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Abstract

Picosecond transient absorption is used to measure the thermal decay time of a mixture of higher-order fullerenes suspended in

chloroform, toluene, and carbon disulfide. The relaxation time is �40 ps, which translates into a small effective interface conduc-

tance, G � 14 MWm�2 K�1. Molecular dynamics simulations of a fullerene molecule suspended in octane agree with experiment

(G � 10 MWm�2 K�1) and support the conclusion that the 40 ps decay time results from the relaxation of vibrational energy

and not the relaxation of electronic excitations.

� 2005 Elsevier B.V. All rights reserved.
The relaxation of photo-excited fullerene molecules

has been the subject of considerable research in recent

years. Time-resolved pump–probe optical measurements

have been performed on C60 thin films [1–5] and toluene

suspensions of C60 [6–10], C70 [6], and C76 and C84 [11].

Relaxation times on the order of 40 ps have been ob-
served in many of these experiments [1–4,6,11] and,

while all of the authors have attributed the relaxation

to a decay or transport property of the electronic sys-

tem, the authors disagree on the underlying mechanism.

We measured the near-infrared transient absorption

of a mixture of higher-order fullerenes suspended in tol-

uene, chloroform, and carbon disulfide and argue that

the time-evolution of the optical absorption is a signa-
ture of the vibrational relaxation of fullerene molecules,

not the decay of electronic excited states. Our specula-

tion that the origin of the relaxation is vibrational is sup-

ported by our classical molecular dynamics simulations
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that do not include electronic effects, yet give a relaxa-

tion time comparable to the experimentally measured

value. The relaxation of vibrational modes of small mol-

ecules in condensed phases has been the subject of re-

search for at least 30 years [12–21]. The relaxation of

photo-excited fullerenes provides a useful bridge be-
tween the extensive literature on vibrational energy

transport in small molecules and more recent studies

of interfacial heat transport in nanoparticle [22] and

nanotube suspensions [23].

We believe that there are two components to the ob-

served decay. The absorption of a photon excites high

frequency vibrational modes within the fullerene which

do not couple efficiently with the surrounding fluid.
Therefore, the energy associated with these high fre-

quency modes must first be transferred into low fre-

quency vibrational modes before the energy can finally

be transmitted to the solvent. Since the entire energy

transfer process includes both the cascade of vibrational

energy within the fullerene as well as the energy transfer

across the interface to the surrounding liquid, the decay

is not solely a property of the interface. In fact, we will
later argue that the cascade of energy from high

frequency modes to low frequency modes may be the
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controlling factor. However, we describe the transfer of

energy from the fullerene molecules to the surrounding

liquid in terms of an effective interface conductance G

as a way of quantifying the entire heat transport process.

Fullerene samples are obtained from the MER Cor-

poration and consist primarily of C84, C78, and C76.
The optical density of the fullerene mixture suspended

in toluene is shown in Fig. 1. Unlike carbon nanotubes,

fullerenes are soluble in toluene, chloroform, and car-

bon disulfide and do not require the use of a surfactant.

The optical absorption of the higher-order fullerenes

near 800 nm is strong [11,24] and, even though the fea-

ture in the absorption spectrum near 780 nm is weak,

this structure significantly enhances the transient
absorption signal. This allows us to achieve high

signal-to-noise at the fundamental frequency of the

Ti:Sapphire oscillator while using low laser power in or-

der to eliminate concerns of sample degradation.

The experiments are conducted using a modulated la-

ser system [25–27] that is modified for transient-absorp-

tion measurements [22]. Sub-picosecond pulses from a

Ti:Sapphire mode-locked laser (740 < k < 800 nm) are
split into a �pump� beam and a �probe� beam; the optical

path length of the pump beam is adjusted with a

mechanical delay stage allowing for time-domain mea-

surements. A small fraction (<1%) of the fullerenes in

the beam-path are excited when they absorb an incident

photon from the pump beam. The subsequent change in

optical absorption of the suspension is then measured

with the probe beam. The pump and probe beam powers
are each �5 mW and the diameters of the laser beams

in the sample are 16 lm; thus, the peak laser fluence is

�60 lJ cm�2.

Unlike some other pump–probe experiments, our

measurements do not require that the probe power be

smaller than the pump power. Since our signal is given

by the product of the pump and probe powers, the stea-

dy-state heating of the sample is minimized by setting
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Fig. 1. Optical density of higher-order fullerenes (C84, C78, and C76)

suspended in toluene at a concentration of �1 · 10�3 M. The optical

path length is 1 cm.
the pump and probe powers to the same value. The en-

ergy density of each optical pulse is small and therefore

the transient absorption signal arises from the small

fraction of fullerene molecules that absorb a single

photon from each pump and probe pulse. Changing

the relative pump and probe powers does not change
this situation.

For sufficiently small particles, heat transfer between

a solid and liquid is controlled by the interface thermal

conductance [22]. In other words, the interface is the

rate-limiting step for heat transport, not the diffusion

of heat in the surrounding fluid, and the thermal decay

is an exponential function of time. The decay of the opti-

cal absorption of the fullerene suspensions is nearly
identical in all three solvents as shown in Fig. 2. For
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Fig. 2. Transient changes in optical absorption for suspensions of

higher-order fullerenes. In (a), the fullerenes are suspended in toluene

and the label on each data set refers to the wavelength of the laser (in

nm) used for the measurement. For (b), k = 740 nm and the label on

each data set refers to the solvent used to suspend the fullerenes. The

solid lines are single exponential decays with a time constant of s = 40

ps. a is the absorption coefficient and l is the path length (200 lm). The

concentrations are 1 mM in toluene and CS2 and 0.5 mM in CHCl3.

Typical values for Dal were between �8 and �30 ppm at a delay time

of t = 15 ps.
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k = 740 and 760 nm, the decay is close to single expo-

nential with a time-constant of approximately 40 ps.

As the laser wavelength increases to 780 and 800 nm,

the decay develops a small-amplitude, long-time tail.

We do not fully understand the reason for this slow

component to the decay at longer wavelengths, but we
suspect this wavelength dependence reflects differences

in the sensitivity of our experiment to the decay of elec-

tronic excitations.
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Fig. 3. Amplitudes of the 40 and 250 ps decays in toluene (a),

chloroform (b), and carbon disulfide (c). At k = 740 and 760 nm, the

data are nearly single exponential and the amplitude of the 250 ps

decay is �0. For k = 780 and 800 nm, the data have a longer decay and

the amplitude of the 250 ps time-constant increases. The data also

contain a weak time-independent change in optical absorption; these

data are multiplied by a factor of 10 for clarity.
The data are fit with a two time-constant exponential

at each wavelength with s1 = 40 ps and s2 = 250 ps. The

amplitudes of each time-constant are plotted in Fig. 3

along with the strength of the time-independent change

in absorption. The long-time tail of the decay observed

at longer wavelengths appears as an increase in ampli-
tude of the s2 relaxation.

One issue that warrants discussion is the possibility

that some of the fullerene molecules form aggregates

in solution [28,29]. Cho et al. [11] found that aggregation

of C84 molecules in toluene becomes significant at con-

centrations on the order of 0.1 mM, while the concentra-

tions of the suspensions we used were 0.5 mM in

chloroform and 1 mM in toluene and carbon disulfide.
To address this issue, we prepared separate suspensions

in chloroform (0.5 mM) and toluene (1 mM) and mea-

sured the optical density of each sample. The two sus-

pensions were then spun in a centrifuge at 9000g for 3

h and the optical density of each supernatant was then

measured. We found that the optical density of the

supernatant was identical to the optical density of the

original sample for both solvents indicating that there
were no large (>20 nm) aggregates present in the origi-

nal solutions.

The effective interface thermal conductance G is

determined using [23]

G ¼ C
As

; ð1Þ

where C is the fullerene heat capacity, A is the fullerene

surface area, and s is the time constant of the thermal

decay. The measured heat capacity for C60 at room tem-
perature [30] is essentially identical to that of graphite

[31] with C � 0.75 J g�1 K�1. The heat capacity per unit

area for the fullerene should be identical to the heat

capacity per unit area of an atomic layer of graphite,

5.6 · 10�4 J m�2 K�1. Note that this value is equivalent

to the heat capacity per unit area obtained by using a

mean diameter of 7.16 Å to calculate the surface area

of the fullerene. Using 40 ps for the time constant of
the thermal decay and 5.6 · 10�4 J m�2 K�1 for the heat

capacity per unit area for the surface of the fullerene, we

find G � 14 MW m�2 K�1.

To gain a more detailed understanding of the relaxa-

tion process, we performed classical molecular dynamics

simulations of the thermal relaxation of a C84 molecule

suspended in a hydrocarbon liquid. For the sake of com-

parison with our recent simulations of carbon nanotube
suspensions [23], we select octane as a model hydrocar-

bon liquid. In all reported simulations, we immerse a

C84 molecule in a melt of 228 octane molecules (6012 ex-

plicit atoms). Both carbon and hydrogen atoms are

modeled explicitly and periodic boundary conditions

are applied in all directions. Interatomic interactions

are calculated using a PCFF force-field [32,33] with

the additional second-order cross terms in the potential
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energy expression. The pressure and temperature are set

to 1 atm and 298 K, respectively. Under these condi-

tions, the density of the octane melt in all models is

equal to 0.71 g cm�3, which is close to the measured den-

sity of octane (q = 0.7025 g cm�3).

To mimic the experiment, after equilibrating the sys-
tem at 1 atm and 298 K, we heat the fullerene instanta-

neously to 500 K by rescaling the velocities of carbon

atoms in the C84 molecule, and the system is then al-

lowed to relax without a thermostat at constant energy.

Equilibration of the fullerene molecule occurs on a time

scale of only a few picoseconds while the time scale for

the cooling of the molecule in the simulation is �150 ps.

Fig. 4 shows the average temperatures of the C84 mol-
ecule and octane liquid as a function of time. Since the

total heat capacity of the liquid is much larger than that

of C84, the liquid temperature is almost constant, while

the temperature of the fullerene molecule decreases to

equilibrate with the liquid. We observe an exponential

relaxation with a time constant of �150 ps, which is al-

most 4 times larger than the decay obtained in the exper-

iment. However, the lack of quantization of the high
frequency modes in the classical molecular dynamics

simulations results in a heat capacity for the simulated

fullerene that is factor of 2.8 greater than the experimen-

tally measured fullerene heat capacity. Thus, from Eq.

(1), the 150 ps decay in the simulation corresponds to

an interface conductance of G � 10 MW m�2 K�1,

which is comparable to the experimental value of

G � 14 MW m�2 K�1. Since these molecular dynamics
simulations do not include electronic effects, yet are in

reasonable agreement our experimental results, we pro-

pose that our measured 40 ps decay – and the 30–60 ps
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Fig. 4. Thermal decay of a C84 molecule in octane determined from the

molecular dynamics simulation. The simulation does not account for

the quantization of the high frequency modes in the fullerene, thus the

heat capacity of the fullerene in the simulation is a factor of 2.8 times

larger than the experimentally measured value. Accounting for this

difference in heat capacity, the decay of �150 ps in the simulation

corresponds to G � 10 MWm�2 K�1, which is equivalent to an

experimental decay of �54 ps.
decay time observed in much of the literature [1–4,6,11]

– is a signature of the relaxation of vibrational energy

rather than the relaxation of electronic excitations.

This patching scheme we apply by normalizing the

relaxation time by the heat capacity relies mainly on

the assumption that the high frequency modes present
in the classical system do not significantly affect energy

flow between the fullerene and the liquid. This is a rea-

sonable assumption considering that only soft forces

with associated low frequencies act between the fulle-

renes and the liquid. While our molecular dynamics sim-

ulations naturally lack many detailed features of the real

system, some critical parameters of these studies com-

pare well with the experiment. For example, the vibra-
tional spectra of the fullerenes are well reproduced,

and the magnitude of the non-bonded interactions

responsible for energy transfer between the fullerene

and the organic liquid is well captured.

The molecular dynamics simulations also provide

further insight into the overall mechanisms for vibra-

tional energy transfer from the fullerenes to the liquid.

The simulations indicate that the low frequency vibra-
tional modes of the fullerene are close to the tempera-

ture of the liquid while the high frequency modes,

which contain most of the heat capacity of the fullerene

molecule, are in equilibrium with each other at a higher

temperature. Thus, the limiting step for the flow of

vibrational energy appears to be the cascade of energy

from the large number of high frequency modes into

the small number of low frequency modes within the ful-
lerene that couple with the surrounding liquid.

It is interesting to compare the values of interface

conductance obtained in this work to those measured

for a carbon nanotube–surfactant interface [23],

G � 12 MW m�2 K�1, and simulated for a nanotube–

octane liquid interface [23], G � 25 MW m�2 K�1. The

experimentally measured decays of fullerenes and nano-

tubes are similar, whereas in simulations the conduc-
tance of the C84–octane interface is a factor of two

smaller than that of the corresponding nanotube–octane

interface.

The lower thermal conductance of the C84–liquid

interface obtained in simulations can be explained as fol-

lows. Both fullerenes and carbon nanotubes only inter-

act with the surrounding liquid through weak van der

Waals interactions. Therefore, strong coupling across
the solid–liquid interface is possible only via low fre-

quency modes [23]. Carbon nanotubes possess low fre-

quency modes in the form of bending and squeezing

oscillations, however, these low frequency modes are

not as abundant in fullerenes due to the geometry and

smaller size of the fullerene molecule.

To illustrate the above discussion more clearly, we

show the vibrational density of states (DOS) for an oc-
tane liquid along with C84 molecules in Fig. 5. The DOS

is obtained from the Fourier transform of the atomic
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Fig. 5. Vibrational density of states (DOS) for a fullerene molecule

and liquid octane. Octane also has a small peak at 90 THz due to the

C–H stretch. The dashed line corresponds to the right hand axis where

g(f) is the heat capacity per mode relative to the equipartition limit.

The DOS of octane is large at low frequency; however, the DOS of the

fullerene is small in this frequency range. Since there is little direct

overlap in the frequency space between low frequency modes in the

liquid and C84, there is limited coupling between the solid and liquid.

This lack of efficient coupling leads to a low thermal conductance at

the C84–octane interface.

1 We note that the decays observed for thin fullerene films [1–4] may

also be the result of thermal relaxation. Since only a fraction of the

fullerene molecules in a solid film absorb energy from a laser pulse, the

excited fullerene molecules will cool by transferring energy to

neighboring molecules much like the fullerenes in solution lose heat

to the surrounding liquid.
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velocity autocorrelation function [34]. The DOS for the

octane liquid has a number of sharp peaks at high fre-

quencies representing intramolecular vibrations of cova-

lently bonded carbon and hydrogen atoms and a low
frequency peak with a shoulder that extends to about

5 THz. This low frequency peak is associated with weak

dispersion forces between octane molecules. Therefore,

thermal coupling between the liquid and the fullerene

is expected to occur via soft phonons with frequencies

falling within the first DOS peak for the liquid. How-

ever, the DOS of the fullerene is exceedingly small under

the first peak of the liquid DOS. The only exception is a
small peak near zero frequency that is associated with

the C84 center of mass motion. Therefore, except for

the center of mass motion, there is little direct overlap

in the frequency space between low frequency modes

in the liquid and C84. This leads to a low thermal con-

ductance at the C84–octane interface. By contrast, car-

bon nanotubes have a number of low frequency modes

associated with tube bending and squeezing that couple
well with the liquid and lead to a higher interface con-

ductance [23].

If the above reasoning is correct in explaining the fac-

tor of two difference between the conductance values

from the simulations of the nanotube–octane and fuller-

ene–octane interfaces, the question then becomes, �Why

do we not see this difference in the experiments?� One

possible explanation of this discrepancy is that the car-
bon nanotubes may have been bundled to some extent

in the experiment resulting in a longer relaxation time

and lower conductance with respect to the isolated

nanotubes used in simulations. Another difference is

that the conversion of a single photon into thermal en-
ergy results in a temperature rise of �200 K for a fuller-

ene molecule due to its small heat capacity, while the

temperature rise in our experiments on carbon nano-

tubes is on the order of only a few degrees Kelvin.

Therefore, the measured decay time for the fullerenes

would then depend on whether the heat capacity or
the effective interface conductance increases with tem-

perature more rapidly.1

Finally, we show that an analysis of the vibrational

cooling of a thoroughly studied polyatomic molecule,

azulene, gives comparable values for the effective ther-

mal conductance of the interface between the azulene

molecule and solvents. Sukowski et al. [15] found vibra-

tional cooling times between 15 and 40 ps for azulene
depending on the solvent. We can estimate G from these

decay times using Eq. (1) with additional knowledge of

the heat capacity and surface area of the azulene mole-

cule. The heat capacity is found in the literature to be

1.9 J g�1 K�1 [35], or 4 · 10�22 J K�1 for a single mol-

ecule. Determining the surface area is not as straightfor-

ward, but we can make a crude estimate by assuming

that the area per carbon atom in azulene is twice the
area per carbon atom in a fullerene molecule (with the

factor of two arising from the fact that the solvent is

present on both sides of an azulene molecule rather than

just on the outside of a fullerene molecule). Using this

approach, the surface area of an azulene molecule is

5.4 · 10�19 m2. This gives G = 19 MW m�2 K�1 for

s = 40 ps and G = 50 MW m�2 K�1 for s = 15 ps. These

values are comparable to the interface conductance mea-
sured for the fullerenes with the major difference being

that azulene exhibits a dependence on the solvent while

the fullerenes do not. The structure of azulene, a seven-

member ring fused to a five-member ring, may make the

molecule softer with respect to bending. Thus, it may

couple more efficiently with specific liquids leading to

the larger interface conductance values.

In this Letter, we reported experimental studies and
molecular-level simulations of vibrational relaxation of

optically excited fullerene solutions. Considering the

reasonable agreement between the experiment and the

simulations and the fact that the molecular dynamics

simulations do not include electronic effects, our com-

bined results suggest that the observed changes in tran-

sient absorption may be the result vibrational energy

relaxation rather than the decay of electronic
excitations.
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