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A
peculiar character of single-walled
carbon nanotubes (SWCNTs) is found
in their electronic properties, where

the nanotubes exhibit either a metallic or
semiconducting behavior, depending on
the chirality of the nanotube.1 While the
two types are obviously distinguished by
their electronic properties, whether there is
such an appreciable distinction in the ther-
mal transport properties is an interesting
question that remains unanswered. On one
hand, the thermal conductivity of SWCNTs is
extremely high (>3000 W/m 3 K) regardless
of the type,2,3 where the exceptional trans-
port dominated by lattice vibrations ob-
scures any observable differences between
the types. On the other hand, the interfacial
thermal conductance at the CNT surface is
as low as the interfaces of highly dissimilar
solids,4�6 making it a rate-determining pro-
perty, which gives a better chance for mea-
surements to resolve a difference between
the two electronic types if there is any.
Recent advances in the technology of CNTs

further motivate investigation into these type-
dependent thermal transport properties. Now
separated portions ofmetallic and semicon-
ducting CNTs can be readily prepared7 and
are commercially available. Moreover, numer-
ous applications require a specific type of
CNTs, metallic or semiconducting, for device
performance, which demands the respective
thermal characterization of each type. For
instance, CNT bumps for interconnect appli-
cations exploit the thermal conducting prop-
erty of CNTs while also requiring metallic
electrical conduction;8 enhancements in the
efficiency of photovoltaic devices are achieved
by using only semiconducting CNTs for the
collector composite, while an improved
thermal stability is also expected due to
the CNTs.9

In such applications where it is desired to
exploit the high thermal conductivity of CNTs,
what becomes important for the thermal
management performance of the CNT-incor-
porated systems is the interaction between
the CNTs and their surrounding environment.
The interaction is now well recognized to be
weak enough to limit the overall thermal
transport in the system.10,11 This “inert” beha-
vior of CNTs has drawn attention to the inter-
face property of CNTs, which is characterized
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ABSTRACT

Thermal transport at carbon nanotube (CNT) interfaces was investigated by characterizing the

interfacial thermal conductance between metallic or semiconducting CNTs and three different

surfactants. We thereby resolved a difference between metallic and semiconducting CNTs. CNT

portions separated by their electronic type were prepared in aqueous suspensions. After

slightly heating the CNTs dispersed in the suspension, we obtained cooling curves by

monitoring the transient changes in absorption, and from these cooling curves, we extracted

the interfacial thermal conductance by modeling the thermal system. We found that the

semiconducting CNTs unexpectedly exhibited a higher conductance of 11.5 MW/m2
3 K than

that of metallic CNTs (9 MW/m2
3 K). Meanwhile, the type of surfactants hardly influenced the

heat transport at the interface. The surfactant dependence is understood in terms of the

coupling between the low-frequency vibrational modes of the CNTs and the surfactants.

Explanations for the electronic-type dependency are considered based on the defect density in

CNTs and the packing density of surfactants.

KEYWORDS: interfacial thermal conductance . thermal boundary resistance .
carbon nanotube . TDTR . thermal transport
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by the interfacial thermal conductance G. G determines
the heat flux J across an interface for a discontinuous
temperature dropΔT through the relationship J=�GΔT.
The reciprocal 1/G is often referred to as the thermal
boundary resistance.12

Comparative characterization of the interfacial ther-
mal conductance G for metallic and semiconducting
CNTs has not yet been rewarding.13 In fact, experi-
mental measurements of G on individually isolated

CNTs are rare by themselves in the literature, once
we leave out the indirect estimations from electrical
breakdowns.13�15 Thus, references to the G value of
CNTs rely heavily on an early study conducted by
Huxtable et al.4 In their study, single-walled CNTs were
dispersed with sodium dodecyl sulfate (SDS) in water,
and, from transient absorption measurements, the
conductance was determined as G ≈ 12 MW/m2

3 K
for the CNT�SDS interface. This G value indicates that
the single interface is equivalent, in terms of thermal
resistance, to a SiO2 insulation layer of more than
100 nm. While their study directly identified the ther-
mally inert character ofCNTs, the effect ofmetallicity has
not been discussed. Estimations of G have been at-
tempted in many other works, computationally10,16�19

as well as experimentally from arrays20,21 and com-
posites.22�24 Yet, the impact of the metallicity of CNTs
has not been considered. Presently, theories on the
interfacial conductance lead us to an expectation that
the metallicity of the CNTs would be, at most, an
additive route to the thermal coupling with the sur-
roundings; some reports suggest electron�phonon
coupling mechanisms at metal�nonmetal interfaces;25

otherwise, the electronic contribution has been gener-
ally considered negligible.10,16�19

In this work, we present experimental results con-
trary to the general expectation. We measured the
interfacial thermal conductance of SWCNTs separated
by their metallicity and dispersed in a water solution
with various surfactants. An unexpected behavior in
the interfacial heat flow of SWCNTs, with a higher
conductance not in the metallic but in the semicon-
ducting SWCNTs, is found. We also investigated the
effect of the surfactant types to assess the role of the
surrounding matrix on the heat flow, which provides a
basis for understanding the results from metallic and
semiconducting SWCNTs.

RESULTS AND DISCUSSION

Preparation and Characterization of the SWCNT Suspensions.
Metallic (m-) and semiconducting (s-) SWCNTs, of the
same average diameter of ∼1.4 nm, were dispersed in
aqueous suspensions using the following surfactants:
sodium dodecyl sulfate, sodium cholate (SC), and so-
dium dodecylbenzenesulfonate (SDBS). The prepared
solutions are displayed in Figure 1a. The suspensions are
distinguished by their optical absorption; samples with
m-CNTs appear in a cyan color, while those with s-CNTs

appear in a dark reddish color. The difference is appar-
ent in the absorption spectra shown in Figure 1b. The
absorption peak for m-CNTs appeared at the wave-
length of∼700nm (M11), while that for s-CNTsappeared
at ∼1030 nm (S22). On the other hand, the type of
surfactants did not affect the absorption wavelength.

Large amounts of surfactants were adsorbed on the
CNT surface, indicated by the largely negative zeta
potentials (<�75 mV) measured in all samples, as
shown in Figure 1c; themagnitude of the zeta potential
is a rough measure of the amount of surfactants
adsorbed on the surface. We note that the surfactant
concentration is well above the critical micelle con-
centration in all samples. The zeta potentials imply that
the amounts of SCmolecules adsorbed onm-CNTs and
s-CNTs are similar, while SDS molecules are absorbed
more on m-CNTs.26

Interfacial Thermal Conductance of SWCNTs from Transient
Absorption Measurements. To measure the interfacial
thermal conductance of the CNT surface, we obtained
the “cooling curves” for CNTs, curves showing the
temperature evolution in the CNTs after an instanta-
neous heating; we make use of the thermo-optical
property of materials where the absorption coefficient
R changes linearly for small temperature changes.4

Figure 1. Optical absorptionof the suspensions, dependent
on the electronic type of the CNTs, shown in (a) the photo-
graph of the samples and (b) the absorption spectra.
Absorption peaks representing metallic (M11) and semicon-
ducting (S22) CNTs are labeled in the figure. (c) Zeta poten-
tials measured for each sample.
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Wemonitored the time-resolved changes in the optical
absorption of CNT suspensions after heating with a
pulsed pump beam. With the selected wavelength of
740�800 nm, the CNTs are heated by a few degrees
Kelvin, while the surfactants and water solution are
heated negligibly. The temperature of the CNTs decays
over time as they equilibrate with the solution, yielding
a transient change in the absorption according to the
opto-thermal property of CNTs. The change in absorp-
tion was measured by a probe beam as a function of
pump-to-probe delay time, giving cooling curves for
the CNTs as shown in Figure 2.

The interfacial thermal conductance G of CNTs
mainly determines the shape of the cooling curves,
which allows us to extract the G value by thermal
modeling. Because the low G value for CNTs controls
the total heat flow of the system, most of the transient
temperature drop occurs at the CNT�surfactant inter-
face, as schematically depicted in Figure 2a. The system
is modeled by assuming a two-dimensional system
with cylindrical symmetry, which is justified since the
thermal transport property along the CNT axis is more
conductive by a few orders of magnitude compared to
the resistive and rate-determining transport property
across the CNT surface. By modeling the dynamics of
this system, we fit the calculated curves to the mea-
sured data to determine the G values of the CNTs.

The G value determined by model fitting was G =
9 MW/m2

3 K for m-CNTs and G = 11.5 MW/m2
3 K for

s-CNTs, being higher for s-CNTs by ∼28%. This differ-
ence is much larger than the standard deviation,∼6%,
found in the set of repeatedmeasurements. The results
were identical for both the CNT�SC (Figure 2b) and
CNT�SDS (Figure 2c) interfaces. The extracted G value
depends on how the areal heat capacity of CNTs is
assumed, which, in this case, was taken from the value
of graphite (0.56 mJ/m2

3 K). Taking the experimental
value from ref 27 yields a lower areal heat capacity
(0.46mJ/m2

3 K), which gives lower G values. The results
are summarized in Table 1. It should be noted that the
heat capacity difference form- and s-CNTs is negligible.28

In a previous study, Huxtable et al. obtained, from
CNT suspensions prepared with no control on metalli-
city (single-walled, produced by the HiPCO method), a
value of G = 12 MW/m2

3 K, which is similar to that
obtained from our s-CNT samples.4 However, in con-
trast to their analysis in which the cooling curve was
fitted to an exponential curve with two decay-time
constants, we analyzed our data by thermal modeling,
which yields an exponential-like decay function with a
single time constant (see Methods and Supporting
Information). On the other hand, compared to the G

values obtained from CNTs on SiO2 solid substrates,
which range around 12�120MW/m2

3 Kwhen scaled to
room temperature,13 the values obtained in our sus-
pensions (9�11.5 MW/m2

3 K) are smaller (up to an
order of magnitude).

It is rather a peculiar result to find a larger interfacial
thermal conductance in s-CNTs than m-CNTs. Under
the conventional understanding it is unlikely that the

Figure 2. (a) Schematic of the CNT�surfactant system
(upper) and the corresponding radial temperature profile
in the system (lower). The vibrational coupling at the
CNT�surfactant interface is responsible for the interfacial
heat flow, which is the rate-determining part for the overall
heat transport in the system. A large temperature disconti-
nuity (ΔTinterface) is induced at the interface, indicating the
resistive property of the interface. (b and c) Cooling curves
of metallic and semiconducting CNTs shown by the transi-
ent changes in optical absorption after heating with laser
pulses. The CNTswere dispersedwith (b) SC and (c) SDS.R is
the absorption coefficient and l is the path length of the CNT
solution (200 μm). The solid lines are calculated from a
thermalmodel and fitted to the data. The interfacial thermal
conductance values extracted by thermal modeling are
summarized in Table 1. The wavelength of the laser used
for measurements was 740 nm, and the surfactant content
was 0.5wt%of the solution for all samples. The signal in the
shorter time scale (<15 ps) reflects the photobleaching and
cooling of the excited electrons (see refs 4 and 45).
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electrical conducting property of the CNTs would con-
tribute to the interfacial thermal conductance since the
surfactants are electrically nonconducting. Although
we consider electron�phonon coupling mechanisms
suggested for metal�nonmetal interfaces,25 these
routes are supposed to be in addition to the vibrational
coupling process, which would favor higher conduc-
tance in m-CNTs.

Another observation from the results in Figure 2b,c
is that the interfacial thermal conductance G appeared
independent of the type of the surfactant in both cases
for m-CNTs and s-CNTs. We also obtained the cooling
curves from m-CNTs dispersed with SDBS, shown
together with the SC- and SDS-stabilized samples in
Figure 3a. The normalized curves from three different
surfactants all fit to a single curve, explicitly indicating
the same G value within the sensitivity of our measure-
ments, which is ∼0.5 MW/m2

3 K. The surfactant-inde-
pendent values suggest that the different G values of
m-CNTs and s-CNTs are likely to reflect the character of
the CNTs rather than the surfactants.

We note that the stronger excitation signal (ΔRl)
from m-CNTs than s-CNTs is due to the relatively sen-
sitive thermo-optical property ofm-CNTs, but is not the
result of any differences in the thermal properties. In
other words, m-CNTs exhibit a larger change in absorp-
tion than s-CNTs for a given temperature change. To
compensate for the smaller excitation signal (ΔRl) from
s-CNTs, we elongated the optical path l of the sample
(i.e., the thickness of the sample container); still, this did
not change the measured value of interfacial thermal
conductance (see the Supporting Information). This
also confirms that the signal strength from our s-CNT
samples, while smaller than that from m-CNTs, is
sufficiently large for analysis.

The thermal decaying behavior was independent of
the concentration of the surfactant added to the CNT
solution, as long as the added amount exceeded the
critical micelle concentration (CMC). Shown in Figure 3b
are the cooling curves of m-CNTs dispersed with 0.1 and
0.5 wt % of SDBS, which are both well above the CMC.
The identical cooling behavior shown in this plot
indicates that, above the CMC, the surfactants are
sufficiently saturated at the CNT surface to probe the
interface thermal property. The thermal decaying be-
havior also did not depend on thewavelength, λ, of the
laser beams in the range 740 < λ < 800 nm. Shown in

Figure 3c are the cooling curves of SDS-stabilized
m-CNTs measured at different wavelengths, confirm-
ing that the curves represent the thermal cooling of
CNTs but not any kind of specific absorption.

Thermal Coupling at the SWCNT�Surfactant Interface. The
thermal transport phenomena observed at the CNT�
surfactant interface can be understood in terms of the
coupling between the vibrational modes at the inter-
face, which should be responsible for the thermal
conductance at the CNT�surfactant interface. This

TABLE 1. Interfacial Thermal Conductance Values Extra-

cted by Thermal Modeling

CNT type
interfacial thermal

conductance (MW/m2
3 K)

metallic 9a (7.5b)
semiconducting 11.5a (9.5b)

a By assuming 0.56 mJ/m2
3 K for the areal heat capacity. b By assuming

0.46 mJ/m2
3 K for the areal heat capacity.

Figure 3. Cooling curves of metallic CNTs measured under
different conditions and drawn on a normalized scale: (a)
dispersed with different surfactants (SC, SDS, and SDBS); (b)
dispersed with different amounts of surfactants (SDBS); (c)
measured by using laser beams of different wavelengths.
For all samples, the surfactant content was 0.5 wt % and
the wavelength used was 740 nm unless mentioned other-
wise. The calculated curve and data points of metallic
CNTs with SC and SDS in (a) are scaled from the data in
Figure 2b,c, respectively; data points for 0.5 wt % in (b) are
identical to the SDBS data in (a) (navy blue color); data
points for 740 nm in (c) are identical to the SDS data in (a)
(brown color).
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coupling mechanism can be roughly visualized by
frequency-wise matching the vibrational spectrum of
each side of the interface, as drawn in Figure 4. Under
the harmonic picture, vibrational mode coupling takes
place between the vibrational modes with the same
frequencies. For the interactions with the molecule
matrix environment at room temperature, the harmo-
nic picture provides an approximate, but basic, frame
to understand the interfacial interactions,29 which also
reveals the need to consider anharmonic routes. We
begin our discussions based on the picture of harmo-
nic interactions at the interface.

The extremely low value of G implies that the
vibrational coupling at the CNT�surfactant interface
is only effective at a limited frequency range among
the vibrational spectrum. The upper limit of this fre-
quency range can be appreciated by considering the
phonon radiation limit5,12 of the interfacial thermal
conductance, which is given by

Grad ¼ πkbvupper3

cD2
(1)

where νupper is the upper limit of the vibrational
frequency involved in the coupling, cD the Debye
velocity, and kb the Boltzmann constant. This phonon
radiation limit Grad is the maximum conductance of an
interface when the incident energy of phonons is fully
transmitted across a harmonically coupled interface.
Conventionally, this equation is used to evaluate Grad

when the vibrational spectrum of one side of the
interface is limited by the vibrational cutoff frequency,
while, in the present case, we use the equation to
estimate the upper frequency limit of the coupled
vibrational modes, νupper, for a given G value. For the
Debye velocity, we consider the group velocity of the
flexure modes in SWCNTs, which dominate the
CNT�surfactant interactions.10 The dispersion relation
of the flexure modes exhibits a quadratic behavior
at long wavelengths,30 so we take the maximum
value (cD ≈ 7.2 nm/ps) to obtain the upper limit of
the frequency. Then, the previously determined G =
11.5 MW/m2

3 K yields νupper = 2.4 THz. This estimation
gives a grasp on the effective frequency range where
vibrational interactions are actively taking place. Phy-
sically, νupper is limited by the strength of the interac-
tion between the CNT and the surfactants, which is a
weak van der Waals interaction (see Figure S2 in the
Supporting Information). We note that νupper is an
estimate for a harmonic process; it does not take into
account other parallel routes such as inelastic scatter-
ing events at the interface.31

In addition to the narrow frequency window for
vibrational mode coupling, the vibrational spectrum
below νupper is not very specific to the type of surfac-
tants, explainingwhy the thermal decay curves of CNTs
with different surfactants yield a similar value of G.
Shown in Figure 4b�e is the calculated vibrational

Figure 4. Vibrational mode coupling process between CNTs
and surfactants depicted by comparing the vibrational states
with respect to their frequencies. (a) Calculated phonon density
of states of a (10,10) SWNT. The color shade shows the spectral
distribution of thermal energy among phonon frequencies at
300 K. (b�e) Calculated vibration spectra for surfactants ad-
sorbed on a flat-carbon surface (graphene). The states of
graphene have been excluded from the spectra. The adsorption
structures described by the calculation model are shown in the
inset of the spectra. The relative contributions from the vibra-
tional states of the constituent atoms are also indicated as
colored lines; “near”denotes atomsnear the adsorption surface,
while “others” denotes those that are far. The vibrational mode
coupling process between CNTs and surfactants is active at low
frequencies,butnoteffectiveathighfrequencies.Thedistinction
of these frequency regimes is roughly estimated as νupper ≈
2.4 THz (10 meV) from the phonon radiation limit. The internal
coupling within the CNTs between high- and low-frequency
phonons, drawn as a double-sided arrow within the CNT
spectrum, depicts the alternative route for the heat dissipation
of the high-frequency phonons in the CNTs.
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density of states (DOS) for surfactants adsorbed on a
flat carbon surface, i.e., graphene. Comparing the
spectra shows that the DOS of vertically adsorbed
SDBS is more similar to that of vertically adsorbed
SDS rather than horizontally adsorbed SDBS. To gen-
eralize, the low- to moderate-frequency DOS of the
surfactants depends more on factors such as
the geometrical folding or adsorption structure of the
surfactants than the chemical bondings within the
molecule. The low-frequency DOS below νupper parti-
cularly exhibits such a dependency. Therefore, as long
as the CNT�surfactant interaction strength is similar,
the interfacial thermal conductance would be inde-
pendent of the surfactant type.

Anharmonic Processes of the Phonons in SWCNTs. While
the frequency limit νupper was a rough estimation for
the harmonic process at the interface, the conclusions
are supported by molecular dynamics studies,10,18 which
suggest that, in CNTs, the active coupling of the phonons
with the environment (i.e., fast heat transport) is indeed
limited to the low-frequency phonons. However, the
spectral distribution of thermal energy in CNTs, shown
in Figure 4a, implies that the phonons above νupper still
need a route for heat dissipation, calling for the need to
consider the anharmonic process of phonons.

Brought to attention by the low-frequency-limited
coupling of the vibrational modes at the CNT surface is
an anharmonic coupling mechanism: the internal cou-
pling between phonon modes within the CNTs. At
room temperature, the majority of the thermal energy
in the CNTs is distributed at phonon frequencies higher
than νupper, with its main portion reaching up to 25�
30 THz (Figure 4a). In order for the CNTs to reach
thermal equilibrium with the surrounding matrix, the
thermal energy in both the low- and high-frequency
phonon modes needs a channel to dissipate heat.
Because of the narrow coupling channel at low fre-
quency, the thermal energy in the high-frequency
modes should be dissipated through anharmonic in-
ternal phonon coupling between the high- and low-
frequency phonons within the CNTs. In previous
reports4,10,18 it was suggested that this process deter-
mines the interfacial thermal conductance at the CNT
surface.

On the basis of this argument that the determining
factor for the interfacial thermal conductance G of
CNTs is the internal phonon coupling process, we
account for the unexpectedly higher G of s-CNTs: the
higher defect density in s-CNTs provides more sources
for the internal phonon coupling. Lattice defects serve
as an effective kernel for the previously discussed
anharmonic process for high-frequency phonons since
lattice defects mostly scatter the high-frequency pho-
nons. The density of these lattice defects depends on
the chirality of the CNTs since the energy cost for
formation depends on the curvature of the carbon
lattice. Our calculations on the formation energy,

summarized in Table 2, show that monovacancies are less
favorable in armchair-typeCNTs; these types are supposed
to be the majority in our m-CNT samples.32�35 Then,
s-CNTs should exhibit a higher interfacial thermal
conductance than m-CNTs. The formation energy for
double vacancies or Stone�Wales defects also has a
similar dependency.36 Still, it should be noted that this
argument takes into account that ourm-CNT samples are
supposedly abundant in armchair types, which makes
our argument more based on the chirality but not the
metallicity of CNTs; solely focusing on the effect of the
metallicity could also yield opposing arguments.36 We
also add that, unfortunately, probing the D band to G
band ratio with Raman spectroscopy to compare the
defect density is not possible in thepresent case since it is
more dependent on the chirality of the CNTs than the
defect density.37,38

We find that most of the other possibilities pro-
vide only a limited explanation for the higher con-
ductance observed in s-CNTs. A denser packing in
the matrix of surfactants surrounding m-CNTs could
suppress the low-frequency vibrational DOS on the
surfactant side,39 which may result in a lower inter-
facial conductance. In fact, it is known that SDS
molecules form a higher packing density on
m-CNTs,26 as was also confirmed by our zeta poten-
tial measurements (Figure 1c). However, our zeta
potential measurements on CNTs dispersed with SC
do not show such a dependency on metallicity.40

Above all, the surfactant-independent behavior of
the thermal decay for both s- and m-CNTs rules out
many possibilities regarding any differences in the
surfactants. Looking at the CNT side, it is known that
the chiral angle barely affects the phonon DOS,
particularly at low frequencies,41 which also rules
out many explanations.

CONCLUSIONS

The interfacial thermal conductance G at the
CNT�surfactant surface was observed to be higher in
s-CNTs (11.5 MW/m2

3 K) than in m-CNTs (9 MW/m2
3 K).

The G values were obtained from transient absorp-
tion measurements on CNT suspensions, followed by
model fitting. Changing the surfactant to various types
(SC, SDS, SDBS) did not influence our results. Suppos-
ing that G is determined by the internal phonon

TABLE 2. Calculated Formation Energies for Mono-

vacancies in CNTs

CNT type

electronic type (n,m) diameter (nm)
monovacancy formation

energy (eV)

metallic armchair (10,10) 1.36 6.50
zigzag (18,0) 1.41 6.19

semiconducting (17,0) 1.33 6.17
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coupling between high- and low-frequency phonons
within the CNTs, we find that a higher defect density in
s-CNTs explains our results. The calculated defect-
formation energy in CNTs supports our argument.
Nevertheless, thus far, the issue of s-CNTs exhibit-

ing higher interfacial thermal conductance than
m-CNTs seems not yet sufficiently elucidated. The
tentative arguments provided in this report may
benefit from future studies, e.g., measurements from
surfactant-free dispersions of CNTs in solid matrices.
We also add that we are cautious in considering

our results showing the surfactant independence
as an experimental validation of the rate-determining
interpretation of the internal phonon coupling within
the CNTs. Although the surfactant independence has
been suggested in ref 4 based on this interpretation, and
our results conform to the prediction, our argument with
the vibrational DOS of the surfactants shows that the
rate-determining interpretation is not a necessary pre-
requisite; similar interaction strengths and a nonspecific
vibrational DOS may suffice to explain the surfactant
independence.

METHODS

Sample Preparation. Metallic and semiconducting SWCNTs of
>95% purity, produced by the arc discharge method, were
purchased fromNanoIntegris Inc. The SWCNTs were rinsed with
methanol to remove the residual surfactants, followed by
examination with transmission electron microscopy to check
the removal. Thenwe added 1mg of the purified SWCNTs into a
40 mL aqueous solution in which 40 or 200 mg of surfactants
was dissolved in advance. The surfactants were either SC, SDS,
or SDBS. To promote the debundling of the SWCNTs, the
solutions were agitated using a horn-type homogenizer run in
3 min on and 2 min off cycles. The remaining bundles were
removed by centrifugation at 10 000 rpm for 30 min.

Transient Absorption Measurements. A pump�probe method
was used to heat the CNTs and measure the transient changes
in absorption. A train of subpicosecond laser pulses was pro-
duced by a Ti:sapphire mode-locked laser at a repetition rate of
75.8 MHz and split into pump and probe beams. The pump and
probe beams were modulated by an electro-optic modulator at
a frequency of 9.77 MHz and by a mechanical chopper at a
frequency of 250 Hz, respectively. The delay time between
the two beams was adjusted by a mechanical delay stage. The
beams were transmitted through the solution sample, and
the transmitted probe beam was detected by a photodetector.
The in-phase signal was picked out by an RF lock-in amplifier,
which reflects the transient changes in the sample absorption.

Thermal Modeling. The temperature change of the CNTs was
analyzed by solving the heat equations for the CNT suspension
system subject to periodic heating. Solving the equations is
substantially simplified by solving them in the frequency do-
main. The frequency domain solution for the temperature in the
CNTs turns out as

1
ΔTCNT

¼ 1
P

iωCA þ 1
1
G
þ 1
Λmatqmat

K0(qmatri)
K1(qmatri)

2
6664

3
7775 (2)

where CA is the areal heat capacity of the CNT, G the interfacial
thermal conductance at the CNT interface, P the areal density of
power, Λmat the thermal conductivity of the surrounding
matrix, and ri the radial distance from the center of the CNT to
the CNT�matrix interface. qmat is defined as qmat

2 = iωCmat/
Λmat, where Cmat is the volumetric heat capacity of the sur-
rounding matrix. K is the modified Bessel function. The cooling
curve can be obtained by transforming this solution to the time
domain. (Details on the thermal modeling can be found in the
Supporting Information.)

First-Principles Calculations. For first-principles density-func-
tional theory calculations, we employed the projector-augmen-
ted wave potentials42 with a plane-wave basis set and the
Perdew�Burke�Ernzernhof exchange�correlation functional43

as implemented in the Vienna Ab-Initio Simulation Package44

code. For geometry optimization, we used a kinetic energy cutoff
of 400 eV and Gaussian smearing of 0.05 and 0.1 eV for
semiconducting and metallic CNTs, respectively. We also used

a van der Waals correction for the interaction between gra-
phene and surfactants. The formation energy of the defects was
calculated using a (1� 1� 2) k-point sampling for supercells of
(1 � 1 � 5) (17, 0), (1 � 1 � 5) (18, 0), and (1 � 1 � 9) (10, 10)
carbon nanotubes with a vacuum separation of 15 Å. The vibra-
tional spectra were calculated using (24 � 24 � 1) equilibrium
k-points for supercells of individual surfactants relaxed either on a
(2� 2� 1) or (6� 6� 1) graphene sheet. The vacuum separation
was 15 Å. All atomic forces were minimized to <0.025 eV/Å, and
any in-plane stresses were fully relaxed. Gaussian smearing of
2.5 meV was used for plotting the phonon density of states.
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