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ouble-walled carbon nanotubes
(DWNTs) are coaxial hollow cylinders
of graphene sheets with diameters in
the range of ~1 nm, lengths of ~1 um, and
intertube (wall-to-wall) distances of ~0.32—
042 nm." DWNTs have attracted significant
attention for applications utilizing their favor-
able properties, such as high thermal and
electronic conductivities, as well as funda-
mental interest, from physics and chemistry
viewpoints, in the thermal, electronic, and
optical properties as a consequence of their
unique structure. Since the geometrical struc-
ture of carbon atoms determines either semi-
conducting or metallic properties of a nano-
tube, DWNTSs have four configurations; both
inner- and outertubes are semiconducting or
metallic, either inner- or outertube is semicon-
ducting and the other is metallic. One of the
current issues in their optical properties is
photoluminescence from the inner semicon-
ducting tubes. Strong photoluminescence
comparable to that from single-walled carbon
nanotubes (SWNTs) has been observed in the
spectral range of the innertubes.2~'® However,
Okazaki et al. and other groups have reported
that the photoluminescence from the inner-
tubes is quenched,"'~"* implying exciton en-
ergy transfer to the outertubes. The reason for
these different results was explained by the
difference in the amount of luminescent im-
purities, that is, SWNTs, in the DWNT
sample.’'® Nevertheless, the occurrence of
innertube luminescence in DWNTs is still under
debate.
Exciton energy transfer between carbon
nanotubes is of major interest'>~2® because
the distance between donor and acceptor
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ABSTRACT We study exciton energy transfer in double-walled carbon nanotubes using
femtosecond time-resolved luminescence measurements. From direct correspondence between
decay of the innertube luminescence and the rise behavior in outertube luminescence, it is found
that the time constant of exciton energy transfer from the inner to the outer semiconducting tubes is
~150 fs. This ultrafast transfer indicates that the relative intensity of steady-state luminescence
from the innertubes is ~700 times weaker than that from single-walled carbon nanotubes.

KEYWORDS: double-walled carbon nanotubes - exciton energy transfer -
one-dimensional exciton - photoluminescence - femtosecond time-resolved
luminescence spectroscopy

tubes is equivalent to or shorter than the size of
quasi-one-dimensional excitons. In such a case,
the well-known Forster model based on
the point dipole approximation breaks down;
examples include light-harvesting com-
plexes?” ~3° and conjugated polymers'*? as
well as carbon nanotubes.??*~ 263334 The ex-
citon size in carbon nanotubes is estimated to
be ~1—2 nm,* 3 which is equivalent to the
intertube distances between SWNTs packed in
bundles. A theoretical calculation within a
distributed transition monopole approxima-
tion has shown that the transfer rate of ex-
citons between two 10 nm long semicon-
ducting SWNTs with a separation of 1.4 nm
(intertube distance ~0.6 nm) is 9.7 x 10'%s™",
which is about 3 orders of magnitude smaller
than the value of 4.0 x 10" s~ obtained by
the point dipole approximation calculation.”’

* Address correspondence to
koyama@nuap.nagoya-u.ac.jp.

Experimental studies have recently confirmed
this situation. The transfer rate between a
DNA-wrapped SWNT pair at an intertube
distance of ~0.9 nm measured by near-field
microscopy is (0.3—5.0) x 10" s '.'° Our
time-resolved luminescence measurements
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Figure 1. (a) Relationship between the innertube diameter, d;, and the outertube diameter, d,. The straight line is d, (nm) =
0.76 + 1.02d;. (b) Histogram of the diameter distributions of the inner- and outertubes.

showed a transfer rate of 2.7 x 10" s " at an intertube
distance of ~0.9 nm in polyfluorene-wrapped SWNT
bundles®® and a rate of (1.8—1.9) x 10'?s™" at an inter-
tube distance of ~0.34 nm in bare SWNT bundles.?®

In DWNTs, exciton energy transfer from the inner
semiconducting tube to the outer semiconducting or
metallic tube is expected to occur: If the outertube is
semiconducting, it has a narrower band gap than the
inner semiconducting tube due to its larger diameter.
On the other hand, if the outertube is metallic, there are
continuous states over the innertube gap. Exciton en-
ergy transfer in DWNTSs shows some unique features: (i)
The transfer takes place between coaxial cylinders on
the nanoscale, and (ii) the intertube distance is almost
constant through the length of the tube and is easy to
determine. Transient absorption measurements® have
indicated that excitons transfer from the inner- to the
outertubes in ~0.4 ps; such fast transfer implies strong
quenching of innertube luminescence. In contrast, time-
resolved luminescence measurements®>’ and a recent
transient absorption study*® have suggested that the
innertube exciton decays within several tens of picose-
conds, and such a long decay time implies considerable
innertube luminescence. Thus, the dynamics of exciton
energy transfer in DWNTs remain controversial.

One possible crucial problem in these time-resolved
measurements in DWNTs as well as the steady-state
measurements is the quality of the samples used in
these previous studies, wherein SWNTs are contained
as impurities in the DWNT samples, as pointed out in
refs 12,13, and 41. To obtain isolated DWNTs for optical
measurements, a micellization process is often carried
out that uses vigorous sonication. In ref 41, Miyata et al.
have shown that the abundance of SWNTs with respect
to DWNTs drastically increased from less than ~5 to
50% after sonication. This is because the innertubes are
extracted during the micellization process. Conse-
quently, it is very possible that these SWNT impurities
affect the optical response after the micellization pro-
cess. However, little attention has been paid to this
point in prior studies.
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In this paper, we investigate exciton dynamics in
DWNTs to elucidate the issue of innertube lumines-
cence by using time-resolved luminescence measure-
ments on (i) a DWNT film sample not subjected to a
micellization process, (ii) an unpurified DWNT solution
sample subjected to only a micellization process, and
(iii) a purified DWNT solution sample subjected to a
micellization process as well as further density gradient
ultracentrifugation (DGU). Exciton energy transfer from
the inner- to the outertubes was found to take place in
the femtosecond regime, indicating quenching of in-
nertube luminescence. This study demonstrates the
unique energy transfer of one-dimensional excitons
between coaxial cylinders on a nanometer scale.

The DWNTs investigated in this study were synthe-
sized by an alcohol catalytic chemical vapor deposition
process and purified by thermal oxidation. These
synthesized nanotubes were used to form film samples
(consisting of bundled DWNTs) and were also used as
starting materials for further processing for other
DWNT samples. The relative abundance of DWNTSs with
respect to SWNTSs and triple-walled carbon nanotubes
(TWNTs) in the film samples was measured by trans-
mission electron microscopy (TEM). The typical abun-
dance of the DWNTs was 87%, compared to 1% for
SWNTs and 12% for TWNTs, ensuring that lumines-
cence observed in the film samples is predominantly
from the DWNTs. From TEM observations, we also
determined the relationship between the innertube
diameter d; and the outertube diameter d,, as plotted
in Figure 1a. The data could be fitted to a straight line
d, (nm) = 0.76 + 1.02d;; d, thus shows a linear
dependence on d;. The mean intertube distance of
0.38 (=0.76/2) nmis in the range of previously reported
values of ~0.32—0.42 nm." Diameter distributions of
inner- and outertubes are displayed in Figure 1b. The
distributions of the innertube (~0.4—1.0 nm) and out-
ertube (~1.2—1.8 nm) diameters indicate no overlap
between the two.

A solution sample was prepared and subjected only
to a micellization process reported in ref 42. This was
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Figure 2. (a) Absorption spectrum of an unpurified solution
sample. (b) Kataura plot for the E;q, Eoy, My, E33, and Egq
transitions.

used as the unpurified solution sample. Another solu-
tion sample was prepared by a micellization process
and further DGU by using the method described in ref
41. Thus, in this case, the SWNTs extracted during the
micellization process were removed, and this solution
was used as a purified solution sample.

Figure 2a shows the absorption spectrum of the
unpurified solution sample. We examined spectral
overlap between the inner- and outertubes by con-
sidering the relationship between the tube diameter
and transition energy, the so-called Kataura plot, in
Figure 2b. The E;; and E,, energies were calculated
using the expressions given by eq 1a,b in ref 43 for
isolated SWNTs in sodium dodecyl sulfate micelles. The
M, (the first exciton transition in metallic nanotubes),
Es3, and E44 energies are plotted using the expressions
given by eq 1 in ref 44 for isolated SWNTs in air. Here, E;;
(M;) (i = 1,2,..) indicates exciton transition associated
with the ith valence and conduction bands in a semi-
conducting (metallic) nanotube. These five transition
energies may be shifted in our samples compared to
the data in the previous studies because the environ-
ment around the nanotubes is different; that is, the
surfactant in the present study is sodium cholate, not
sodium dodecyl sulfate;? the nanotubes are in a sol-
vent, not in air,*>*% and the innertubes are surrounded
by the outertubes.® However, the shifts are several tens
of millielectronvolts, comparable to the spectral reso-
lution of ~0.03 eV in our luminescence measurements.
The absorption structure observed below 0.8 eV is
attributed only to the E;; bands in the outertubes
(the dips in the 0.50—0.55 eV range are due to absorp-
tion by deuterium oxide). In the range of 0.9—1.5 eV,
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Figure 3. Luminescence kinetics at 0.6—1.2 eV in the film
sample. For clarity of viewing, the decay curves are normal-
ized at the maxima (normalization factors are indicated in
parentheses) and the baselines are shifted. The circles, red
dashed, and blue solid lines represent the results of the exp-
eriment, single exponential fitting, and exponential fitting
involving a rise component, respectively. The blue chain and
dotted lines represent the components with and without the
rise term.

TABLE 1. Values of the Parameters for Exponential Fitting
and Rate-Equation Analysis for the Film Sample?

decay kinetics (V) I 7 (fs) I I )y (fs)
12 60 160
11 00 170
0.7 16 16 150 380
0.6 17 16 150 670

“J and T are the initial intensity and the decay time constant at 1.1 and 1.2 eV
(innertubes). /; and /, are the initial intensities of the components with and without
the rise terms at 0.6 and 0.7 eV (outertubes), respectively. y} "and yf, " are the rise
and decay time constants at 0.6 and 0.7 eV (outertubes), respectively.

the E5, bands in the outertubes overlap with the inner
E;1 bands. Above 1.5 eV, the M, Es3, and E44 bands in
the outertubes and the E,,, E5,, and M;; bands in the
innertubes overlap with each other. In this study,
special attention was paid to the spectral separation
of the inner and outer E;; bands and the overlap
between the inner E;; and the outer E,, bands.
Luminescence kinetics in the 0.6—1.2 eVrangein the
film sample are shown in Figure 3. For clarity in
displaying the decay behavior, the ordinate represents
the normalized intensity and baselines are shifted. As
shown in the absorption spectrum in Figure 2a, lumi-
nescence at 0.6 and 0.7 eV is due to the outertubes,
and that at 0.8—1.2 eV is due to the innertubes.
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We performed curve-fitting analysis with a single ex-
ponential function | exp(—t/t) convoluted with the
instrument response function. The single exponential
function represents simple exciton decay with a time
constant 7. The fitted results are plotted as red dashed
lines in Figure 3, and the fitted parameters for the
decay kinetics at 1.1 and 1.2 eV are listed in Table 1.
Since the obtained time constants (160 and 170 fs) are
larger than the decay time of E,, excitons (40—60
fs),%7® the luminescence observed at these energies
is not due to the E,, excitons in the outertubes and is
assigned to the E;; luminescence from the innertubes.
At 0.8—1.2 eV (innertube luminescence), the fitted
curves reproduce the experimental data well. In con-
trast, the experimental results at 0.6 and 0.7 eV
(outertube luminescence) cannot be fitted to the
above function around the time origin. This disagree-
ment indicates that the experimental curves have arise
term. Since our similar luminescence experiments on
bundled SWNTs showed no apparent rise behavior at
0.6 and 0.7 eV,?® the rise term observed here arises
from neither intratube exciton relaxation nor a bund-
ling effect. Therefore, the observed behavior suggests
exciton energy transfer from the inner- to the
outertubes.

In the Forster—Dexter formalism*®*° describing ex-
citation energy transfer due to electron exchange and
interactions between transition moments, the exciton
transfer rate depends on the spectral overlap and the
donor—acceptor distance. Since the intertube distances
in the DWNTs are in the range of ~032—042 nm,’
the inner E;; bands overlap with the E,, bands in the
corresponding outertubes, as shown in Figure 2b.
Thus, an exciton of the E;; band in an innertube
transfers effectively to the E,, band in the correspond-
ing outertube, which is nearest to the innertube.
We consider an example where the E;; energies of
the innertubes are 1.1—1.2 eV. The Kataura plot in
Figure 2b indicates that the diameters of these inner-
tubes are in the range of 0.8—0.9 nm (indicated by the
dotted circle). Taking the mean intertube difference in
the DWNTs in this study to be ~0.38 nm (i.e., diameter
difference of ~0.76 nm), we find that the diameters of
the corresponding outertubes are 1.6—1.7 nm (see the
upward arrow). These outertubes have E;; energies of
1.0—1.2 eV (dashed circle), which spectrally overlaps
with the inner E;; energy. The outertubes with the £,
energies of 1.0—1.2 eV have E; energies of 0.6—0.7 eV
(chain circle). Consequently, the signature of the ex-
citon energy transfer observed in the 0.6—0.7 eV lumi-
nescence should correspond to the decay behavior in
the 1.1—1.2 eV luminescence.

To analyze the dynamical behavior of photolumines-
cence from the inner- and outertubes, we consider
exciton relaxation processes in bundled DWNTs, sche-
matically shown in Figure 4. The pulse excitation at 1.55
eV creates excitons in both the inner E;; band and the
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Figure 4. Diagram of exciton relaxation processes in
bundled DWNTs.

outer E5, band with generation functions g; and g,,
respectively. Excitons in the inner E;; band decay due
to internal processes, ie., radiative and nonradia-
tive decay with rates of y{ and y{", and a competitive
external process, i.e., energy transfer to the outer £,
band with the rate y}. Since excitons in the outer E,,
band quickly relax to the outer E;; band within several
tens of femtoseconds,*’*® this relaxation term can be
neglected compared to the time resolution of our
experiments. Like the excitons in the inner E;; band,
those in the outer E;; band decay by radiative and
nonradiative processes with rates y;, and yq', respec-
tively. Owing to the bundled structure, they also
experience energy transfer to adjacent narrower gap
DWNTSs with the rate y%. The rate equations for exciton
densities n; and ng are written in the form

dni(t r nr

Z:) =g — (i + v +yDm® !
dno(t) t r nr t ( )
g = ot vimlt) = (o + 5 +¥Ino(t)

For the dynamics after the pulse excitation, the solu-
tion of eq 1 is given by

ni(t) = Niexpl— (v + " +yDt]
no(t) = Noexpl— (y5 + yo + vl
Ni
TG A D
x{expl— (yg + 7o +vo)t]
—expl— (yf + 91" +yDtl}

(2)

where N; and N, are the initial exciton densities for the
inner- and outertubes created by the laser pulse. In the
expression for ny(t), the first term represents a decay of
excitons initially created in the outertube by the pulse
excitation, and the second term gives kinetics of ex-
citons transferred from the innertube. Since the lumi-
nescence intensity is proportional to the exciton density,
the luminescence kinetics are expressed by eq 2.
Time-resolved luminescence measurements of iso-
lated SWNTs*>°'°2 showed that the time constant of
exciton decay (ie., the inverse of the sum of the
radiative yswnt and nonradiative ydywnr decay rates, is
on the order of 10—100 ps. The radiative decay rate ata
specific transition energy is a function of the oscillator
strength, electron mass, and refractive index. The
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Figure 5. (a) Luminescence kinetics at 1.1 eV in an unpur-
ified solution sample. The colored lines are the results of the
fitting calculations. Blue, green, and orange lines represent
the fast, medium, and slow components, respectively. The
red line represents the sum of the three components. (b)
Luminescence kinetics in a short time scale at 1.1 eV in
unpurified (top) and purified (bottom) solution samples. For
clarity of viewing, the decay curves are normalized and the
baselines are shifted. The symbols and colored lines repre-
sent the results of experiment and exponential fitting.

nonradiative decay rate is dependent on the positions
of the energy levels of dark states relative to the bright
state, the densities of defects and impurities on the
tube surface, and the probability of multiphonon
emission processes. Since the values of these para-
meters likely have the same order of magnitude as
those for the isolated SWNTs, we substitute ySwnt +
Y8t = (10—100 ps) " into (] + /") (=1, 0) in eq 2.
Using the expression for n,(t), the decay curves at 0.6
and 0.7 eV are fitted and the results are plotted, shown
by the solid blue lines in Figure 3; the first and second
terms in n,(t) are plotted by blue dotted and chain lines
in the figure, respectively. The fitted parameters are
listed in Table 1. The rise time y! (=150 fs) of the
outertube luminescence corresponds well to the decay
time 7 (=160—170 fs) of the innertube luminescence.
This correspondence indicates that the exciton energy
transfer from the innertube to the outertube occurs
with this time constant. Since we used the DWNT
ensemble sample with different chiralities, the ob-
tained time constant of exciton energy transfer is a
weighted average for the ensemble. The transfer rate

KOYAMA ET AL.

TABLE 2. Values of Parameters of Fitting Calculations for
1.1 eV Luminescence in the Unpurified Solution Sample“

h L [ 73 (ps)

54.10

71 (ps) 72 (ps)

0.44 0.41 0.15 0.39 7.80

I, b, and 5 (=1 — I, — I,) are the initial intensities; 7;, T,, and 75 are the time
constants.

of ~6.6 x 10'% 57" [~(150 x 10~ "°s)" " is larger than
the rate of (1.8—1.9) x 10" s~' between adjacent
SWNTs with an intertube distance of ~0.34 nm (center-
to-center distance of ~1.34 nm) in bundles.?® The
larger transfer rate in the DWNTs is reasonable because
the donor is cylindrically surrounded by the acceptor.

We next investigate luminescence kinetics of the
unpurified and purified solution samples to compare
the decay behaviors of the various samples prepared
by different processes. Figure 5a shows the decay
curve at 1.1 eV in the unpurified solution sample. This
decay behavior is much slower than that of the film
sample shown in Figure 3. The decay curve is fitted to a
triple exponential function /1exp(—t/t;) + Lexp(—t/z,)
+ lsexp(—t/t3) convoluted with the instrument re-
sponse function. The fitted results, total and respective
components, are plotted using different colored lines
in Figure 53, and the values of the fitted parameters are
listed in Table 2. The decay time constants are 7, =0.39
ps, 7, = 7.80 ps, and 73 = 54.10 ps. These values are
consistent with the decay times widely observed in
semiconducting SWNTs dispersed in aqueous
surfactants.>®"** The luminescence kinetics in a short
time scale are replotted at the top in Figure 5b, and the
bottom shows the kinetics at 1.1 eV in the purified
solution sample wherein the SWNTs are removed by
DGU. The decay curve for the purified solution sample is
fitted to a single exponential function with a time
constant of 170 fs, which is in good agreement with
the results of the film sample. In contrast, the long-lived
luminescence observed in the unpurified solution sam-
ple indicates that this sample contains SWNTs with
smaller diameters corresponding to the E;; energies of
the innertubes in DWNTSs. These results indicate that the
unpurified solution sample contains SWNTSs that are the
innertubes of the DWNTSs extracted during the micelli-
zation process, as pointed out in ref 41, in addition to the
residual SWNTSs in the starting materials of the DWNTs.

Finally, we estimate the quantum efficiency #; of the
innertube luminescence relative to the efficiency #swnr
of the isolated SWNT luminescence. Since the quantum
efficiency of luminescence is generally defined as y"/
(y" + ¢™) with the radiative decay rate y" and the total
nonradiative decay rate y™, the ratio 17/nswnr is given by
(VIvswam) X (Yswar -+ Yawnn/ (7 + 7+ ¥1). As explained
above, y{ and y{" should have values similar to those
of yswnr and yswwr, respectively. Hence, ni/mswnr is
transformed into ~[1 + Y/(yswnt + Yol . Using
the typical value of ySynr + ¥Swnt ~ (100 ps)” ' and
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yE~ (150 fs) ", /mswnr is calculated to be ~1/700. This
low efficiency indicates strong quenching of innertube
luminescence due to the ultrafast exciton energy transfer.
Therefore, we can understand that the discrepancy
between the results in the present work and those in
the literature which reported the apparent innertube
luminescence in aqueous suspended DWNTs, arises from
the residual SWNTs present in the starting materials'>"3
and the extracted SWNTs from DWNTs.*'

In summary, we carried out femtosecond time-re-
solved luminescence measurements on double-walled
carbon nanotubes and demonstrated ultrafast exciton

EXPERIMENTAL METHODS

The DWNTs were synthesized by an alcohol catalytic chemi-
cal vapor deposition process. Thermal oxidation (700 °C, 30 min)
was carried out to purify DWNTs against SWNTSs. These synthe-
sized nanotubes were used to form film samples (consisting of
bundled DWNTs) and were also used as starting materials for
further processing for other DWNT samples. A solution sample
was prepared and subjected only to a micellization process. The
DWNTs (1.5 mg) were dispersed in deuterium oxide (5.5 g) with
1.5 wt % surfactant (sodium cholate) by sonication at 10 W for
2 h. The dispersion was then immediately centrifuged at 120 000g
for 1.5 h, and the upper 80% supernatant was collected. This
supernatant was used as the unpurified solution sample. Another
solution sample was prepared by a micellization process and
further DGU by using the method described in ref 41. This solution
was used as a purified solution sample.

High-resolution transmission electron microscope (HRTEM) ob-
servations were carried out on a JEM-2100F (JEOL) high-resolution
field-emission gun TEM operated at 80 kV at room temperature
and under a pressure of 10~° Pa. HRTEM images were recorded
with a charge-coupled device with an exposure time of typically 1 s.

Time-resolved luminescence measurements were performed by
employing the frequency up-conversion technique.>?® The light
source was a mode-locked Ti:sapphire laser with a repetition rate of
82 MHz, wavelength of 800 nm (photon energy 1.55 €V), and a
pulse width of 80 fs. The excitation photon energy of 1.55 eV is
situated in the high energy tails of the E;; bands of the innertubes
as well as the £, bands of the outertubes. The excitation intensity is
~1 uJ/cm2 per pulse, which is below the threshold (~30—50 gJ/
cm? per pulse) of nonlinear processes of exciton decay.**> The
instrument response function of the measurement system was
determined by measuring the cross-correlation trace between the
gate pulse and excitation pulse scattered from the sample surface,
which had a Gaussian shape with a full width at half-maximum of
120 fs. The spectral resolution was about 0.03 eV.
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Note Added after ASAP Publication: After this paper was

published ASAP June 17,2011, corrections were made to eq 2.
The revised version was published June 21, 2011.
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