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microscopy (HRTEM), electron diffraction (ED) and resonant Raman scattering (RRS)
experiments on the same individual suspended DWNT is the ultimate way to relate un-
ambiguously its atomic structure, defined by the chiral indices of the coaxial outer /inner
SWNTs, and its Raman-active vibration modes. This approach is used to investi-
gate the inter-tube distance dependence of the G-modes of individual index-identified
DWNTs composed of two semiconducting SWNTs. We state the main features of the
dependence of the G-mode frequencies on the distance between the inner and outer lay-
ers: (i) when the inter-layer distance is larger than the nominal van der Waals distance
(close to 0.34 nm), a downshift of the inner-layer G-modes in respect to the G-modes
in the equivalent SWNTs is measured. (ii) the amplitude of the downshift depends on
the inter-layer distance, or in other words, on the negative pressure felt by the inner

layer in DWNT. (iii) no shift is observed for an inter tube distance close to 0.34 nm.
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Introduction

The combination of high resolution transmission electron microscopy (HRTEM), electron
diffraction (ED) and resonant Raman spectroscopy (RRS) on the same individual, spatially
isolated, and suspended (environmental-free) single-walled carbon nanotube (SWNT) is the
best approach to relate unambiguously structural parameters and features of Raman-active
phonon modes. Up to now, only a few groups have followed this approach to determine the
intrinsic features of the main Raman-active modes, namely the radial breathing mode (RBM)
and the G-modes, of individual achiral and chiral, semiconducting and metallic SWNTs. 1™
On the other hand, Raman (resonance profile), spatial modulation spectroscopy (absorption)
and Rayleigh spectroscopies allow the determination of the transition energies of index-
identified SWNTs.¢ 10 Recently, the same approach was applied to double-walled carbon
nanotubes (DWNTs). 11214 A DWNT consists of two concentric and weakly van der Waals
coupled SWNTs (from now, also called 'layer’) and is uniquely characterized by the chiral
indices (n;, m;) and (n,, m,) of the inner and outer SWNTs respectively [(n;, m;)Q(n,, m,)].
Consequently, all the properties of DWNT's are related to the individual nature of each layer

and their interactions.

Up to now, most of the Raman investigations on DWNTs have been performed on en-
sembles of bundles or on solution-based samples prepared by different ways such as catalytic
chemical vapor deposition!® or peapods-derived processes. !¢ The earliest investigations were
mainly devoted to the study of the RBM dependence of the inner and outer layers as a
function of the (n,m) structure of the corresponding SWNTs. The low-frequency (high-
frequency) RBM was assigned to the vibration of the outer (inner) layer, respectively. The
assignment of each constituent SWNT was based on the comparison between the resonance
excitation of the corresponding RBM and the calculated transition energies (the so-called
Kataura plot!'7). It was also assumed that a SWNT-based Kataura plot was accurate enough

for a qualitative identification of the (n,m) chiral indexes of the inner and outer layers of the
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DWNTs. 8

Following this method, a first important result was established, namely: the same in-
ner layer can be contained inside different outer layers leading to various layer interac-
tion strengths with respect to the inter-layer distance.!® 2! In other words, the inner layer
RBM depends not only on the diameter, d;, but also on the inner-outer layer distance,
Ad/2=(d, — d;)/2 (where d, (d;) is the outer (inner) layer diameter). These results identify

a DWNT as a more complex system than just a sum of constituting SWNTs. Especially,

22,23 24,25

its electronic and vibrational properties can differ profoundly from those of the con-

stituent SWNTs due to to layer-layer interaction.

Theoretically, it was shown that the mechanical coupling between the inner and outer lay-
ers leads to collective vibration modes, namely the so-called in-phase and out-of-phase radial
breathing-like modes (RBLM). The RBLM frequencies can be quantitatively described by a
coupled oscillator model and depend both on diameter and inter-layer distance (Ref.12:2425
and references therein). Recently, the behavior of the RBLMs in DWNTs was revisited in
investigations combining HRTEM, ED and RRS on individual, spatially isolated and sus-

pended (environment-free) DWNTs. 112

By contrast, and to the best of our knowledge, no study concerning the G-modes of
individual, spatially isolated and suspended index-identified SCQSC DWNTs has been re-
ported up to now. Only few results have been obtained on individual DWNTs deposited on
a substrate. 2?2137 In these previous investigations, the inner and outer SWNTs were index-
identified indirectly via the proximity of their resonance energies to the calculated transition
energies of individual SWNTs.20:2537 The present work focus on the intrinsic behavior of
G-modes of index-identified SCQSC DWNTs as a function of the diameter and inter-layer

distance. A clear softening of the G-modes of the inner layer is found unambiguously when
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the inter-layer distance is larger than the nominal van der Waals distance (close to 0.34 nm).
The amplitude of the shift depends on the inter-layer distance and no shift is observed for

an inter tube distance close to 0.34 nm.

Experimental details

The ultra-long individual double-walled nanotubes were grown by CCVD method directly
on commercial perforated silicon nitride TEM grids.?® The resonant Raman scattering mea-
surements were performed on a Jobin Yvon T64000 spectrometer, equipped with a liquid-
nitrogen-cooled silicon CCD detector, in a wide variety of excitation wavelengths by using
Ar+, Kr+4, He-Ne lasers and continuous Ti:sapphire and Dye lasers. The scattered light
was collected through a 100x objective (N.A. = 0.95) using a back-scattering configuration.
In all the measurements, both incident and scattered light polarizations are along the nan-
otube axis (// // polarized Raman spectrum). In order to avoid heating effects, the laser
power impinging the sample was kept below 50 uW. HRTEM images and ED patterns were
recorded in a FEI Titan microscope operating at 80kV and within short acquisition times

(less than 5s for ED) to reduce damage induced by electron diffraction.?"?

Results and discussion

Figure 1 and 2 display electron diffraction patterns and low-frequency Raman spectra for two
representative individual SCQSC DWNT's (tubes 5 and 6 in Table 1). Comparison between

2730) " and experimental electron

simulated, (calculated using kinematical electron theory
diffraction patterns unambiguously determine the DWNT chiral indices (n;, m;)@Q(n,, m,)
to be (13,9)@(24,7) (Fig. 1a) and (22,11)@(27,17) (Fig. 2a). Table 1 summarizes the struc-

tural information derived from electron diffraction experiments on the all six index-identified

incommensurate SCQSC DWNTs investigated in this work. These DWNTs have different

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

inter-layer distances ranging from 0.335 nm to 0.365 nm.

The low-frequency Raman spectrum of the (13,9)@(24,7) DWNT excited at 1.715 eV
(Fig. 1b), and the one of the (22,11)@(27,17) DWNT excited at 1.75 eV (Fig. 2b), show two
well-defined peaks. These peaks are assigned to the collective in-phase (at low-frequency)
and out-of-phase (at high-frequency) RBLMs. The expected RBM frequencies of the in-
dividual SWNTs corresponding to inner (using wgppy = 228/d) and outer layers (using
wrpym = 204/d + 27) are indicated by arrows.!! As expected, blue-shift of the RBLM with

respect to the position of the corresponding RBM is observed. !1:12:24:25

Recently, from the modeling of the RBLMs frequencies measured on twelve individual
free-standing index-identified DWNTs, Liu et al.'? have been able to evaluate the coupling
force constant, k., between the inner and outer tubes and by following, to derive the average
unit-area force constant owing to tube-tube van der Waals interaction for different inter-layer
distances. The comparison of these average force constants with high-pressure graphite mea-
surements '3 allow these authors to propose a relationship between the inter-layer distance
and an internal effective pressure (see Fig. 3d of Ref.'?). They found that for inter-layer
distances larger (smaller) than 0.34 nm a negative (positive) pressure occurs between the
layers. Negative (positive) pressure means that the inner-outer interaction causes a slight
contraction (expansion) of the outer layer concomitant with the expansion (contraction) of
the inner layer (see also Ref.3!). The same approach applied to our measurements gives
unit-area force constant for a given inter-layer distance in reasonable agreement with those
of Liu’s and predicts an effective pressure ranging from +0.5 to -1.8 GPa for inter-layer dis-

tance between 0.335 nm and 0.365nm (see table 1).

G-modes are the other important Raman-active modes of carbon nanotubes. The features

of G-modes (lineshape, frequencies, widths, relative intensity) are known to be extremely
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sensitive to doping,®? strain®® and environmental conditions.* Two G-modes dominate the
spectrum in a chiral SWNT, the so-called longitudinal (LO) and transverse (TO) G-mode.
In achiral zigzag (armchair) SWNTs, only the LO (TO) mode is Raman active. In metallic
SWNTs, on the other hand, due to the presence of a Kohn anomaly, which is associated with
a strong electron-phonon coupling, the line shape of the LO mode is broad and slightly asym-
metric. By contrast, this line shape is narrow and symmetric in semiconducting SWNTs.?
The frequency of the LO and TO modes also depends on the metallic or semiconducting
character of the SWNTs. The LO mode has higher (lower) frequency than the TO mode
in semiconducting (metallic) SWNTs. In the diameter range 1.3-2.4 nm, the LO (TO) fre-
quency is close to 1591 em™! in semiconducting (metallic) SWNTSs, by contrast, the TO (LO)
frequency of semiconducting (metallic) SWNTs is diameter-dependent: TO (LO) varies from
about 1565(1555) to 1575 cm™! in semiconducting (metallic) SWNTs of the same diameter
range. It must be emphasized that all this detailed information concerning G-modes can
only be obtained from Raman experiments on spatially isolated individual index-identified
SWNTs.? Indeed, for bundled SWNTs or individualized SWNTs in solution the existing
diameter and chirality distributions lead to the overlapping of all the modes. However, the
latest progress in the enrichment of a solution containing nanotubes of particular chiralities

allows the study of the G-modes’ features of SWNTs in these samples. 3536

As a DWNT is a more complex system than SWNT, measurements on individual index-
identified DWNTs are still the most optimal way to derive precise information about the
G-modes’ features, and especially, to shed light on the behavior of the G-modes as a func-
tion of the inter-layer distance. Previously, few results have been obtained on individual
SC@SC DWNTs deposited on a substrate. In these works, the constituent SWNTs were
index-identified indirectly via the proximity of their resonance energies to the calculated
transition energies.?%2137 In particular, the figure 5 of Ref,? shows a sensitivity of the G~

frequencies to the strength of the inter-wall interaction.
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Figure 3 displays the excitation energy dependence of the RBLMs and G-modes measured
on the (13,9)@(24,7) DWNT (Ad/2 close to 0.355 nm). The use of a wide range of excitation
wavelengths allows us to separate the response of the inner and outer layers of this DWNT.
As a whole, for the spectrum at 2.71 eV, both inner and outer layers are observed. In the 2.18
- 2.41 eV excitation range the intense out-of-phase RBLM (associated with the resonance of
the inner layer) is detected and the intense in-phase RBLM (associated with the outer layer)
is measured in the 1.68 - 1.96 eV range.

As detailed in Figure 4, three G-modes are observed in the Raman spectrum excited
at 2.71 eV (458 nm) meaning that both (13,9) and (24,7) layers are in resonance with the
incident radiation. By fitting each component with a Lorentzian, we obtain the following
frequencies: 1560, 1584 and 1592 cm™! (Fig. 2.b, middle part). At 2.41 eV (514.5 nm), only
the response of the inner layer is observed. The fit gives 1560 and 1584 cm™! for the TO
and LO components respectively (Fig. 4, top part). On the other hand, at 1.68 eV (740
nm) we observe a dominant component at 1592 cm™! and a weak line at 1581 cm ™! assigned
to the LO and TO mode of the outer layer respectively (Fig. 4, bottom part). Using the
well-established diameter dependence of the G-mode frequency of SWNTs, we determine the
expected frequencies of the individual (13,9) and (24,7) SWNTSs respectively: for the (13,9),
TO = 1569 cm™! and LO = 1591 ecm™'; for the (24,7), TO = 1573 cm™! and LO = 1591
cm~ 1.2 Consequently, in the (13,9)@(24,7) DWNT, the frequencies of the G-modes of the
inner layer are significantly downshifted in comparison with G-modes of the corresponding

(13,9) SWNT.

The main changes in the spectra presented in figure 3 occur between 1.96 eV and 2.18
eV. In order to have a more quantitative understanding of the resonances between these
discrete excitation energies, excitation profiles of the RBLMs and G-modes measured, in the

1.95-2.25 eV excitation range, on the (13,9)@(24,7) DWNT are displayed in Figure 5. We
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assume that the intensity of the modes as a function of laser excitation energy (Fy) is given
by:
[(EL)Oé

1 1)
[(EL - Eu>2 + I‘IQH(E:L - Ezz + Ephonon)2 + %2]

Where I' is a broadening parameter, E;; and Epjonen are the resonance and the phonon en-

ergies, respectively.

The fit of the profiles using equation 1, with E;; and ' as free parameters, shows that
the out-of-phase RBLM and the G-modes located at 1560 and 1584 cm™! have the same
resonance energy (E53° = 2.16 eV). This finding serves us as an additional criterion for
the assignment of these latest G-modes to the inner layers. The experimental E53” can be
compared with the predicted one from Ref.?® (see also Fig. 6): for the (13,9) SWNT Eg5
= 2.27 eV (E§ = 2.82 eV). Consequently, the comparison with the experimental Kataura
plot established for individual SWNT's shows a downshift of about 110 meV of the Fs3 tran-
sitions of the inner layer. According to the Kataura plot, the in-phase RBLM does not show
a resonance in the 1.95-2.25 eV excitation range. The observation of the G-mode at 1592
cm ™! has to be assigned to the scattered resonance of the G-mode of the (24,7) outer layer.
The fit of the profile of the mode at 1592 cm™! with Eq. 1 provides a transition energy of
1.91 eV. For the (24,7) SWNT, the following transition energies are expected: ES$3¢ = 1.80
eV, Efile = 1.97 eV and B¢ = 2.78 eV. A small shift of the Ey, transition of the outer
layer in the (13,9)@(24,7) DWNT with respect to the predicted E4¢ for the individual
(24,7) SWNT is found. Measurements of excitation profiles for several DWNTs are needed
to have a more detailed understanding of their resonance energies with respect to the cal-

culated E;; in SWNTs. This work is in progress and will be presented in a future publication.
In Figure 7, the spectra measured on four representative individual SCQSC DWNTs are

displayed (from the smaller (bottom) to the larger (top) inter-layer distance). In this figure,

the solid arrows indicate the frequencies of the LO and TO G-modes in the corresponding in-
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dividual inner SWNTs. For the (12,8)@Q(16,14), the spectrum is the sum of the corresponding
individual inner and outer layer responses. No significant shift of the G-modes with respect
to the frequencies expected for the corresponding individual (12,8) and (16,14) SWNTs is
found. By contrast, and as previously detailed in the example of the (13,9)@(24,7) DWNT,
the G-modes assigned to the inner layer, in the three other DWNTSs, are significantly shifted
with respect to the LO and TO mode of the corresponding SWNT's and larger the inter-layer

distance, larger the downshift.

Similar to RBLMs, the explanation of the shift of the G-modes is likely related to the
inter-layer distance, and then to a pressure effect between the inner and the outer layer. It
is well-known that the vibrational modes of carbon nanotubes significantly depend on the

1.3% studied the pressure dependence of

hydrostatic pressure. For instance, Lebedkin et a
the Raman-active G-modes of HiPco nanotubes dispersed in water at different excitation
wavelengths. They found that TO and LO modes of single-walled carbon nanotubes have

6.5-8 cm~!/GPa dependence on the compressive stress.

In the (13,9)@(24,7) DWNT, the TO and LO modes of (13,9) layer are located at 1560
em~! and 1584 cm™! respectively. For an isolated (13,9) SWNT, the frequencies of the TO
and LO modes are predicted to be close to 1569 and 1591 ecm ™!, respectively. Comparing
these two sets of frequencies, a frequency shift of about 9 (7) cm™* for the TO (LO) G-mode
of the inner layer, respectively, is found, in reasonable agreement with the extrapolation of
1

the Lebdekin result in the negative pressure range. Indeed, a downshift of about 8-10 cm™

of the TO and LO modes of the inner layer are expected for a negative pressure around -1.2

GPa.

The spectrum of the (20,4)@(20,16) DWNT (tube 4 in table 1) gives a clear evidence of

the upshift of the TO G-mode of the outer layer, concomitant to the downshift of the G-

10
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modes of the inner layer, in the negative pressure regime. Indeed, the TO G-mode assigned
to the outer layer is measured at 1579.4 cm™" in the (20,4)@(20,16) DWNT (Fig. 7), and it
is estimated close to 1575 cm™" in the (20,16) SWNT.?

All these dependencies are in agreement with the concept of negative pressure. Indeed,
negative pressure is related to a slight contraction of the outer layer concomitant with the
expansion of the inner layer.3! The resulting stretching of the C-C bond in the inner layer
explains the downshift of the inner-layer G-modes and the slight upshift of the outer layer
G-modes is due to C-C contraction. Obviously, in the positive pressure regime, an opposite
behavior of the G-modes of the inner (upshifted) and outer (downshifted) layers is expected.
Finally, the absence of upshift in the (12,8)@(16,14) DWNT seems to suggest either that the
equilibrium inter-layer distance in DWN'T could be slightly smaller than 0.34 nm or that the
dependence of the G-mode under pressure in DWNT is non-symmetric and depends on the

direction (positive/negative) of the pressure.

The Figure 9 summarizes the dependence of the downshift between the LO (blue sym-
bols) and TO (red symbols) of the inner layer with the corresponding G-modes in related
SWNTs as a function of the inter-layer distance (or as a function of the internal pressure).
The relation between the downshift of the G-modes of the inner layer and the inter-layer
distance is clearly shown: larger the inter-layer distance, larger the downshift of the LO and
TO G-modes. The average internal pressure slope dw/dP from Fig. 9 is found around 4
cm ™! /G Pa. This value is close to the one reported for external hydrostatic pressure applied
to bundled DWNTs.4! This result might indicate the hydrostatic character of the negative
pressure felt by the inner layer as expected for van der Waals interation between the con-

centric layers.

11
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Conclusion

In conclusion, by combining HRTEM, ED and RRS on individual, spatially isolated and
suspended DWNTs, we have been able to investigate in detail the dependence of the G-
modes as a function of the structural parameters of index-identified SCQSC DWNTs. We
unambiguously demonstrated the dependence of the frequencies of the G-modes on the dis-
tance between the inner and outer layers. When the inter-layer distance is larger than the
nominal van der Waals distance (close to 0.34 nm), a downshift of the inner-layer G-modes
with respect to the corresponding modes in equivalent SWNT's is measured, and larger the
inter-layer distance, larger the downshift of the LO and TO G-modes. The behavior of the
G-modes is well understood by considering the effect of an effective pressure felt by the
inner and outer layers. These results emphasize the importance to study individual index-

identified carbon nanotubes for a detailed understanding of all their intrinsic properties.
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Table 1: The structural information derived from electron diffraction experiments on the six
SC@SC DWNTs investigated in this work. The effective pressure calculated from the model
presented in Ref.!?

Label Indices Diameter  Chiral angles Type Ad/2 Effective pressure
(nm) (degree) 2n+m (nm) (GPa)
Tube 1 (12,8)@(16,14) 1.366@2.037  23.41@27.8 2@1  0.335 0.5
Tube 2 (16,12)@(27,10) 1.905@2.595 25.28@15.14 1@2  0.345 -0.5
Tube 3 (10,9)@(18,11) 1.289@1.985 28.26@22.07 2@2  0.348 -0.8
Tube 4 (20,4)@(20,16) 1.745@2.447  8.95@26.33 2@2  0.351 -1.0
Tube 5 (13,9)@(24,7)  1.501@2.206 24.01@12.43 2@1  0.353 -1.1
Tube 6 (22,11)@(27,17) 2.280@3.011 19.11@22.52 1@2  0.365 -1.8
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Figure 1: (a) Comparison of the simulated (left) and experimental (right) electron diffraction
patterns of the (13,9)@(24,7) DWNT. (b) The low-frequency range of the Raman spectrum
of the (13,9)@(24,7) DWNT excited at 1.715 eV. The arrows indicate the frequencies of the
RBM of related individual outer and inner SWNTs. The spectra are fitted with Lorentzian.
Insert: HRTEM micrograph of the DWNT. Amorphous carbon was deposited during TEM
analysis.
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22 Figure 2: (a) Comparison of the simulated (left) and experimental (right) electron diffraction
23 patterns of the (22,11)@(27,17) DWNT. (b) The low-frequency range of the Raman spectrum
24 of the (22,11)@(27,17) DWNT excited at 1.750 eV. The arrows indicate the frequencies of the
25 RBM of related individual outer and inner SWN'T's. The spectra are fitted with Lorentzian.
26 Insert: HRTEM micrograph of the DWNT.
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Figure 3: RBLM and G-modes range of the Raman spectrum of the (13,9)@(24,7) DWNT
excited at different energies indicated in the figure. The spectra are normalized for clarity.
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37 Figure 4: Details of the excitation dependence of the G-modes range of the Raman spectrum
38 of the (13,9)@(24,7) DWNT, (from top to bottom: 2.41, 2.71, 1.69 eV). Inset: A sketch of
the DWNT for each excitation energy, bold contour means that the corresponding SWNT
is in resonance and a thin contour means that the corresponding SWNT is off resonance.
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Figure 5: Excitation profiles of the RBLMs and G-modes of the (13,9)@(24,7) DWNT mea-
sured in the 1.95-2.25 eV excitation range.
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Figure 6: Part of the Kataura plot (from Ref.®) related to the resonance energy range of
the (13,9)@(24,7) DWNT. The solid dots indicate the transition energies expected for the
53 individual inner SWNT (red) and outer SWNT (blue) respectively. The horizontal dotted
54 lines mark the excitation energies where Raman spectra were acquired. The hatched areas

55 indicate regions where Raman spectra were acquired in &~ 25 meV intervals.
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Figure 7: Comparison of the G-modes measured on four SCQSC DWNTs (from top to
bottom (12,8)@(16,14), (20,4)@(20,16), (13,9)@(24,7), (22,11)@(27,17)). The inter-layer
distance increases from bottom to top (0.335, 0.350, 0.355, 0.365 nm). Arrows mark the ex-
pected frequencies of the LO mode (red) and TO mode (blue) in the corresponding individual
inner SWNTs. The spectra are fitted with Lorentzians.
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29 Figure 8: Dependence of the downshift of the LO (solid red dots) and TO (solid blue squares)
30 G-modes of the inner layer with respect to the frequency of the corresponding G-modes in
related SWNTSs as a function of the inter-layer distance (bottom scale) and the deduced non
linear pressure scale (top scale) following the procedure of Ref.'? (see text).

27

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

O

LD I" 2418V
T0 / k
o,
LO II'|I 271 eV
JI II Lo

10
s
H

Intensity (arb. units)

0

Lo/ 169ev
Ti-j

1500 1525 1550 1575 1600 1625

Graphic.jpg

Raman shift cm™)

Figure 9: TOC Graphic

28

ACS Paragon Plus Environment

Page 28 of 28





