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From a comparison of the Raman results for bundled as well as individual fullerene-peapod-derived double- and triple-walled carbon nanotubes, we
observe that metallic innermost tubes, when compared to their semiconducting counterparts, clearly show weaker intertube interactions. Additionally, we
discuss a correlation between the wall-to-wall distances and the frequency upshifts of the radial breathing modes observed for the innermost tubes in
individual double- and triple-walled carbon nanotubes. All results allow us to contemplate fundamental properties related to DWNTs and TWNTS, as for
example diameter- and chirality-dependent intertube interactions. We also discuss differences in fullerene-peapod-derived and chemical vapor deposition
grown double- and triple-walled systems with the focus on mechanical coupling and interference effects.
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arious fabrication methods are used

to produce double-walled carbon

nanotubes (DWNTs). Among these
methods, the catalytic chemical vapor de-
position (CVD) process,’ the arc-discharge
process,” and the peapod-derived process®
are best known and have been most widely
discussed in the literature. Starting in 1998,
the peapod growth method has by now
become well-established.* According to
this method, Cgo carbon sources (fullerene
peapods) are, for example, filled into a host
single-walled carbon nanotube (SWNT) ar-
ray with an average diameter of about
1.4 nm.* After high-temperature heat treat-
ment of these aligned peapods, they form
an additional coaxial innermost tube via a
thermal energy mechanism and a DWNT is
produced.’ Some factors affect the peapod
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growth of the innermost tube, as for exam-
ple the diameter distribution of the host
tubes, the annealing time, the annealing
temperature, and the carbon growth source
(fullerenes,® ferrocenes,” anthracenes,® or
graphene nanoribbons®). Recently, it has
been shown that this peapod growth method
for DWNTs also can be extended to produce
high-quality triple-walled carbon nanotubes
(TWNTSs).'® However, in this case, the host for
the carbon source is a diameter-enlarged
CVD-grown DWNT instead of a SWNT.
Resonant Raman spectroscopy (RRS) pro-
vides a powerful tool to characterize and
understand carbon nanotubes and reveals
an abundance of information about both
the growth method and the quality of nano-
tube that is produced."’ The most impor-
tant and unique Raman signature of carbon
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nanotubes is the coherent breathing of the carbon
atoms normal to the tube circumference: the so-called
radial breathing mode (RBM). The RBM frequency
(wgram) allows us to access a multitude of information
about the nanotube properties because wggy is inver-
sely proportional to the carbon nanotube diameter (dy),
which is known to be a function of the nanotube (n,m)
indices."" As a matter of fact, the knowledge of the
nanotube (n,m) index provides us with an assessment
of all the nanotube's properties.'? The first-order Ra-
man scattering feature, the RBM, also gives us informa-
tion about carbon nanotube metallicity, whether the
nanotube is semiconducting (S) or metallic (M). From
this, it follows that a DWNT, a system of two concentric
nanotubes, can have four different flavors: S@S, M@M,
S@M, and M@S (innermost@host tubes). Moreover, the
nanotube surroundings can either weakly or strongly
interact with the radial vibration of the carbon atoms,
and the effects of these interactions are usually mani-
fested as a shift of the wggy as well as a change in the full
width at half-maximum (fwhm) intensity of the RBM
Raman feature. Some environmental interactions, for
example, can be introduced by liquids,'® external pres-
sure/strain,'* temperature,'® other carbon nanotubes,'”
substrates on which the nanotubes are sitting,'® freely
suspended nanotubes,'” or the situation where another
concentric nanotube exists either inside or outside within
the multiwalled carbon nanotube (MWNT) system.'®
Recently, on the basis of experimental results ob-
tained for the so-called supergrowth SWNTs,'® Araujo
et al. proposed a relation between wggy and d, given by

227
WRBM = Tt\/“ +Ce-d?) (M

in which dy=0.1421(33(n* + nm + m?)"?)/m and C, is the
only adjustable parameter to be determined by a fitting
procedure®® As a matter of fact, C, is related to the
strength of the environmental interactions. The term
Ce-d? will be responsible for the changes in wggm pro-
vided by any environmental interactions between a
nanotube with its surroundings. If changes due to the
nanotube surroundings are not present, the constant C,
is expected to be zero and the resulting equation

227

e ()

wo =
should be applied for a nanotube. The constant
227 cm™ ' nm, which is completely determined by the
intrinsic (Young modulus, Poisson ratio, and mass
density) properties of the nanotubes, is in accordance
with theoretical predictions using the sound velocity of
graphite as a parameter in the calculations.?’

The scientific community is especially interested in
the nature of the wggm Versus d relation for the inner-
most tubes in MWNT systems since, by means of
departures from the pristine-like relation given by
eq 2, itis possible to make important statements about
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growth methods, shielding effects, strain effects, inter-
tube interaction properties, and their relation with the
wall-to-wall (WtW) distances of MWNT systems. In the
present work, we address some answers to the effect of
these factors by first studying bundled DWNTs and
TWNTs which are prepared using various annealing
temperatures of the innermost fullerene-peapod-
derived tubes, and finally, we discuss individual species
to complete the big MWNT picture in more depth. Note
that the knowledge of how the properties of the
constituent tubes in a MWNT system are changed
due to a controlled growth process and therefore
changing their environment is fundamental for further
technological applications of these nanoscaled materi-
als. In addition, the innermost peapod-derived tubes
are good candidates to study tubes with diameters
smaller than 1 nm (which implies the presence of
curvature-dependent effects in nanotube properties)
in an environment expected to be free of any external
interactions and an environment that is to first-order
only influenced by the concentric first-outer-neighbor
(host) tube.

Our recent Raman study of bundled TWNTs, includ-
ing published wggy Vvalues from bundled DWNTs,
showed that especially the fullerene-peapod-derived
innermost tubes have metallicity-dependent C, con-
stants, where the constant related to semiconducting
tubes is larger than that related to metallic tubes.??
Moreover, it has been shown that the variation of the
WtW distance (ARwuw) in DWNTs is the reason for the
appearance of clusters of peaks in the wggy spectrum
for many DWNTs with semiconducting innermost
tubes.'® These clusters of peaks that are observed
represent characteristic intertube interactions due to
ARwew Variations.'®*72% Qur present study aims to
differentiate between the resonant RBM characteristics
of semiconducting and metallic innermost tubes at a
fundamental level. Also, we analyze the relation be-
tween the ARy and the resulting wgpym upshifts of the
innermost tubes in individual fullerene-peapod-
derived DWNTs and TWNTs as well as individual CVD
DWNTs, which is helpful to better understand the
observed RBM trends observed in the Raman spectra
for bundled DWNTs and TWNTs.

RESULTS AND DISCUSSION

First, we present detailed RRS results for bundled
DWNTs and TWNTs, where in both cases the innermost
tubes are prepared by encapsulating fullerene pea-
pods through a high-temperature treatment in an
argon atmosphere.>'® We gained information about
this high-temperature treatment process by studying
the effect of the heat treatment between 1500 and
2000 °C at a constant annealing time of 30 min. This
helps us to find the optimal growth conditions and to
study and evaluate the growth method of the inner-
most tubes. In Figure 1, high-resolution transmission
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Figure 1. Schematic cross sectional views include the fabrication details for the fullerene-peapod-derived DWNTs and TWNTSs.
The innermost tubes were produced through a thermal treatment of fullerenes inside of arc-discharge-grown SWNTs and of
diameter-enlarged CVD-grown DWNTs.>'° The upper (lower) high-resolution TEM images show fullerene-peapod-derived

DWNTs (TWNTs).

electron microscopy (TEM) images of DWNTs and
TWNTs used in this work can be seen together with
the nanotube fabrication details. In order to better
distinguish among the RBM features, all the Raman
spectra of the bundled nanotube samples were nor-
malized to the strongest RBM peak in the low-
frequency range.

The (n,m) assignments to the observed nanotubes
are made based on Kataura's plot, which was adapted
from our RBM study on bundled TWNTSs,*? as depicted
in Figure 2a. As a reminder, the Kataura plot is a
theoretical plot which relates the nanotubes transition
energies (Er) as a function of either the nanotubes'
diameters or the nanotubes' RBM frequencies. As a
reference, the Ejuser Of 241 €V is represented by the
solid gray line. Only the carbon nanotube species
whose transition energies are in resonance with (or
close to) Ej,ser are expected to have their RBMs appear-
ing in the Raman spectrum. It is worth mentioning that
our choice for the 2.41 eV laser energy reflects the
following facts: this laser line (1) is an ideal laser line to
observe RBM features for both metallic and semicon-
ducting innermost tubes in a single spectrum and (2) is
a laser line commonly found in laboratories worldwide.
With the help of extensive literature on (n,m) assign-
ments to carbon nanotubes,?>%” ~2° we use our experi-
mental Raman spectra to obtain pairs of (Ejaser, Wram)
which are compared to the pairs (Er, wisa) provided by
the theoretical Kataura plot. We then find the (n,m)
indices correlated to each (Ejaser, wram) pair. Figure 2a
shows the possible resonant (n,m) tubes (organized by
families, where 2n + m = constant) from the metallic
families M14, M18, M21, and M24 (represented by the
blue symbols) as well as for the semiconducting
families S15, S17, and S20 (red symbols). The green
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vertical lines correspond to the wy values of the
resonant (n,m) tubes according to eq 2. Later, in the
present work, we will see that the RBM intensities
around 380 cm™' come from a semiconducting tube
(details are shown in Figure 5), so that the only possible
species for this frequency region is the (5,4) tube. Also
verified by an individual TWNT are the RBM intensities
around 324 cm™’, which belong to the metallic (9,0)
tube.

Two examples of RBBM Raman spectra are shown for
the semiconducting innermost fullerene-peapod-
derived (5/4) tubes for bundled DWNTs in Figure 2b and
for bundled TWNTs in Figure 2c. Using several other
Eiaser €Xcitation energies, we recognized that, for our
batch of fabricated DWNT and TWNT samples, the (5,4)
tube represents our smallest diameter peapod-grown
innermost tube with d; = 0.61 nm. The RBM spectra of
the innermost (5,4) tubes from both the bundled
DWNTs and the bundled TWNTs exhibit more peaks
for the same innermost tube based on what is known
for a SWNT because of a ARy Variation between the
innermost tube and host tube. All peaks shown in
Figure 2b,c have a fwhm for the Raman intensity of
3 cm ', while the strongest peak intensity is located at
383.8 cm . It is worth commenting that in this work
none of the fitting parameters, such as intensity, fwhm
intensity, and frequency, was shared during the fitting
procedure. These narrow linewidths indicate that the
phonon lifetimes are long and the DWNTs and TWNTs
are of high nanotube quality. The green solid vertical
line at 371.0 cm™ " in Figure 2b,c marks the theoretical
wq value for the (5,4) tube for which no significant
environmental influences are taking place. The larger
the upshift of the peak frequency in relation to the
green line, the smaller the ARy to the host tube,

A \ 72n
VOL.8 = NO.2 = 1330-1341 = 2014 A@M\R)

WWww.acsnano.org

1101 L

1332



(a) Tube Diameter (nm)

0.9 0.8 0.7 . 0.6

< 2.60M4 T T(7,4) M18 i lsw M14 ! s15

< (8,1)

5250 |7

2 8,5 8,2 54

§ 2408 62 &4 2.41
M21

c \ @3)

:_% 23|l 9,0) V(7,3 7,1)

2 \J(1o1) o,

= 224 (190

Il n n 1 n n 1 n 1 n n 1
240 270 300 330 360 390
RBM Frequency (cm™)

(b) Bundled DWNTs

371.0 increasing intertube interactions

© o] |@  ©

(c) Bundled TWNTSs

371.0 increasing intertube interactions

S

© ! host ! host

~| [innermost typhe (&) innermost type (&)
> tube h S tube S
z I, g
g ‘} ‘ - 39
= 383.8 (3. ’ “

Re] .8 (3) .

g |

= -

© -

E|lsr740) | 389.2 (3)

2 393.2 (3)

T - T — —
370 380 390 | 400 370 380 390 |
Raman Shift (cm™) Raman Shift (cm™)

1

400

Figure 2. (a) Kataura plot shows the calculated transition
energies vs the RBM frequency and tube diameter for the
expected resonant innermost (n,m) tubes. The green ver-
tical lines depict the calculated w, values for the presented
(n,m) tubes according to eq 2. Two Raman spectra of the
innermost fullerene-peapod-derived (5,4) tubes of bundled
(b) DWNTs and (c) TWNTs were taken at Ej 5., = 2.41 eV. The
annealing temperatures of the bundled DWNTs (TWNTs)
were 1500 °C (2000 °C). These spectra are distinguished by a
cluster of peaks for the RBM of one distinct innermost (5,4) tube
as a result of the different WtW distances to the host tubes.

which increases the intertube interaction (the green
arrows serve as a guide for the eyes). The observed
RBM intensities for a semiconducting (5,4) tube in
Figure 2b,c make it clear that all RBM values are
upshifted in comparison to the expected RBM intensity
regarding eq 2. Arvanitidis et al. applied various high
hydrostatic pressures to DWNTs and studied their Raman
spectra with the result that the wggy from the innermost
tubes upshifts because of a reduction of the ARy
between the two concentric tubes by increasing the
pressure.3°~32 Moreover, Pfeiffer et al. showed that, for
an annealing temperature of 1250 °C, the innermost
fullerene-peapod-derived (6,4) tubes grow faster in host
tubes with larger diameters.3®> The Raman intensity pro-
files of both (5,4) clusters in Figure 2b,c are quite similar,
but we will show that they have different dependencies
on the annealing temperatures. The following Raman
studies allow us to make further general statements
about intertube interactions in DWNT and TWNT systems.

We plot in Figure 3 the observed resonant RBMs of
the innermost tubes in bundled DWNTs annealed at
different temperatures from 1500 to 1800 °C. At this
point, it is important to remember that the starting
host SWNT produced by the arc-discharge method was
the same for all fullerene-peapod-derived DWNTs
reported in the present study. Following the changes
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of the RBM intensities based on various annealing
temperatures and with the help of the Kataura plot
shown in Figure 2a, we are able to assign the resonant
RBMs and accurately fit the particular (n,m) tubes with
Lorentzian curves. Thereby, we notice various spectral
differences in Figure 3 between semiconducting tubes
(highlighted as red Lorentzian peaks and red symbols)
and metallic tubes (blue Lorentzian peaks and blue
symbols).

In detail, the semiconducting innermost tubes in
Figure 3 show clusters of narrow peaks with fwhm
intensity values between 2.2 and 3.4 cm ™. We observe
that these clusters can have their peak positions
upshifted by up to 22.2 cm™' from the w, value
obtained from eq 2. The narrow peaks are separated
between 3.5 and 6.4 cm™". By changing the annealing
temperature in steps of 100 °C between 1500 and 1800 °C,
we observed three similar behaviors of the semiconduct-
ing (7,3) and (5,4) clusters:

o First, the peaks of the clusters show stronger or
weaker intensities depending on their annealing
temperatures, but the frequencies of these peaks
are not influenced by the annealing temperature.

e Second, the intensity distribution of these two
clusters moves toward lower wgrgy values by
increasing the annealing temperature. This con-
sequently indicates larger WtW distances be-
tween the host and innermost tubes as well as
weaker intertube interactions. For example, the
cluster of peaks for the (5,4) tube shows a fre-
quency difference of 19.4 cm ™' between the peak
at 393.2 cm™ ' at 1500 °C (see also Figure 2b) and
the peak developed at 373.8 cm ™' obtained by
changing the annealing temperature of the pea-
pods to 1800 °C. Pfeiffer et al. reported that the
cluster of peaks for the semiconducting (6,4) tube
consists of up to 10 clearly distinct peaks over a
range of 289 cm™' (these peaks are separated
between 0.8 and 7.6 cm™').2*3*

e Third, all clusters are clearly upshifted in relation
to the proposed wq values.

In contrast, the metallic innermost tubes in Figure 3
are observed not to split into clusters, and the peaks
show fwhm intensities between 6.0 and 104 cm™',
which are much larger fwhm values in comparison to
the peaks from the semiconducting tubes. Additional
spectra taken at 2.41 eV of the metallic family M21
but with higher resolution and at lower temperature
show the same characteristics.>> By changing the
annealing temperature, we observe meaningful varia-
tions in peak intensities, widths, and positions of the
metallic tubes. First, at an annealing temperature of
1500 °C, the RBM intensities from the family M21 are
poorly developed, and in contrast, the (8,2) and (9,0)
tubes from the family M18 show strong RBM intensi-
ties. This intensity distribution changes by increasing
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Innermost tubes of bundled DWNTs
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Figure 3. Annealing temperature-dependent spectra taken
at Ejser = 2.41 eV for the metallic and semiconducting
innermost tubes from bundled DWNTs which are annealed
between 1500 and 1800 °C. Semiconducting tubes are
characterized by clusters of narrow peaks (fitted with red
Lorentzian peaks), which are always upshifted in relation to
the w, values defined by eq 2. The peak intensity distribu-
tion of these clusters shifts toward lower frequencies with
increasing annealing temperatures. In contrast, the metallic
tubes are distinguished by broader peaks (fitted with blue
Lorentzian peaks), and the peak positions of the metallic
tubes are located close to the wg values. The spectra show
that a high annealing temperature produces larger inner-
most tube diameters with weaker intertube interactions in
comparison to low annealing temperatures. Additionally,
we included the experimental wggy values (blue triangle
symbols) from three metallic as-grown supergrowth
SWNTs>® of the family M21.

the annealing temperature, which points out that
higher annealing temperatures produce innermost
tubes with larger diameters. Second, the RBM peak
widths from metallic tubes with diameters smaller
0.85 nm are observed to narrow by increasing the
annealing temperature. This is an indication of a
reduction of the intertube interactions at higher tem-
peratures, a characteristic also observed for the inner-
most semiconducting tubes. Third, we also note that
by increasing the annealing temperature, the peak
center positions of the metallic tubes undergo a
marginal shift, which is different relative to the non-
varying frequency of the peak positions from the
semiconducting peaks within the clusters. For exam-
ple, we can see that the center peak position of the
metallic (9,0) tube changes from 320.9 to 324.4 cm ™,
and the fwhm decreases from 9 to 7 cm ™" by increas-
ing the annealing temperature from 1500 to 1800 °C.

Fourth, in the previous paragraph we observed that the
clusters of semiconducting tubes are clearly upshifted
(up to 222 cm™") in relation to the respective wq
values. Now, in the case of the metallic tubes, we
realize that the blue Lorentzian peaks are not only
broader but also positioned close to the wq values. At
this point, it is worth mentioning that the relation
o = 227/d; is used for guidance in comparing the
experimental wggy between semiconducting and me-
tallic innermost tubes as well as in comparing our
observed RBM frequencies with results from other
publications. In addition, the wq relation helps to get
a better understanding about the fundamental tube
properties and the synthesis method used. We also
included in Figure 3 the experimental wggy values from
the (7,7), (8,5), and (9,3) metallic as-grown supergrowth
SWNTs3® using blue triangle symbols, and we also
added the frequency difference between the experi-
mental wggym Value and the wq values. Interestingly, the
as-grown supergrowth SWNTs and the innermost
tubes from the fullerene-peapod-derived DWNTs show
in fact a similar behavior of an upshift as well as a
downshift from the wg values. These variations indicate
the presence of chirality-dependent interactions along
with the metallicity dependence. Moreover, the ob-
served RBM intensity peaks which are downshifted
from the w, values can be assumed to correspond to
more isolated nanotubes compared to those nano-
tubes with RBM peak intensities occurring at frequen-
cies above the w, values, but such nanotubes are not
completely free from interaction influences, either.

All together, the spectral information obtained from
the peak positions, peak widths, and peak intensities
allows us to infer that metallic innermost tubes likely
exhibit three fundamental behaviors:

e First, the RBM intensities of metallic innermost
tubes are not characterized by clusters of narrow,
peaks but instead we observe broad individual
peaks.

e Second, the center peak positions from these
peaks undergo a marginal frequency shift, and
the peak widths slightly change by changing the
annealing temperature. This could be explained
by an overlap of closely located wggm values,
within the broader linewidth for metallic tubes.

e Third, metallic innermost tubes tend to be more
isolated from their adjacent concentric nano-
tubes, in comparison to semiconducting tubes,
as suggested by their wggy values being nearby
their wq values.

We next discuss the corresponding annealing temp-
erature dependence of the innermost tubes of the
bundled TWNTs, shown in Figure 4. Here we assigned
the RBMs to the metallic (9,0) tube with a broad fwhm
intensity and the semiconducting (5,4) tube with a
well-structured cluster of narrow peaks, which were
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Innermost tubes of bundled TWNTs
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Figure 4. Spectra taken with 2.41 eV for bundled TWNTs
fabricated by annealing fullerenes between 1600 and 2000 °C
are shown. Under these annealing temperatures, just a few
spectral changes are noticed. The two dashed vertical lines
(one blue (metallic) and one red (semiconducting)) for the
spectrum at 2000 °C represent the wggy Vvalues of the
innermost tubes from two individual TWNTs. The spectral
information about these two individual TWNTs can be seen
in Figure 5.

clearly distinguishable from the other species in the
bundles. In addition, at around 336 cm ™', we notice a
very weak RBM intensity for the semiconducting (7,3)
tube. In comparison to the spectra for the bundled
DWNTs, we see that the resonant intensity profile is
weaker for the RBMs of the innermost tubes in the case
of the TWNTs. We clearly observe that, by using
annealing temperatures between 1600 and 2000 °C,
the Raman signals from the innermost tubes for the
TWNTs in Figure 4 are not changing as much in
intensity and in peak position, in comparison to the
corresponding data for the DWNTs in Figure 3 for the
innermost tubes. Interestingly, the innermost zigzag
(9,0) tube of bundled DWNTs in Figure 3 and of
bundled TWNTs in Figure 4 shows an opposite peak
position evolution: a small frequency upshift is observed
for this metallic tube by increasing the annealing tem-
peratures. Because we expect a decrease of the intertube
interactions by going to higher annealing temperature,
this upshifting behavior could be as a consequence of
either a chirality-dependent intertube interaction or an
additional geometrical effect occurring in zigzag tubes.
We also observe that our peapod growth method for
TWNTs is not as thermally sensitive as for DWNTSs because
the RBM intensities for the innermost tubes of TWNTs are
less affected overall than for DWNTs by using annealing
temperatures between 1600 and 2000 °C.

All of the RBM properties of semiconducting and
metallic innermost tubes of the bundled DWNTs and
TWNTSs that are presented above indicate diameter-,
metallicity-, and chirality-dependent intertube interac-
tions in fullerene-peapod-derived DWNT and TWNT
systems. In the following, we present the results of
individual species to study the intertube interaction
effects in more detail.

The individual TWNTs were identified and character-
ized with various laser lines utilizing a substrate with
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fiducial marks, containing patterns that were made by
means of e-beam lithography with a subsequent eva-
poration of a gold grid on top of the Si substrate.?**’
These fiducial marks help to locate individual tubes in
the sample and allow us to measure the same indivi-
dual nanotube repeatedly.

The low-frequency range in Figure 5 shows the RBMs
for the inner and host tubes from five individual
TWNTs. Atomic force microscopy (AFM) measurements
confirmed that these five individual TWNTs are well-
separated from other species on the Si substrate as well
as showing that the AFM heights of these TWNT
species reflect that their outer tube diameters are
around 1.95 + 0.10 nm.?2 The wggm values of outer
tubes with such diameters are expected to be around
130 cm ™, which is outside of our detectable spectral
range. The upper two spectra belong to two individual
TWNTSs with semiconducting innermost (6,5) tubes and
metallic host tubes. These two inner tubes can be
quantitatively compared with published RRS results
for 11 individual DWNTSs produced at 1700 °C with the
same (6,5)@M flavor (innermost@host tube).? The S@S
flavor for the two inner tubes is represented by the
individual TWNT C and TWNT D with the innermost
(6,4) and (5,4) tubes. The wggy value at 3929 cm™'
from the TWNT D, which is 21.9 cm ™' upshifted relative
to its wo = 371.0 cm ™! value, for the innermost tube of
the individual TWNT is assigned to the (5,4) tube with
the geometrical calculated diameter of 0.612 nm. This
wrgm Value is within the accuracy of the highest
identified upshifted RBM peak at 393.0 cm™' in the
(5,4) cluster that is observed for the bundled TWNT at
2000 °C shown in Figure 4. This indicates that the
intertube interaction is strong for this innermost (5,4)
tube when compared to the observation of the (5,4)
bundled counterpart in Figure 4. The bottom spectrum
in Figure 5 shows a M@S flavor. Here, the (9,0) metallic
innermost wggy value at 324.7 cm ™' agrees well with
the fitted Lorentzian peak at 324.1 cm™' of the
bundled TWNT at 2000 °C depicted in Figure 4. The
innermost (9,0) tube from the TWNT E is a good
example of a tube grown in an almost perfectly
shielded environment since the RBM upshift is only
a 2.8 cm ! upshift in comparison to the w, value
given by eq 2.

With regard to the higher spectral range on the right
side of Figure 5, a high degree of crystallinity of the
TWNTs is concluded given the absence of a significant
D-band intensity. We also observed here that the
D-band reflects neither a strong nor a very clear
dependency on the intertube interaction, which could
be understood by considering the symmetry of the
vibration of the phonon related to the D-band. The
D-band is assigned as the in-plane tangential optical
(iTO) mode around the K-point in the Brillouin zone,
and its vibration corresponds to an in-plane breathing
of the hexagons composing the nanotube lattice. Since
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Five Individual TWNTs
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Figure 5. Spectra show the RBM frequency range (left), together with the D-band as well as the G -band frequency range
(right) of five individual TWNTs. In the low-frequency range, we see the RBMs from the innermost and host tubes, exhibiting
three of the four possible flavors, namely, S@M, S@S, and M@S (innermost@host tubes). The green printed values represent
the RBM frequency upshift (Aw) values of the innermost as well as host tubes in relation to the expected w, = 227/d, values.
The high-frequency range shows the absence of significant D-band intensities and narrow G~ -bands from the semiconduct-
ing innermost tubes. The two bottom spectra represent the two individual TWNTs with an innermost semiconducting (5,4)
tube (called TWNT D) and an innermost metallic (9,0) tube (called TWNT E). The wggm values of these innermost tubes can be
compared with the RBM frequencies observed for the bundled TWNTs at 2000 °C shown in Figure 4.

most force components related to the environmental
interactions will be normal to the tube's wall, it is
expected that this in-plane mode should not change
much when under the effect of such interplanar inter-
actions (note that, in order to see a significant change
in the D-band, the environment would need to provide
shear force components). However, the iTO mode
around the I'-point, that is manifested in the G"-band,
is more affected by intertube interaction differences.?®
The iTO modes of SWNTs are diameter-dependent
since they are vibrations along the nanotube cir-
cumference, and the semiconducting tubes show a
narrower G~ peak than do the metallic tubes. We
observe in Figure 5 for all semiconducting inner-
most tubes sharp G~ peaks, and especially, the G~
peak at 1511.5 cm™' of the innermost (5,4) tube is
helpful for making accurate statements about the
(n,m) assignments.

Figure 6 represents the experimental wg- values as a
function of the tube diameters for two individual
semiconducting SWNTs*® as well as for the semicon-
ducting innermost tubes of 11 individual DWNTs?® and
four individual TWNTs. We also included the recently
published*® (magenta solid curve) and the traditional®®
(magenta dashed curve) G~ relation for individual
semiconducting SWNTs. Telg et al. recently reported
that the smaller the nanotube diameter, the larger
the separation between the experimentally ob-
served G~ peak and the calculated G~ peak fre-
quency based on its dependence on both family index
(v = (n — m) mod 3) as well as on chiral angle, whereby
nanotubes with v = —1 show an upshift in frequency and
those with v = +1 show a downshift in frequency in
relation to the magenta solid line curve.3® In Figure 6, we
elucidate these observed frequency shifts from the
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Figure 6. Data shown depict the relation between the
experimental wg- values of the semiconducting innermost
tubes and the respective tube diameters of individual
DWNTs?® and TWNTSs. In addition, we plotted the observed
we- values of individual (6,4) and (6,5) SWNTs>® together
with two d, vs wg- relations for semiconducting SWNTs. 3837

SWNTs (black printed values) together with the RBM
frequency upshifts (Aw, green printed values) and the
G~ peak upshifts (Awg-, magenta printed values) of the
semiconducting innermost tubes from the individual
TWNTs. Here, due to a strong intertube interaction, the
Awc- values of the TWNTs and most of the DWNTSs are
upshifted as compared to the wg- values for the SWNTs.
Moreover, if we take the intertube interaction upshifts
into consideration, the wg- values of the TWNTs agree
well with the wv-dependent behavior, as described
from ref 38.

Finally, to better understand the relation between
the RBM frequency upshift (Aw) and the WtW distance
(ARwww), we merge our experimental findings together
with a theoretical model which is presented in ref 18.
Several theoretical models have been applied to de-
scribe the environmental effects in carbon nanotube
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systems by modeling the nanotube as a hollow cylin-
der. Such models include nanotube interaction with a
constant external pressure,° in fluids,**~*2 in bundles
of nanotubes,** and within concentric nanotubes.**~*
The RBMs for MWNTSs can be modeled considering van
der Waals' interactions between the nanotubes, either
with an atomistic*® or a continuum'®4*%¢ description,
resulting in a system of coupled equations for the radial
displacements of each nanotube. Given the weak
nature of the van der Waals' interaction when com-
pared with the C—C bond, intertube interactions act as
a perturbation that modifies the characteristic wggm of
the RBMs by a few tens of wavenumbers. In the
following, we fit the experimental data for the indivi-
dual DWNTs and TWNTSs with the function

AwinBM—woi ( A )B

o on ARwew

3)

obtained from the theoretical model in ref 18, where A
and B are the fitting parameters. These constants are a
measure of the relative change of the intertube forces
per unit change of ARw.w, With respect to the in-plane
forces involved in the breathing mode. In the limitof a
large ARy between the innermost tube and the
host tube, the fitting function returns the expected
wrem Of a nanotube with wo = 227/d,. With this
empirical equation, we are able to compare the
intertube interaction effects between different MWNT
systems.

In order to understand the intertube interactions in
MWNT systems, we scrutinized the differences and
similarities between individual fullerene-peapod-derived
DWNTs and TWNTs as well as individual CYD DWNTs, by
utilizing the experimental wggy values measured in this
work and available in the literature.>*%*”%¢ On one hand,
we used the (n,m)-dependent d, = 0.1421((3(n* + nm +
m?)")/x relation to directly get the tube diameters of
the fullerene-peapod-derived innermost tubes and both
concentric tubes from the CVD DWNTs. On the other
hand, we determined the semiconducting and metallic
host tube diameters from the fullerene-peapod-derived
species by using eq 1 with MY = 0097 nm~" and
CMhost — 0,065 nm ™" from ref 22. These two relations are
adapted from a detailed study of the RBMs from bundled
TWNTs by using 49 laser excitation energies in the range
from 1.55 to 2.54 eV.?? Interaction effects, as for example
the host—outer tube interactions, are already considered
in the respective C, values, allowing us to more accurately
and consistently determine the host tube diameters.
Interestingly, the C¥"°*Y relation for the metallic host
tubes is in good agreement with the relation wggym =
2183/d; + 159 cm™' from ref 49, which is the same
relation utilized by Villalpando-Paez et dl. to calculate the
host tube diameters from the individual fullerene-pea-
pod-derived DWNTs.2>% With the values found for the
innermost and host tube diameters, we are able to
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determine the appropriate WtW distances. More details
about the diameter determination as well as the Aw
values of the individual species can be found in the
Supporting Information. Next, we plot the ARww
values versus the experimental Aw values for the
individual DWNTs2>254748 in Figure 7a and for the
individual TWNTSs in Figure 7c.

In Figure 7a, we fit the 13 individual fullerene-
peapod-derived and the 14 individual CVD DWNTs
with eq 3, and we obtain the values A = 0.495 nm
and B = 5.35 (orange curve) and A = 0.568 nm and B =
5.85 (red curve), respectively. First of all, we compare
the fit relation of individual fullerene-peapod-derived
DWNTs with the fit relations for bundled fullerene-
peapod-derived DWNTs,'®° and we clearly observe
that a broader ARw.w range of possibilities is expected
to exist for Aw with values of up to 30 cm™" for this
growth method. This is mostly reflected by a much
lower value of B = 5.35 that we found in comparison to
the fit relations for bundled fullerene-peapod-derived
DWNTSs found by Pfeiffer et al.,'®° where the values for
B are 17.22 and 14.2.

Moreover, we observe in Figure 7a that the fit to the
individual CVD DWNTs by Liu et al.*” and Levshov
et al.*® reveals higher ARy values when using their
Aw scale compared to the experimental data obtained
from fullerene-peapod-derived DWNTSs. At this point, it
is very important to comment on the fundamental
differences between the individual DWNT species
measured in these various studies, and indeed, the
orange and red curves in Figure 7a reflect the combi-
nation of all of these differences: (1) The two concentric
tubes by the CVD method grow simultaneously, which
also affects the intertube interactions, and of course,
the nanotube growth is different when using the
peapod growth method, where the innermost tube
accommodates the host tube during the growth pro-
cess. (2) The resulting tube diameters from the full-
erene-peapod-derived process produced DWNTs that
are considerably smaller than those produced via the
CVD process. Namely, the innermost fullerene-peapod-
derived tubes all have the same diameter dg 5y = d(9,1) =
0.747 nm (Awime’ = 18.4 cm™ "), while the CVD-grown
innermost tube diameters are between 1.366 and
2463 nm (Ad"™" = 1.097 nm and Aol =74 cm ™).
Figure 7b shows the WtW distances versus tube dia-
meters of the 14 individual CVD DWNTs from refs 47
and 48. Note that the WtW distance depends on the
tube diameters (red dashed lines represent the linear
fits), and this diameter-dependent intertube interac-
tion property has to be considered by including the
ARwiw and Aw values from the CVD DWNTs in
Figure 7a. Furthermore, we know from various
publications'®232>3430  that the formation of
clusters of RBM peaks of small innermost (n,m) tube
diameters (for example, fullerene- or ferrocene-pea-
pod-derived tubes) is observed due to the few possible
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Figure 7. Experimental Aw values of the innermost tubes are plotted as a function of the experimentally determined WtW
distance (ARwuy) between the innermost and the host tubes of (a) individual fullerene-peapod-derived®>® and CVD*’"*®
DWNTs as well as (c) individual fullerene-peapod-derived TWNTs. The orange and purple curves in (a) and (c) represent the fits
to the experimental data points with semiconducting innermost and metallic host tubes from both the individual fullerene-
peapod-derived DWNTs and the TWNTSs by using eq 3. The red curve in (a) and (c) depicts the fit to the 14 individual CVD
DWNTs. Also included in panel (a) are fit relations from the literature for RRS studies on bundled fullerene-peapod-derived
DWNTs.'®*° We plotted in panel (b) the ARy (x-axis) vs the innermost and host tube diameters (y-axis) from the individual
CVD DWNTSs published by Liu et al.*” and Levshov et al.*® In this plot, we observe diameter-dependent intertube interactions
in these individual CVD DWNTs with relatively large diameters in comparison to the fullerene-peapod-derived DWNTs.
Throughout the text, we discuss in detail the intertube interaction effects between the two growth methods, with regards to
the dependence of the ARy.w on the number of concentric tubes as well as on the different flavors of the individual TWNTs. All
the presented data points are listed in Table S1 in the Supporting Information.

(n,m) indices for small diameter tubes at higher wggm
values. In contrast, the relatively large innermost tube
diameters of the CVD DWNTs have many more (n,m)
index possibilities in the same wggy region. (3) It is also
important to take in account that the measurement
strategies are different as the fullerene-peapod-de-
rived species are laying on a Si substrate, while the
CVD DWNTs are suspended.

In Figure 7¢, we plot the results for the five individual
fullerene-peapod-derived TWNTs, with three flavors
(S@M, S@S, and M@S) for the two inner tubes. The
observation makes clear that the semiconducting in-
nermost tubes of the individual TWNTs can be found
close together, but the ARy values are obviously
larger as compared to the fullerene-peapod-derived
DWNTs and smaller in comparison to the CVD DWNTs.
We focused at first on the data points of the individual
DWNTs and TWNTs fabricated with same growth
method, characterized with the same Raman setup,
with the same S@M flavor for the innermost and host
tubes, and with exactly the same innermost tube
diameter (0.747 nm). Namely, the 13 individual DWNTs
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with the (6,5)@M and (9,1)@M flavor (orange curve),
together with the two individual TWNTs with the
(6,5)@M flavor for the inner two tubes. By comparing
the intertube interactions between these concentric
tubes, we are able to keep the fitting parameter A
constant using the value 0.495 nm. The difference
between two or three concentric tubes is now only
reflected by the fitting parameter B, and we are able to
determine the value B to be 6.61 for the two inner
tubes of TWNTs. Our study points out that Aw values
are<8.1cm™ ' (13.2cm™ ") in fullerene-peapod-derived
DWNTs (TWNTs) with semiconducting innermost and
metallic host tubes that have ARy Vvalues that are
larger than the 0.335 nm interlayer distance of
graphite.®’

Next, we can compare the intertube interactions
between the three different flavors justified by the fact
that the diameters of the fullerene-peapod-derived
innermost tubes of the individual TWNTs in Figure 7c
are in the same diameter regime with Adi™" of only
0.135 nm. First, we observe that the TWNTSs with a S@S
flavor are upshifted in frequency from the obtained
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relation for TWNTs with a S@M flavor, which we
attribute to the stronger intertube interactions in a
S@S system. In addition, we note that the innermost
(5,4) tube also shows flavor-dependent intertube inter-
actions as well as stronger high-curvature interactions
which are distinguished by a stronger frequency up-
shift of the (5,4)@S flavor in comparison to the (6,4)@S
flavor. The individual TWNTs containing the metallic
innermost (9,0) tube provide a good example of the
proposed behavior of bundled DWNTs and TWNTs,
where the metallic innermost tubes show less inter-
tube interaction compared to the semiconducting
innermost tubes, and as a result, the Aw value is only
2.8 cm™". The ARwww between this M@S flavor was
calculated to be 0.329 nm, which should be compared
to the 0.335 nm value. At this point, we believe that
further characterization of individual DWNTs with me-
tallic innermost tubes is required to analyze in greater
detail some of the proposed behaviors discussed in
this work.

Through the comparison between the three fits
(orange, purple, and red curves) shown in Figure 7c,
we can make statements with regards to mechanical
coupling and interference effects in the multiwalled
systems under investigation. Each of the 14 individual
CVD DWNTs was reported to show a mechanical
coupling mediated by van der Waals' interactions
between the two concentric tubes.*’*® This coupling
is reflected by the presence of both RBM peaks from
the innermost and host tubes in a single spectrum. Liu
et al. discussed the observed coupled RBMs using the
ansatz of a quantized coupled mechanical oscillator.*”
In their model, strongly coupled oscillations have high-
er RBM frequencies and both RBMs appear even
though only one tube's Et is in resonance with the
utilized E ,ser- As @ matter of fact, the red curve tells us
that the intertube interactions in the reported CVD
DWNTs*"“8 (A = 0.568 nm and B = 5.85) are stronger
in comparison to the fullerene-peapod-derived
DWNTs?>?% as well as to TWNTSs. As described above,
we are comparing the intertube interactions in two
different diameter regions, and it is worth commenting
that the number of interacting atoms per unit length
scales with the tube diameter. In good agreement in
this content are the individual fullerene-peapod-
derived DWNTSs with the innermost tube diameters of
only 0.747 nm (A = 0.495 nm and B = 5.35), which show
comparatively weak intertube interactions. Adding to a
fullerene-peapod-derived DWNT an additional outer
tube (purple curve), our results show that the intertube
interactions between the innermost and host tube
increases, but that the interactions are not as strong
as in the CVD DWNTs. The results discussed in the
beginning of this work for the annealing temperature-
dependent RBM spectra from the fullerene-peapod-
derived bundled DWNTs (Figure 3) and TWNTs
(Figure 4) also showed that by increasing the annealing
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temperature for the DWNTs we can decrease the
intertube interactions. Since the TWNTs are thermally
more stable, we found that the intertube interaction
reduction is not as strong as it is for the annealing
temperature-sensitive DWNTs. At this point, it is im-
portant to remember that the individual fullerene-
peapod-derived DWNTSs (TWNTSs) were prepared using
an annealing temperature of 1700 °C (2000 °C).

Interestingly, our individual TWNTs do not experi-
ence mechanical coupling and interference effects
between the two inner tubes. This is verified by three
experimental observations: First, the centers of the
RBM resonant windows from the innermost and host
tubes are not positioned at the same Ejs.. One
resonance RBM profile of an individual TWNT, which
confirms this, is shown in Figure 5b of our recent
publication.?? Second, through the scanning process
of our measurement strategy, we were able to find
dozens of other individual TWNTs, but even by using
different laser energies, it was not possible to get in
resonance simultaneously with more than one RBM of
each TWNT. Third, the experimental 2D map represent-
ing the RBM intensities of bundled TWNTs*? as a
function of the wggym and Ej,ser Shows that the RBMs
of the innermost and host tubes are in resonance,
independent from each other. This observation also
can be seen in the 2D intensity maps of bundled
fullerene-peapod-derived DWNTs shown in refs 23
and 25.

CONCLUSION

In summary, we reported here RRS studies of indivi-
dual and bundled DWNTs as well as TWNTs. We
observed a number of similarities and differences in
the RBMs of the innermost tubes in bundled fullerene-
peapod-derived DWNTs and TWNTs. Here, the metallic
innermost tubes are distinguished by their broad
resonant peaks relative to the clusters of narrow peaks
of the semiconducting tubes. In addition, the metallic
innermost tubes can be considered to be more isolated
from their adjacent concentric nanotubes in compar-
ison to the semiconducting tubes because the metallic
RBM frequencies are located nearby to wo, while the
clusters of peaks for semiconducting innermost tubes
are always upshifted in frequency in comparison to wo.
The peak intensity distributions of the semiconducting
innermost tubes in DWNTSs shift toward lower wggpm for
higher annealing temperatures, which indicates that
higher annealing temperatures tend to reduce the
intertube interaction in fullerene-peapod-derived
DWNTs generally. The annealing process for the inner-
most tubes in fullerene-peapod-derived TWNTs is not
as temperature-sensitive in comparison to the fuller-
ene-peapod-derived DWNTs, which shows that the
innermost tubes in TWNTSs are thermally more stable.
Depending on the intertube interaction differences
between individual fullerene-peapod-derived DWNTs
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and TWNTs, the RBMs as well as the iTO modes (G-
band) of the innermost tubes show significant Raman
frequency upshifts. An analysis of the RBM frequency
upshifts in relation to the WtW distances between
the innermost and host tubes from individual

MATERIALS AND METHODS

The bundled DWNTs (TWNTs) are prepared through high-
temperature treatments of the peapod fullerenes inside of
arc-discharge-grown SWNTs (diameter-enlarged CVD-grown
DWNTs) at temperatures between 1500 and 2000 °C using a
graphite furnace in argon.>'® The spectra of the bundled
samples were taken at room temperature using a Raman setup
comprising a triple grating spectrometer (TU Miinchen) with a
laser energy Ejaser = 241 eV. The spectra of the individual species
were taken with a home-built single-grating spectrometer (MIT)
operated at room temperature, and this Raman setup includes the
following lasers: an argon ion laser, a Nd:YAG laser, two tunable dye
lasers (DCM and rhodamine dye), and a Ti:sapphire laser.
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