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ABSTRACT: Control over the thermal conductance from excited molecules into an external environment is essential for
the development of customized photothermal therapies and chemical processes. This control could be achieved through
molecule tuning of the chemical moieties in fullerene derivatives. For example, the thermal transport properties in the
fullerene derivatives indene-C60 monoadduct (ICMA), indene-C60 bisadduct (ICBA), [6,6]-phenyl C61 butyric acid methyl
ester (PCBM), [6,6]-phenyl C61 butyric acid butyl ester (PCBB), and [6,6]-phenyl C61 butyric acid octyl ester (PCBO)
could be tuned by choosing a functional group such that its intrinsic vibrational density of states bridge that of the parent
molecule and a liquid. However, this effect has never been experimentally realized for molecular interfaces in liquid
suspensions. Using the pump−probe technique time domain thermotransmittance, we measure the vibrational relaxation
times of photoexcited fullerene derivatives in solutions and calculate an effective thermal boundary conductance from the
opto-thermally excited molecule into the liquid. We relate the thermal boundary conductance to the vibrational modes of
the functional groups using density of states calculations from molecular dynamics. Our findings indicate that the
attachment of an ester group to a C60 molecule, such as in PCBM, PCBB, and PCBO, provides low-frequency modes which
facilitate thermal coupling with the liquid. This offers a channel for heat flow in addition to direct coupling between the
buckyball and the liquid. In contrast, the attachment of indene rings to C60 does not supply the same low-frequency modes
and, thus, does not generate the same enhancement in thermal boundary conductance. Understanding how chemical
functionalization of C60 affects the vibrational thermal transport in molecule/liquid systems allows the thermal boundary
conductance to be manipulated and adapted for medical and chemical applications.

KEYWORDS: functionalized fullerene derivatives, thermal boundary conductance, molecule/liquid interfaces, vibrational bridging,
time domain thermotransmittance

Since their discovery in the 1980s,1 fullerenes and fullerene
derivatives have been studied for their superior structural,
chemical, and transport properties, leading to applications

in a range of fields including thermoelectric2−6 and photo-
voltaic7−12 devices, chemical storage and synthesis,13−16

medicine,15−19 and nanomechanical devices,20−22 to name a
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few. Despite this potential, fullerenes have been far surpassed for
(electronic) device applications by their allotropic relatives,
carbon nanotubes and graphene, both of which can be found in
industrial products.23 The principal application of fullerenes has
been as an n-type semiconductor for organic photovoltaics
research, primarily employing the fullerene derivative [6,6]-
phenyl C61 butyric acid methyl ester (PCBM).7,8,10,11,24−27

Recently, it was discovered that PCBM displays an unparalleled,
ultralow thermal conductivity for a condensed solid, a remarkable
0.03−0.06 W m−1 K−1 at room temperature.28−30 This desirable
property provides an exciting trajectory for fullerene-based
materials, opening the door for thermal management and
thermal-based devices, e.g., thermoelectric materials, ther-
mionics, and nanoscale thermal barrier coatings. The origin of
this enhancement of PCBM over bare C60 (factor of 2−3 lower
thermal conductivity) is thought to be due to the localization of
vibrational energy caused by the attachment of the functional
group.29−32 Thus, understanding the energetic relaxation
mechanisms in fullerene derivatives and across their interfaces
is of critical importance in order to understand the physical basis
underlying their thermal transport properties.
To better understand these thermal transport pathways, the

relaxation of photoexcited fullerenes and the resulting character-
ization of these relaxation processes and thermal transport
properties have been the focus of considerable research in the
past decade.29,30,32−37 The thermal transport processes in
fullerene derivatives, which here we define as C60 with molecular
functional groups, have received far less attention. The vibrations
contributing to the thermal transport properties of fullerenes
consist of predominantly localizedmodes (commonly referred to
as Einstein oscillations),38 which have been ascribed as the
primary mechanism responsible for the ultralow thermal
conductivities observed in fullerene and fullerene-derivative
thin films.29−32

The interplay between these localized modes in energy
exchange with a liquid environment is the focus of this report;
specifically, we aim to answer the question: How do functional
groups alter the thermal relaxation of excited fullerene derivatives
into liquid surroundings? Understanding how fullerene deriva-
tive structures affect the vibrational mode coupling across
molecular-based interfaces yields fundamental insight into the
energy transport mechanisms in fullerene derivatives. Further-
more, this study advances the physical insight into heat transport
across solid/liquid interfaces, elucidating the role of vibrational
states of functional groups that affect thermal boundary
conductance (hK).
The vibrational coupling driving hK across solid/solid

interfaces has been extensively studied, and is influenced by the
material properties of the solids comprising the interface as well
as the interfacial properties.39 For example, hK has been
experimentally controlled via roughness,40−42 interfacial mix-
ing,43,44 impurities,45−47 and chemical bonding.48−54Most works
involving chemical bonding observe no relationship between the
characteristics of the molecule and the interfacial conductance,
suggesting that thermal transport in the molecule itself is ballistic.
We have previously shown that the addition of henicosafluor-
ododecyl-phosphonic acid (F21PA) molecules between various
metals and sapphire results in a 40% reduction in hK compared to
the addition of other phosphonic acid molecules and the same
interface without phosphonic acid molecules.49 In other words,
thermal transport across the F21PAmolecules is not ballistic, and
the intrinsic vibrational properties of the molecule affect hK. This
work suggests that there are cases in which the spectral features in

the vibrational density of states (VDOS) of an interfacial
molecular layer can be exploited to manipulate hK. More
specifically, when thermal transport in a molecule is diffusive,
chemical functionalization can be used to tailor the vibrational
modes available to conduct heat from one material to another.
The addition of molecules at interfaces can also serve to impact

the bonding environment, which ultimately affects hK.
48−54 At

solid/liquid interfaces, chemical bonding has been shown, both
experimentally55−58 and with molecular dynamics (MD)
simulations,59−61 to alter hK via the coupling of low-frequency
modes. The addition of an interfacial layer of molecules can affect
the local VDOS near the interface, but thermal transport within
the molecule may still be ballistic. Contrastingly, as mentioned
above, we have demonstrated diffusive transport across the
molecular layers where the intrinsic vibrational properties of the
molecule provide a distinct channel for heat conduction.49 In this
regard, studies of mode coupling due to chemical moieties at
fullerene derivative/liquid interfaces have been limited to
simulations.36,37 Due to the results of these simulations36,37

and our previous work,49 we expect thermal transport in fullerene
derivatives to be diffusive (i.e., the vibrational modes in the
functional group are thermally activated) and hypothesize that hK
is dictated by the presence of specific low-frequency vibrational
modes.
In this work, we conduct transient absorption measurements

in dilute fullerene derivative solutions, measuring the relaxation
pathways with picosecond resolution. Based on the temporal
relaxation of the excited fullerenes, we determine hK between the
fullerene derivative molecules and the surrounding liquid, which,
for the various molecules studies here, range from∼13 to 63MW
m−2 K−1, depending on the structure and size of the functional
group. We show a strong correlation between the increase in
density of states of low-frequency vibrations in the fullerene
derivatives, which depends on the vibrational modes contributed
by the functional group, and the aforementioned increase in hK
across the fullerene derivative and the liquid. More specifically,
the presence and population of low-frequency modes in the
fullerene molecules (i.e., those below ∼6 THz) dictate the
conductance of vibrational energy into the surrounding liquid. In
this context, the phenyl-ester functional groups (which are
terminated with alkane chains) show a strong increase in hK with
increasing chain length, suggesting the evidence of diffusive
scattering in the functional moiety of these fullerene molecules.
Furthermore, consistent with previous simulations showing low-
frequency modes directly coupling to the liquid,36,37 our results
suggest the enhancement in low-frequency vibrations due to the
addition of functional groups increases the direct coupling of
vibrations from themolecules to the liquid environment, creating
an additional pathway for heat conduction across the fullerene/
liquid interface. Moreover, measurements on indene-function-
alized fullerenes do not show an enhancement in hK compared to
a nonfunctionalized fullerene (C60). This can be attributed to the
fact that indene-functionalized fullerenes do not exhibit as large
of a low-frequency mode enhancement relative to bare C60 as
compared to the phenyl-ester moieties, which further supports
our conclusions regarding low-frequency mode coupling of the
molecules directly to the liquid as an additional pathway for heat
flow.

RESULTS AND DISCUSSION
We prepared solutions of C60, indene-C60 monoadduct (ICMA),
indene-C60 bisadduct (ICBA), [6,6]-phenyl C61 butyric acid
methyl ester (PCBM), [6,6]-phenyl C61 butyric acid butyl ester
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(PCBB), and [6,6]-phenyl C61 butyric acid octyl ester (PCBO)
in chlorobenzene and ortho-dichlorobenzene (ODCB) as
solvents at concentrations of 0.2 mM (Figure 1). At this

concentration, the fullerene molecules are monodispersed, yet
the concentration is high enough to absorb a detectable amount
of light for our pump−probe experiment (more discussion in the
Supporting Information). We measure the change in absorption
via the time domain thermotransmittance (TDTT) ap-
proach.35,62−64 Details on these preceding topics are given in
the Methods Section and the Supporting Information.
Example data from a TDTTmeasurement are shown in Figure

S1. The initial peak is the excitation of fullerene electrons due to
absorption of the pump pulse. Electrons equilibrate among
themselves in the first few picoseconds (note, this is not
recombination, as recombination rates are on the order of
nanoseconds or longer).65−72 The following vibrational
relaxation (cooling) is the dominating effect observed as the
decay of the TDTT signal for the next few hundred picoseconds.
This thermal relaxation rate has been measured experimentally
and computationally for higher order fullerenes and ranges from
∼10 to 200 ps with a strong dependence on functionaliza-
tion.35−37

The diameter of a C60 molecule is ∼7.16 Å; for particles this
size dispersed in solution, the thermal relaxation is primarily
dictated by the conductance across the molecule/liquid interface,
which can be modeled as an exponential decay in time.63 We
normalize the in-phase signal at a time delay of 10 ps and fit the
experimental data with a biexponential decay function:

τ τ= − + − +f t A t A t A( ) exp( / ) exp( / )1 1 2 2 3 (1)

at times t > 10 ps, where the first time constant is related to the
thermal relaxation rate and the second time constant is related to
the electronic recombination rate. An example of this fit to the
data for PCBM in ODCB is shown in Figure S1. In the small-
particle limit, hK is given by35

τ τ
= =h

rC V C A/
3

/
K (2)

where r is the radius of a C60 molecule,C/V is the volumetric heat
capacity, C/A is the areal heat capacity, and τ is the time constant
of the thermal decay. Noting that the heat capacity of C60 (ref 73)
can be approximated as that of graphite at room temperature,74

we use the areal heat capacity of graphene for C/A (5.6 × 10−4 J

m−2 K−1) (ref 35). Thus, by fitting an exponential decay to the in-
phase signal, we can resolve τ and calculate an effective hK.
We observe a strong dependence of the first time constant on

the structure and size of the functional group attached to the
buckyball. The relaxation rate of a bare buckyball (C60) was
determined to be 37 ± 8 ps, resulting in hK = 15 ± 5 MW m−2

K−1. The fullerene derivatives with rigid ring structures (indene
groups in ICMA and ICBA) relax similar to, or slightly slower
than, a bare buckyball, resulting in a similar hK; whereas the
flexible chain structures, such as the ester groups in PCBM,
PCBB, and PCBO, relax more quickly with increasing chain
length resulting in hK as high as 63 ± 13 MW m−2 K−1, a 4-fold
increase compared to bare C60 (Figures 2 and S2a). The second

time constant, as shown in the Figure S2b, showed no statistically
significant dependence on the functional group or solvent;
however, it varied inversely with the pump beam fluence, as
would be expected for an electronic recombination process.72

Our measured vibrational relaxation times of bare C60 agree
with the measurements of higher order fullerene mixtures by
Huxtable et al.35 within uncertainty. We believe our experiments
have several distinct advantages of those of Huxtable et al. for
interpretation of the results in the context of specific mode
coupling across the fullerene/liquid interface. For one, their
samples consist of a mixture of C84, C78, and C76 molecules,
whereas our samples consist of pure (>97%) C60 derivatives,
allowing us to isolate the effect that molecular functional groups
have on our measurements. Second, Huxtable et al. used a single-
color (λ = 740−800 nm) pump−probe setup, while we use a two-
color (λpump = 400 nm, λprobe = 800 nm) setup, making it easy to
filter the pump and detect the probe signal. Lastly, fullerenes
absorb an order of magnitude more optical energy at 400 nm
compared to 800 nm,66,70 providing larger heating events and
thus increased signals due to increased pump absorption.
Our experimental measurements suggest that thermally active

vibrational modes in the phenyl-ester chains can enhance the
overall heat flow from the fullerene derivative to the liquid. The
increase in the measured conductance vs length of the phenyl-

Figure 1. Samples in this study were 0.2 mM solutions composed of
one of six different fullerene derivatives as the solute and one of two
organic liquids as the solvent. Fullerenes include bare C60, indene-
functionalized buckyballs indene-C60 monoadduct and bisadduct
(ICMA and ICBA), and phenyl-ester-functionalized buckyballs
[6,6]-phenyl C61 butyric acid methyl ester, butyl ester, and octyl
ester (PCBM, PCBB, and PCBO). Liquids include chlorobenzene
(CB) and ortho-dichlorobenzene (ODCB).

Figure 2. Effective thermal boundary conductance for each solution
calculated using the equation hK = C/A/τ. Blue squares represent
chlorobenzene solutions, green circles represent ortho-dichloroben-
zene solutions, and the red triangle represents toluene solutions of
mixed higher order fullerenes from Huxtable et al. (ref 35).
Compared to C60 and other higher order fullerenes, indene-
functionalized buckyballs show no statistically significant change in
thermal boundary conductance, while phenyl-ester-functionalized
buckyballs show an increase.
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ester chain points to the underlying diffusive vibrational thermal
transport mechanisms in the functional moiety. Specifically,
scattering and thermalization of the vibrational modes increases
the conductance due to the increased VDOS of low-frequency
vibrations with increasing chain length. Note, we would not
expect a length dependence in the measured conductance if heat
flow in the phenyl-ester chains was predominantly ballistic.
To test our hypothesis regarding the diffusive nature of

thermal transport in fullerene derivatives and gain more insight
into the vibrational mode coupling of functionalized fullerenes
with liquids, we turn toMD simulations to calculate the VDOS of
each fullerene derivative molecule, along with liquid toluene as a
representative benzene-based liquid. Details of these simulations
and calculations are described in the Methods section. We only
simulate liquid toluene for this work due to its established
potential75 and simulations procedures in previous works;
furthermore, toluene has been used by Huxtable et al.35 to
study fullerene suspensions. The VDOS of chloro- and
dichlorobenzene are expected to be similar to that of toluene
which has a broad low-frequency peak that extends to∼5 THz. In
fact, due to the increased mass of chloro- and dichlorobenzene
relative to toluene, we expect the vibrational states to be shifted
to lower frequencies, which further supports our conclusion
regarding low-frequency coupling, found below.
A comparison of the VDOS of each of the fullerene derivatives

and the liquid is shown in Figure 3. The gray dotted line denotes
the maximum frequency of thermally activated modes at room
temperature (estimated as ν300 K = kBT/h).

76 In general,
functionalizing C60 creates an increase in the VDOS at low

frequencies as compared to a bare buckyball. We focus our
discussion on the low-frequency range below 6 THz, as this
frequency range drives the majority of the thermal conductance
into the liquid at room temperature.35−37 As stated above, the
fullerene derivatives have less intense but broader peaks
compared to bare C60. Most notably, the fullerene derivatives
with ester groups (PCBM, PCBB, and PCBO) contain a broad
near-zero peak whose shoulder extends out to ∼3 THz. The
fullerene derivatives with indene groups (ICMA and ICBA) also
have distinct low-frequency peaks, albeit not nearly as broad as
the ester-functionalized fullerenes. ICMA has a peak near 1.3
THz, while ICBA has two peaks near 1.2 and 1.4 THz. These
differences can be explained by structural and chemical
differences. The indene functional groups are more rigid due
to the presence of stronger, shorter, double bonds and limited in
their motion due to the bicyclic structure. In comparison to
molecules with weaker, longer, and single bonds, as found in the
flaccid ester moiety, the rigidity of the indene functional group
results in higher frequency vibrations. This, being the most
notable difference between the VDOS of the different classes of
fullerene derivatives (ring vs soft chain structures), suggests that
the presence, or lack thereof, of these low-frequency vibrational
modes plays a major role in determining the thermal transport
efficiency from the fullerene molecule into the surrounding
liquid. Again, the liquid supports heat conducting vibrational
modes at frequencies below ∼5 THz characterized by a broad
near-zero peak in the VDOS.35,62,77 Therefore, the vibrational
modes in this range are expected to efficiently couple between
the fullerene molecule and the liquid.
To quantify the role that these low-frequency modes play on

thermal conductance, we calculate the accumulative internal
energy and heat capacity that are given by

∫α ν ν ν ν=
ν

h D f d( ) ( )U cutoff
0 BE

cutoff

(3)

and

∫α ν ν ν ν=
∂
∂

ν
h D

f

T
d( ) ( )C cutoff

0

BEcutoff

(4)

respectively, where νcutoff is the upper limit of the integral over
linear frequency of which the accumulation is a function, hν is the
energy of a given vibration using Planck’s constant, and ∂f BE/∂T
is the temperature derivative of the Bose−Einstein distribution.
For eqs 3 and 4, D(ν) is the unoccupied density of states, which
we calculate by dividing theMD derived VDOS by theMaxwell−
Boltzmann distribution. The internal energy of the molecule is
related to the interfacial transmission coefficient, and the heat
capacity is proportional to the intrinsic conductance of the
molecule.78,79 These functions are plotted in Figure 4a,b. The
VDOS of the liquid is also plotted to highlight the importance of
the low-frequency modes. We observe a substantial difference in
the energy and heat capacity contained in the near-zero
frequency modes of the phenyl-ester fullerenes and the ∼1.3
THz modes of the indene fullerenes. Furthermore, the lack of
energy-storing modes in bare C60 below 5 THz is particularly
notable. The accumulation functions for the phenyl-ester
fullerenes begin to separate from each other around 2.5 THz
in order of chain length, as might be expected. The accumulation
functions of the indene fullerenes separate almost immediately
due to the difference in the VDOS peaks around 1.3 THz. Above
5 THz we observe trends in the functionalized fullerenes that
parallels the trends in bare C60.

Figure 3. VDOS at room temperature calculated using MD for (a)
liquid toluene (black) and C60 (red), (b) ICMA (navy) and ICBA
(orange), and (c) PCBM (pink), PCBB (blue), and PCBO (green).
The gray dotted line denotes the maximum frequency of thermally
activated modes at room temperature ν300 K = kBT/h.

76 Simulations
of bulk liquid toluene were assumed as a representative benzene-
based liquid due to its well ascribed simulation parameters in
previous works (see Methods section).
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To expand upon the above discussion, fullerene molecules
interact with the surrounding liquid via van der Waals
forces,35−37 which are typically associated with lower frequency
vibrations in solids. Similarly, liquid molecules interact with each
other through vibrations in this same low-frequency regime.35−37

Therefore, coupling from the fullerene molecule to the liquid
occurs through these low-frequency modes.35−37 Thus, we
expect thermal transport between the liquid and the fullerene to
occur via the vibrational modes with frequencies within the first 5
THz, where the broad peak in the liquid VODS lies. Since there
are a small number of low-frequency modes in C60, there is a
small amount of overlap between the low-frequency VDOS of
the liquid and C60, which results in a lower hK as compared to
functionalized C60 molecules. The functionalized fullerenes with
the soft chain structures (PCBM, PCBB, PCBO) have a higher
density of low-frequency modes that can couple well with the
liquid and, thus, have a higher hK. While we expect a shift in the
VDOS toward lower frequencies with an increase in molecular
mass (i.e., adding any molecule to C60 will create vibrations at
lower frequencies), we do not observe the same effect for ICMA
and ICBA, indicating that a shift in the vibrational modes due to a
mass increase in the molecule is not the mechanism driving the
increase in mode coupling across the fullerene/liquid interface.
We therefore conclude that the increase in hK in the soft chain
fullerene derivatives as compared to the ring structures (or bare
C60) is due to the specific modes of vibrations intrinsic to the
addition of the soft chain-like groups attached to PCBM, PCBB,
and PCBO.

Qualitatively similar results were observed in the computa-
tional works by Kim et al.36 and Shenogin et al.37 Both extensively
studied the effects of functionalization on thermal relaxation of
C60 in liquid water and octane, respectively. Shenogin et al.
analyzed the role of functionalizing alkane chain length and
observed a decrease in thermal relaxation time (or an increase in
conductance) with an increase in length.37 Furthermore, the
relaxation time is length independent beyond 10 CH2 segments,
which was supported by the nearly constant steady-state
temperature of the chain beyond the 10th segment.37 Alkane
chains are qualitatively similar in their structure to the ester
moieties in PCBM, PCBB, and PCBO. We observe the expected
qualitatively similar trends in hK from our experiments.

CONCLUSIONS
Based on our accumulative internal energy and heat capacity
calculations, we infer that the majority of differences in
vibrational mode coupling between the fullerene molecules and
the liquid occur at low frequencies (below ∼1.5−2 THz), where
there are large number of vibrational states occupied in PCBM,
PCBB, and PCBO but less so in ICMA, ICBA, and C60. Thus, to
enhance the heat transfer from a fullerene molecule to a liquid,
functional groups with soft hydrocarbon chains should be used to
populate this low-frequency regime with vibrational modes. Our
findings suggest that the functional groups can directly couple
energy to the liquid as a parallel path of heat conduction beyond
the low-frequency vibrational modes in the buckyball itself. We
are aware of only one other experimental work where the
intrinsic vibrational properties of an interfacial molecular layer
affect the total heat flow across interfaces.49

While we acknowledge that there is evidence of non-
equilibrium between vibrational modes in the fullerene
molecule,35−37,56,57,59,60 we limit our analysis to the determi-
nation of a single relaxation rate based on our experimental
measurements. We do not attempt to make additional
assumptions to deconvolve physical processes that could be
occurring beyond the resolution of our experiments. Our
experimental results clearly demonstrate that the fullerene
derivative/liquid heat transfer rate is largely dictated by the
low-frequency vibrational modes of the fullerene molecule that
overlap with those of the liquid. The effective hK that results from
this simple analysis lies in the broad applicability of this advance
in interfacial physics. For example, knowing the energy exchange
regardless of the vibrational mode is essential knowledge for
designing photothermal medical techniques and electronic or
photovoltaic components. We have experimentally demonstra-
ted a method for enhancing hK between a buckyball and a liquid
4-fold (from ∼13 to 63 MW m−2 K−1) based on chemical
functionalization with soft chain-like groups, in which the
addition of the molecular groups changes the vibrational nature
of the molecule and therefore enhances hK. We note that nearly
all previous works measuring hK across functionalized interfaces
have never observed the intrinsic vibrational properties of the
molecular layer to affect heat flow. Rather, trends in hK have been
attributed to changes in bond energies driven by head- and tail-
group interactions at the contacts. In fact, previous works have
shown that heat flow through interfacial molecules is primarily
ballistic. Our results demonstrate that the intrinsic vibrational
modes of molecules at an interface can in fact lead to an increase
in hK due to a change in the overlap of the VDOS of the two
materials comprising the interface. We note that all of our
experiments were performed at room temperature; future studies
should consider temperature-dependent measurements to gain

Figure 4. Accumulative energies and accumulative heat capacities as
functions of linear frequency are plotted in (a) and (b), respectively,
which include C60 (red), ICMA (navy), ICBA (orange), PCBM
(pink), PCBB (blue), and PCBO (green). These correspond to the
left y-axes. The VDOS of the liquid is plotted in black in both panels
and corresponds to the right y-axes. Simulations of bulk liquid
toluene were assumed as a representative benzene-based liquid due
to its well ascribed simulation parameters in previous works (see
Methods section).
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additional insight into the effects of vibrational spectra on
thermal boundary conductance.

METHODS
Preparation of Solutions. Our solutions were composed of six

different solutes, which were purchased from Sigma-Aldrich in powder
form, and chlorobenzene and ortho-dichlorobenzene (ODCB) as
solvents (Figure 1). The thermal conductivities of the solvents are
both ∼0.125 W m−1 K−1 (ref 80). Solutes included C60, indene-C60
monoadduct (ICMA), indene-C60 bisadduct (ICBA), [6,6]-phenyl C61
butyric acid methyl ester PCBM, [6,6]-phenyl C61 butyric acid butyl
ester (PCBB), and [6,6]-phenyl C61 butyric acid octyl ester (PCBO). All
solutions were prepared at concentrations of 0.2 mM, at which we can
assume monodispersity; that is, no aggregates are formed. We used an
optically transparent solvent to make dilute fullerene solutions ensuring
that our experiment is most sensitive to the transient absorption of
singular fullerene molecules.
Time Domain Thermotransmittance.We monitor the change in

absorption via a time domain thermotransmittance (TDTT) approach.
Details about these thermometry experiments are described else-
where.35,62,63,81−83 In short, subpicosecond pulses emanating from a
mode-locked Ti:sapphire laser at 80MHz and spectrally centered at 800
nm are split into pump and probe paths, which are delayed temporally
with respect to each other up to 5.5 ns using a mechanical delay stage,
allowing for the time-domain measurements. The pulse train of the
pump beam is further modulated at 8.8 MHz by an electro-optical
modulator, creating a modulated heating event from the absorbed pulse
energy by the fullerenes. Following modulation, the pump beam is
frequency doubled to 400 nm. The change in transmissivity of the probe
beam at the frequency of the modulated heating event is monitored
using a lock-in amplifier. Typical incident beam powers and spot
diameters are 30 mW at 40 μm and 15 mW at 25 μm for the pump and
probe, respectively. To summarize, we observe the excitation of
fullerene molecules in solution due to the absorption of photons from
pump pulses followed by their relaxation for up to 5.5 ns after excitation.
Molecular Dynamics Simulations. To gain insight into the effect

of functional groups on the relative spectrum of vibrational frequencies
of an isolated C60 molecule, we implemented classical MD simulations
using the LAMMPS package.84 The fullerene molecules (shown in
Figure 1) were constructed in Avogadro software, and an energy
minimization scheme was implemented to determine the quasi-
equilibrium positions of the atoms.85 The generated molecules were
then imported into LAMMPS and the interatomic potentials were
defined by the charge-optimized many-body (COMB) potential.86

Initially, the molecules were heated to 300 K under the Nose−Hoover
thermostat87 (that is the NVT integration with the number of atoms,
volume, and temperature of the simulation held constant) followed by
the NPT integration (which is the isothermal−isobaric ensemble with
the number of particles, pressure, and temperature held constant) for a
total of 2 ns using a time step of 0.1 fs at 0 bar pressure. After
equilibration, the thermostat and barostat are removed, and an NVE
scheme (number of particles, volume, and energy of the system held
constant) is implemented, during which the velocities of all atoms were
recorded every 10 time steps to construct velocity fluctuation time series
for a total of 3× 105 time steps. These time series are then used to obtain
the local VDOS (VDOS) for the fullerene molecules; the details of the
process for calculating the VDOS are given in the Supporting
Information and in the literature.88 To calculate the VDOS for liquid
toluene, we construct a computational domain of size 50 Å × 50 Å × 50
Å at a density of 867 kg m−3. The intermolecular interactions are defined
by the AIREBO potential.75
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Fuchsbauer, A.; Sariciftci, N. Charge Carrier Mobility and Lifetime
Versus Composition of Conjugated Polymer/Fullerene Bulk-Hetero-
junction Solar Cells. Org. Electron. 2006, 7, 229−234.
(12) Lenes, M.; Wetzelaer, G.; Kooistra, F. B.; Veenstra, S. C.;
Hummelen, J. C.; Blom, P. Fullerene Bisadducts for Enhanced Open-
Circuit Voltages and Efficiencies in Polymer Solar Cells. Adv. Mater.
2008, 20, 2116.
(13) Shukla, N. C.; Huxtable, S. T., Fullerene Suspensions. In
Handbook of Nanophysics: Clusters and Fullerenes; Sattler, K. D., Ed. CRC
Press: Boca Raton, FL, 2010; pp 1−10.

ACS Nano Article

DOI: 10.1021/acsnano.6b06499
ACS Nano 2017, 11, 1389−1396

1394

http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b06499/suppl_file/nn6b06499_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b06499/suppl_file/nn6b06499_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.6b06499
http://pubs.acs.org/doi/suppl/10.1021/acsnano.6b06499/suppl_file/nn6b06499_si_001.pdf
mailto:phopkins@virginia.edu
http://orcid.org/0000-0002-1354-4416
http://dx.doi.org/10.1021/acsnano.6b06499


(14) Benjamin, S. C.; Ardavan, A.; Briggs, G. A. D.; et al. Towards a
Fullerene-Based Quantum Computer. J. Phys.: Condens. Matter 2006,
18, S867.
(15) Nakamura, E.; Isobe, H. Functionalized Fullerenes in Water. The
First 10 Years of Their Chemistry, Biology, and Nanoscience. Acc. Chem.
Res. 2003, 36, 807−815.
(16) Prato, M.; Maggini, M. Fulleropyrrolidines: A Family of Full-
Fledged Fullerene Derivatives. Acc. Chem. Res. 1998, 31, 519−526.
(17) Bosi, S.; Da Ros, T.; Spalluto, G.; Prato, M. Fullerene Derivatives:
An Attractive Tool for Biological Applications. Eur. J. Med. Chem. 2003,
38, 913−923.
(18) Da Ros, T.; Prato, M. Medicinal Chemistry with Fullerenes and
Fullerene Derivatives. Chem. Commun. 1999, 663−669.
(19) Friedman, S. H.; DeCamp, D. L.; Sijbesma, R. P.; Srdanov, G.;
Wudl, F.; Kenyon, G. L. Inhibition of the Hiv-1 Protease by Fullerene
Derivatives: Model Building Studies and Experimental Verification. J.
Am. Chem. Soc. 1993, 115, 6506−6509.
(20) Chai, Y.; Guo, T.; Jin, C.; Haufler, R. E.; Chibante, L. P. F.; Fure,
J.; Wang, L.; Alford, J. M.; Smalley, R. E. Fullerenes withMetals Inside. J.
Phys. Chem. 1991, 95, 7564−7568.
(21) Shinohara, H. Endohedral Metallofullerenes. Rep. Prog. Phys.
2000, 63, 843.
(22) Yamamoto, K.; Funasaka, H.; Takahashi, T.; Akasaka, T. Isolation
of an Esr-Active Metallofullerene of La@C82. J. Phys. Chem. 1994, 98,
2008−2011.
(23) Ghaffarzadeh, K. Graphene, 2d Materials and Carbon Nanotubes:
Markets, Technologies and Opportunities 2016−2026; IDTechEx: Cam-
bridge, U.K., 2016.
(24) Dennler, G.; Scharber, M. C.; Brabec, C. J. Polymer-Fullerene
Bulk-Heterojunction Solar Cells. Adv. Mater. 2009, 21, 1323−1338.
(25) Campoy-Quiles, M.; Ferenczi, T.; Agostinelli, T.; Etchegoin, P.
G.; Kim, Y.; Anthopoulos, T. D.; Stavrinou, P. N.; Bradley, D. D. C.;
Nelson, J. Morphology Evolution Via Self-Organization and Lateral and
Vertical Diffusion in Polymer:Fullerene Solar Cell Blends. Nat. Mater.
2008, 7, 158−164.
(26) Shen, Y.; Li, K.; Majumdar, N.; Campbell, J. C.; Gupta, M. C. Bulk
and Contact Resistance in P3ht:Pcbm Heterojunction Solar Cells. Sol.
Energy Mater. Sol. Cells 2011, 95, 2314−2317.
(27) Liu, H.-J.; Jeng, U. S.; Yamada, N. L.; Su, A.-C.; Wu, W.-R.; Su, C.-
J.; Lin, S.-J.; Wei, K.-H.; Chiu, M.-Y. Surface and Interface Porosity of
Polymer/Fullerene-Derivative Thin Films Revealed by Contrast
Variation of Neutron and X-Ray Reflectivity. Soft Matter 2011, 7,
9276−9282.
(28) Duda, J. C.; Hopkins, P. E.; Shen, Y.; Gupta, M. C. Thermal
Transport in Organic Semiconducting Polymers. Appl. Phys. Lett. 2013,
102, 251912.
(29) Duda, J. C.; Hopkins, P. E.; Shen, Y.; Gupta, M. C. Exceptionally
Low Thermal Conductivity of Films of the Fullerene Derivative Pcbm.
Phys. Rev. Lett. 2013, 110, 015902.
(30) Pohls, J.-H.; Johnson, M. B.; White, M. A. Origins of Ultralow
Thermal Conductivity in Bulk [6,6]-Phenyl-C61-Butyric Acid Methyl
Ester (Pcbm). Phys. Chem. Chem. Phys. 2016, 18, 1185−1190.
(31) Olson, J. R.; Topp, K. A.; Pohl, R. O. Specific Heat and Thermal
Conductivity of Solid Fullerenes. Science 1993, 259, 1145.
(32) Wang, X.; Liman, C. D.; Treat, N. D.; Chabinyc, M. L.; Cahill, D.
G. UltralowThermal Conductivity of Fullerene Derivatives. Phys. Rev. B:
Condens. Matter Mater. Phys. 2013, 88, 075310.
(33) Chen, L.; Wang, X.; Kumar, S. Thermal Transport in Fullerene
Derivatives Using Molecular Dynamics Simulations. Sci. Rep. 2015, 5,
12763.
(34) Gao, Y.; Xu, B. Probing Thermal Conductivity of Fullerene C60
Hosting a Single Water Molecule. J. Phys. Chem. C 2015, 119, 20466−
20473.
(35) Huxtable, S. T.; Cahill, D. G.; Shenogin, S.; Keblinski, P.
Relaxation of Vibrational Energy in Fullerene Suspensions. Chem. Phys.
Lett. 2005, 407, 129.
(36) Kim, H.; Bedrov, D.; Smith, G. D.; Shenogin, S.; Keblinski, P. Role
of Attached Polymer Chains on the Vibrational Relaxation of a C60

Fullerene in Aqueous Solution. Phys. Rev. B: Condens. Matter Mater.
Phys. 2005, 72, 085454.
(37) Shenogin, S.; Keblinski, P.; Bedrov, D.; Smith, G. D. Thermal
Relaxation Mechanisms and Role of Chemical Functionalization in
Fullerene Solutions. J. Chem. Phys. 2006, 124, 014702.
(38) Einstein, A. Elementary Observations on Thermal Molecular
Motion in Solids. Ann. Phys. 1911, 340, 679−694.
(39) Hopkins, P. E. Thermal Transport across Solid Interfaces with
Nanoscale Imperfections: Effects of Roughness, Disorder, Dislocations,
and Bonding on Thermal Boundary Conductance. ISRN Mech. Eng.
2013, 2013, 682586.
(40) Duda, J. C.; Hopkins, P. E. Systematically Controlling Kapitza
Conductance Via Chemical Etching. Appl. Phys. Lett. 2012, 100, 111602.
(41) Hopkins, P. E.; Duda, J. C.; Petz, C. W.; Floro, J. A. Controlling
Thermal Conductance through Quantum Dot Roughening at
Interfaces. Phys. Rev. B: Condens. Matter Mater. Phys. 2011, 84, 035438.
(42) Hopkins, P. E.; Phinney, L. M.; Serrano, J. R.; Beechem, T. E.
Effects of Surface Roughness andOxide Layer on the Thermal Boundary
Conductance at Aluminum/Silicon Interfaces. Phys. Rev. B: Condens.
Matter Mater. Phys. 2010, 82, 085307.
(43) Hopkins, P. E.; Norris, P. M.; Stevens, R. J.; Beechem, T. E.;
Graham, S. Influence of Interfacial Mixing on Thermal Boundary
Conductance across a Chromium/Silicon Interface. J. Heat Transfer
2008, 130, 062402−062402.
(44) Gundrum, B. C.; Cahill, D. G.; Averback, R. S. Thermal
Conductance of Metal-Metal Interfaces. Phys. Rev. B: Condens. Matter
Mater. Phys. 2005, 72, 245426.
(45) Gorham, C. S.; Hattar, K.; Cheaito, R.; Duda, J. C.; Gaskins, J. T.;
Beechem, T. E.; Ihlefeld, J. F.; Biedermann, L. B.; Piekos, E. S.; Medlin,
D. L.; Hopkins, P. E. Ion Irradiation of the Native Oxide/Silicon Surface
Increases the Thermal Boundary Conductance across Aluminum/
Silicon Interfaces. Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 90,
024301.
(46) Hopkins, P. E.; Duda, J. C.; Clark, S. P.; Hains, C. P.; Rotter, T. J.;
Phinney, L. M.; Balakrishnan, G. Effect of Dislocation Density on
Thermal Boundary Conductance across Gasb/Gaas Interfaces. Appl.
Phys. Lett. 2011, 98, 161913.
(47) Su, Z.; Huang, L.; Liu, F.; Freedman, J. P.; Porter, L. M.; Davis, R.
F.; Malen, J. A. Layer-by-Layer Thermal Conductivities of the Group Iii
Nitride Films in Blue/Green Light Emitting Diodes. Appl. Phys. Lett.
2012, 100, 201106.
(48) Giri, A.; Niemela, J.-P.; Tynell, T.; Gaskins, J. T.; Donovan, B. F.;
Karppinen, M.; Hopkins, P. E. Heat-Transport Mechanisms in
Molecular Building Blocks of Inorganic/Organic Hybrid Superlattices.
Phys. Rev. B: Condens. Matter Mater. Phys. 2016, 93, 115310.
(49) Gaskins, J. T.; Bulusu, A.; Giordano, A. J.; Duda, J. C.; Graham, S.;
Hopkins, P. E. Thermal Conductance across Phosphonic Acid
Molecules and Interfaces: Ballistic Versus Diffusive Vibrational
Transport in Molecular Monolayers. J. Phys. Chem. C 2015, 119,
20931−20939.
(50) Hsieh, W.-P.; Lyons, A. S.; Pop, E.; Keblinski, P.; Cahill, D. G.
Pressure Tuning of the Thermal Conductance of Weak Interfaces. Phys.
Rev. B: Condens. Matter Mater. Phys. 2011, 84, 184107.
(51) Chow, P. K.; Cardona Quintero, Y.; O'Brien, P.; Hubert Mutin,
P.; Lane, M.; Ramprasad, R.; Ramanath, G. Gold-Titania Interface
Toughening and Thermal Conductance Enhancement Using an
Organophosphonate Nanolayer. Appl. Phys. Lett. 2013, 102, 201605.
(52) Losego, M. D.; Grady, M. E.; Sottos, N. R.; Cahill, D. G.; Braun, P.
V. Effects of Chemical Bonding on Heat Transport across Interfaces.
Nat. Mater. 2012, 11, 502−506.
(53) O’Brien, P. J.; Shenogin, S.; Liu, J.; Chow, P. K.; Laurencin, D.;
Mutin, P. H.; Yamaguchi, M.; Keblinski, P.; Ramanath, G. Bonding-
Induced Thermal Conductance Enhancement at Inorganic Hetero-
interfaces Using nanomolecular Monolayers. Nat. Mater. 2013, 12,
118−122.
(54) Hopkins, P. E.; Baraket, M.; Barnat, E. V.; Beechem, T. E.;
Kearney, S. P.; Duda, J. C.; Robinson, J. T.; Walton, S. G. Manipulating
Thermal Conductance at Metal−Graphene Contacts Via Chemical
Functionalization. Nano Lett. 2012, 12, 590−595.

ACS Nano Article

DOI: 10.1021/acsnano.6b06499
ACS Nano 2017, 11, 1389−1396

1395

http://dx.doi.org/10.1021/acsnano.6b06499


(55) Tian, Z.; Marconnet, A.; Chen, G. Enhancing Solid-Liquid
Interface Thermal Transport Using Self-Assembled Monolayers. Appl.
Phys. Lett. 2015, 106, 211602.
(56) Harikrishna, H.; Ducker, W. A.; Huxtable, S. T. The Influence of
Interface Bonding on Thermal Transport through Solid−Liquid
Interfaces. Appl. Phys. Lett. 2013, 102, 251606.
(57) Ge, Z.; Cahill, D. G.; Braun, P. V. Thermal Conductance of
Hydrophilic and Hydrophobic Interfaces. Phys. Rev. Lett. 2006, 96,
186101.
(58) Park, J.; Cahill, D. G. Plasmonic Sensing of Heat Transport at
Solid−Liquid Interfaces. J. Phys. Chem. C 2016, 120, 2814−2821.
(59) Giri, A.; Hopkins, P. E. Spectral Analysis of Thermal Boundary
Conductance across Solid/Classical Liquid Interfaces: A Molecular
Dynamics Study. Appl. Phys. Lett. 2014, 105, 033106.
(60) Goicochea, J. V.; Hu, M.; Michel, B.; Poulikakos, D. Surface
Functionalization Mechanisms of Enhancing Heat Transfer at Solid-
Liquid Interfaces. J. Heat Transfer 2011, 133, 082401−082401.
(61) Shenogina, N.; Godawat, R.; Keblinski, P.; Garde, S. HowWetting
and Adhesion Affect Thermal Conductance of a Range of Hydrophobic
to Hydrophilic Aqueous Interfaces. Phys. Rev. Lett. 2009, 102, 156101.
(62) Huxtable, S. T.; Cahill, D. G.; Shenogin, S.; Xue, L.; Ozisik, R.;
Barone, P.; Usrey, M.; Strano, M. S.; Siddons, G.; Shim,M.; Keblinski, P.
Interfacial Heat Flow in Carbon Nanotube Suspensions. Nat. Mater.
2003, 2, 731.
(63) Wilson, O. M.; Hu, X.; Cahill, D. G.; Braun, P. V. Colloidal Metal
Particles as Probes of Nanoscale Thermal Transport in Fluids. Phys. Rev.
B: Condens. Matter Mater. Phys. 2002, 66, 224301.
(64) Chou, S. S.; Kaehr, B.; Kim, J.; Foley, B. M.; De, M.; Hopkins, P.
E.; Huang, J.; Brinker, C. J.; Dravid, V. P. Chemically Exfoliated Mos2 as
near-Infrared Photothermal Agents. Angew. Chem., Int. Ed. 2013, 52,
4160−4164.
(65) Brands, H.; Ehrler, O. T.; Kappes, M.; Unterreiner, A.-N.
Relaxation Dynamics of Electronically Excited C60-in O-Dichloroben-
zene and Tetrahydrofuran Solution. Z. Phys. Chem. 2011, 225, 939.
(66) Cho, H. S.; Ahn, T. K.; Yang, S. I.; Jin, S. M.; Kim, D.; Kim, S. K.;
Kim, H. D. Singlet Excited State (S1) of Higher Fullerenes C76 and
C84: Correlation between Lifetime and Homo−Lumo Energy Gap.
Chem. Phys. Lett. 2003, 375, 292−298.
(67) Farztdinov, V.M.; Lozovik, Y. E.; Matveets, Y. A.; Stepanov, A. G.;
Letokhov, V. S. Femtosecond Dynamics of Photoinduced Darkening in
C60 Films. J. Phys. Chem. 1994, 98, 3290−3294.
(68) Kim, D.; Lee, M.; Suh, Y. D.; Kim, S. K. Observation of
Fluorescence Emission from Solutions of C60 and C70 Fullerenes and
Measurement of Their Excited-State Lifetimes. J. Am. Chem. Soc. 1992,
114, 4429−4430.
(69) Klimov, V.; Smilowitz, L.; Wang, H.; Grigorova, M.; Robinson, J.
M.; Koskelo, A.; Mattes, B. R.; Wudl, F.; McBranch, D.W. Femtosecond
to Nanosecond Dynamics in Fullerenes: Implications for Excitedstate
Optical Nonlinearities. Res. Chem. Intermed. 1997, 23, 587−600.
(70) Koudoumas, E.; Konstantaki, M.; Mavromanolakis, A.; Michaut,
X.; Couris, S.; Leach, S. Transient and Instantaneous Third-Order
Nonlinear Optical Response of C 60 and the Higher Fullerenes C 70, C
76 and C 84. J. Phys. B: At., Mol. Opt. Phys. 2001, 34, 4983.
(71) Lee, M.; Song, O.-K.; Seo, J.-C.; Kim, D.; Suh, Y. D.; Jin, S. M.;
Kim, S. K. Low-Lying Electronically Excited States of C60 and C70 and
Measurement of Their Picosecond Transient Absorption in Solution.
Chem. Phys. Lett. 1992, 196, 325−329.
(72) Abe, S.; Burger, B.; Dexheimer, S. L.; Dresselhaus, G.;
Dresselhaus, M. S.; Eklund, P. C.; Guo, Z.; Kafifa, Z. H.; Kazaoui, S.;
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