main objective of the MD simulations is to present
qualitative differences in the thermal conductivity of the various structures, we present normalized thermal conductivity
with respect to the MD-predicted thermal conductivity of
PCBM at 300 K in Fig. 3(b). Similar to trends in measured

thermal conductivity shown in Fig. 1(b), increasing the chain
length of the alkyl group leads to an increase in thermal conductivity. Furthermore, the indene functionalized structures
have relatively higher thermal conductivities as compared to
those of the structures with the alkyl functional groups, which
is also qualitatively similar to the experimental results shown
in Fig. 1(b). Additionally, we also run simulations on bisPCBM and bis-PCBO to understand the role of increasing the
number of functional groups on thermal transport. Thermal
conductivity predictions from the simulations are shown in
Fig. 3(c). Similar to the case of the indene functional groups
(ICMA and ICBA), the thermal conductivities of the bisadduct
structures are higher than their monoadduct counterparts,
consistent with our experimental results.
In comparison to the GK predicted thermal conductivity
of our amorphous carbon structure (with a value of ∼8
W m−1 K−1 at room temperature as shown in Fig. S6),
Fig. 3(b) shows that the thermal conductivity of our molecular
crystals, especially in the case of PCBM, are ultralow. Prior
literature has ascribed the ultralow thermal conductivity of
PCBM to the low group velocities of the acoustic modes as
quantitatively demonstrated by the calculations conducted by
Chen et al. [50]. Another explanation for the extremely low
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thermal conductivity of PCBM derives from the mismatch in
DOS of the fullerene and the alkyl chain; the addition of the
chain leads to an increase in the DOS of the low frequency
modes in the 3–10 THz range that are otherwise absent in
the C60 crystals (highlighted by the arrow in the DOS plot in
Fig. S9 of the Supplemental Material [23]). The introduction
of modes in the 3–10 THz range due to the alkyl chains
creates a mismatch in the DOS and scatters the low frequency
acoustic modes associated with the vibrations of the buckyballs. Indeed, a comparison of the spectral analysis of heat
transport in PCBM and C60 crystals shows that a significant
portion of heat in C60 is carried by modes in the low-frequency
∼0–3 THz range, that result from intermolecular interactions,
whereas these modes do not contribute significantly to the heat
conduction in PCBM [46]. This is demonstrated in Figs. 3(d)
and 3(e), where we plot the eigenvectors for modes at 0.6
THz in C60 and PCBM, respectively. These eigenmodes in
C60 show similarity in their direction and magnitude, which
can be ascribed to the rotational/librational motion of the
buckyballs [51]. In contrast, the alkyl chains in PCBM disrupt
the collective motion of the atoms, as exemplified by the
lack of periodicity and direction of the eigenmodes, which
are visualized in Fig. 3(e) to be highly localized in nature
even at these low frequencies. The librational motion of
the buckyballs in the fullerite crystals can also be hindered
through the application of compressive strain as shown by
our earlier work where we show that the thermal conductivity
of fullerene crystal increases rapidly with compressive strain,
which is mainly driven by low frequency vibrations [52].
Another plausible explanation for the extremely low lattice
thermal conductivity measured in experiments for PCBM has
been predicted to arise from large vibrational localization
effects, where the repeated unit cells of the PCBM structure
leads to Einstein-like behavior with vibrations in each unit
cells decoupled from those of their neighbors [12,13]. To test
this hypothesis, we conduct LD calculations to determine the
diffusivities of the vibrational modes for PCBM and compare
the results with those obtained for C60 and amorphous carbon
structures; a comparison between the diffusivities between the
different fullerene derivatives studied in this work is presented
in Fig. S8 of the Supplemental Material [23]. The diffusivities
are calculated according to the Allen and Feldman (AF)
model [42], where the diffusivities of the delocalized modes
are dependent on the spatial overlap of the eigenvectors as
well as the energetic overlap of the frequencies associated
with the eigenvectors. For example, the spatial separation
and localization of the eigenvectors of the two closest modes
in amorphous carbon implies they are locons and nonpropagating modes (further details available in Fig. S7(a) of the
Supplemental Material [23]). The lack of spatial overlap, even
though they are closest in the frequency spectrum, inhibits the
coupling of the modes and results in extremely low diffusivities for the modes, as outlined in the AF model.
Figure 3(f) shows the modal diffusivities for C60 (red
squares) and PCBM (green squares). We also plot the diffusivities of the amorphous carbon structure for comparison.
As is clear, the entire spectrum of frequencies in C60 and
PCBM have lower diffusivities compared to those of amorphous carbon. This is in line with our thermal conductivity
calculations along with the experimental results, where the

FIG. 4. Spatial components of the two-dimensional eigenvectors
for two closest eigenvectors at 10.64 (blue arrows) and 10.65 THz
(red arrows) in (a) C60 and in (b) PCBM. In contrast to the large
spatial overlap in C60 , the lack of spatial overlap between the two
eigenvectors of the modes in PCBM suggests that these are locons in
the PCBM structure. Conversely, these modes can be characterized
as diffusons in C60 due to the extent of the spatial overlap.

thermal conductivity of amorphous carbon is more than a
factor of 10 larger than that of C60 (see Fig. S6 of the Supplemental Material [23]). While the diffusivities of the modes
< 15 THz for C60 are comparable to those of amorphous
carbon at those frequencies, the diffusivities for these modes
in PCBM are highly reduced, thus signifying their localized
nature in PCBM. This is clearly visualized in Figs. 4(a)
and 4(b) where we plot the eigenvectors for modes at 10.64
and 10.65 THz in C60 and PCBM, respectively. The large
spatial overlap of these modes, closest in the frequency space
for the C60 crystal, implies higher diffusivities compared to
the diffusivities of these modes in PCBM, as Fig. 4(b) shows
little to no spatial overlap. By comparison, the eigenvectors of
these modes in the amorphous carbon are given in Fig. S7(c)
of the Supplemental Material [23], where the spatial overlap

065404-6

MOLECULAR TAIL CHEMISTRY CONTROLS THERMAL …

of the eigenvectors (similar to that in the C60 crystal) is clearly
observed. In fact, the diffusivities of the entire vibrational
spectrum in PCBM are very low [see Fig. 3(f)] supporting the
large degree of vibrational localization in these structures as
hypothesized in several previous experimental works [12–14].
The diffusivities of the ICBA structure, as calculated from
LD, while still lower than those of C60 , are higher than those
of the PCBM structure throughout the frequency spectrum
as shown in Fig. S8 of the Supplemental Material [23].
This suggests that the indene functional groups (as compared
to PCBM) could lead to an overall better coupling of the
diffusons that carry heat in these structures. These observations from the atomistic calculations provide quantitative
and in-depth understanding of our experimental results, thus
paving a robust avenue for efficient manipulation of thermal
transport in fullerenes and their derivatives in the solid state.
We note that while our LD calculations provide a useful
approach to interpret our MD results, we refrain from directly
comparing our MD-predicted thermal conductivity and the AF
model-based thermal conductivity calculations since the two
approaches are inherently different; where MD simulations
intrinsically include anharmonicity and contributions from
propagating modes to the total thermal conductivity, the AF
model is strictly calculated within the harmonic approximation and only considers contributions from diffusons to the
total thermal conductivity.

PHYSICAL REVIEW MATERIALS 4, 065404 (2020)

istic simulations suggest that while the vibrations due to
the ester group are responsible for the drastically reduced
heat diffusivity and ultralow thermal conductivity in PCBM,
increasing the length of the chain or increasing the number
of chains can increase the diffusivities of the vibrations,
leading to higher thermal conductivities. A direct comparison
between the diffusivities calculated for solid PCBM and C60
show that high degrees of vibrational localization due to the
molecular tail in PCBM results in very low diffusivities of
modes in the entire frequency spectrum as compared to the
diffusivities in C60 , providing a quantitative explanation for
the experimentally observed reduction in thermal conductivity
for PCBM solids.
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