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Chirality manifestation in elastic coupling between the layers of 
double-walled carbon nanotubes 
Sergei Rochal,a Dmitry Levshov,a,b,† Marina Avramenko,a Raul Arenal,c,d Thi Thanh Cao,e Van Chuc 
Nguyen,e Jean-Louis Sauvajolb and Matthieu Pailletb 

A search for new relatively easy physicochemical methods for structural identification of carbon nanotubes represents a key 
challenge. Here, analyzing the experimental data on double-walled carbon nanotubes (DWCNTs) obtained by us and taken 
from literature, we have expressed the magnitude of elastic coupling between two tubular walls forming a DWCNT as a 
simple function dependent not only on DWCNT diameters but also on the difference between the chirality angles of the 
constituent nanotubes. To get this quite unexpected result, which allows us to relate more precisely the structural 
parameters of a DWCNT with frequencies of its radial breathing-like modes (RBLM), we have developed a new model for 
the RBLM dynamics that takes into account a possible deposition of water molecules from ambient air onto the DWCNT 
surface. The model constructed allows us to predict the higher prevalence of DWCNTs comprising two walls with identical 
handedness. Application of the results obtained for identification of DWCNTs is also considered. 

Introduction 
Since the seminal work1 by Iijima published in 1991, carbon 
nanotubes (CNTs) are thought to be one of the possible 
successors of silicon in the post-Moore’s law era.2–4 These 
tubular structures, conceptually formed by rolling up a 
graphene sheet into a cylinder, combine the high mechanical 
resilience and chemical stability of graphene with unique, 
remarkably diverse electronic and optical properties.5,6 The 
simplest CNTs are single-walled (SW) ones and their structure 
with possible chirality is characterized by a pair of non-negative 
integers that also strongly affect the physical and chemical 
SWCNT characteristics like the conductivity type (metallic or 
semiconducting), optical transitions energies, phonon 
dynamics, interaction with different molecules.5–7 In contrast to 
the achiral SWCNTs, the chiral ones are divided into right- and 
left-handed types.6,8 This handedness controls, in particular, the 
adsorption and orientation of the chiral molecules at the chiral 
tubular surface9,10 or the alignment of SWCNTs themselves on 
the graphite substrate during growth.11 This opens the 
possibility of creating unique materials and nanodevices 
containing along with the protein,12,13 peptide14–17 or DNA 
molecules,18,19 which are always specifically handed, the 
SWCNTs with a target handedness. In particular, using similar 
technology, it is possible to sort nanotubes into right-and left-
handed ones with the help of DNA molecules.20 

 

The unique structure-dependent optical and electronic 
properties make SWCNTs fascinating materials for an extensive 
set of applications in photonics and nanoelectronics.21 
However, being comprised of only one layer of carbon atoms, 
they are extremely sensitive to the local environment.22,23 This 
has an advantage in sensor applications, but of course makes 
the development of stable electronic devices more difficult. This 
issue can however be addressed in applications by using double-
walled carbon nanotubes (DWCNTs), consisting of two coaxial 
and weakly van der Waals coupled carbon layers. In DWCNTs, 
the inner tube possesses a special status, since the outer layer 
acts as a shield and thus provides higher mechanical, thermal, 
and chemical stability, as well as isolation from the 
environment.24–26 

However, the structural identification of DWCNTs is not 
straightforward due to the fact that their properties are not just 
a superposition of those of the constituent SWCNTs, but can be 
strongly modulated by (i) interlayer van der Waals mechanical 
and electronic interactions, depending on the wall-to-wall 
distance,27–29 and (ii) Moiré interference, depending on the 
relative chiral angles.27,30,31 These factors combined lead to 
situations, where the assembly of SWCNTs with almost the 
same physical properties such as diameter and band gap can 
still result in very different DWCNTs. Therefore, DWCNTs need 
to be viewed as a new type of nanostructures rather than a 
simple superposition of two SWCNTs. 
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So far, several approaches for the structure analysis of 
individual SWCNTs and DWCNTs have been established. They 
are based on high-resolution transmission electron 
microscopy (HRTEM),32 scanning tunneling microscopy,33 
electron diffraction (ED),34,35 photoluminescence,36 Rayleigh 
spectroscopy,37 optical absorption,38 and resonant Raman 
spectroscopy.39–41 The latter approach was proved to be one 
of the most powerful method for the probing and indexation 
of carbon nanotubes.42,43 It has been extensively used for the 
characterization of bulk samples of individual SWCNTs on the 
basis of pattern recognition and comparison between 
experimental and calculated optical transition energies.40,41 In 
order to assign the structure of SWCNTs, several Raman 
criteria based on the features of the main Raman-active 
modes, namely the radial breathing modes (RBM) and G 
modes, have been established from measurements 
performed on index-identified free-standing SWCNTs.43–45 

Here, developing these criteria for DWCNTs, we essentially 
specify the dependence of radial breathing-like modes 
(RBLM), which manifest themselves in DWCNTs, on their 
structural parameters. Using the experimental data on the 
individual nanotubes obtained by us and other authors, we 
have expressed the magnitude of elastic coupling between 
two layers forming a DWCNT as a simple function dependent 
not only on the DWCNT diameters but also on the twist angle 
Δ𝜃𝜃 between the DWCNT layers. On average, for the 
considered sets of individual DWCNTs, the chirality-dependent 
contribution to the elastic coupling can be approximated as 
proportional to cos (6Δ𝜃𝜃). This simple and unexpected 
expression is based on the symmetry consideration and on a 
new model proposed in order to describe the RBLM dynamics. 
Like the model46 valid for SWCNTs, our approach takes into 
account a possible deposition of water molecules (contained in 
the air) onto the nanotube surface and allows us to relate the 
structural parameters of a DWCNT with its RBLM frequencies 
more precisely. According to our analysis, the formation of 
DWCNTs consisting of the pairs of SWCNTs with the same 
handedness is more probable. This finding is supported by the 
well-known results that SWCNTs align on the graphite substrate 
according to their handedness11 or that the adsorption of 
complex chiral molecules on the SWCNT surface occurs when 
their handedness fits that of the tube.20 An application of the 
results obtained for the DWCNTs identification is also 
demonstrated. 

Results and discussion 
Synthesis and preliminary analysis of DWCNTs 

Individual suspended DWCNTs were grown across open slits or 
commercial TEM membranes by catalytical chemical vapor 
deposition technique47 (Fig. 1a). Structure identification of the 
synthesized nanotubes was performed either by ED and HRTEM 
methods following the known procedures45,48 or in combination 
with several optical methods such as Raman and Rayleigh 
spectroscopies as described in Ref. 45,49 (for more details, see 
Methods). Fig. 1b shows an example of experimental and 
simulated electron diffraction patterns used to characterize 
individual DWCNT (14,7)@(21,10) with Δ𝜃𝜃ℎ𝑖𝑖≈0.684°, where 

Δ𝜃𝜃ℎ𝑖𝑖 = �|𝜃𝜃𝑖𝑖𝑖𝑖|− |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜|� is the handedness-invariant twist 
between the DWCNT layers, while 𝜃𝜃𝑖𝑖𝑖𝑖  and 𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜  are the chiral 
angles of the constituent inner and outer nanotubes, 
respectively. 

The corresponding RBLM region of Raman spectra for this 
DWCNT is presented in Fig. 1c. As expected for DWCNTs, two 
radial breathing-like modes are observed, namely in-phase (red 
line) and out-of-phase (blue line).43 Here we analyze new data 
(see Table 1) obtained on 16 individual suspended index-
identified DWCNTs. In addition, Table 1 presents the data on 8 
nanotubes (with numbers 545, 845, 1029, 14-1745, 1945 and 2245) 
that were reported by our group earlier. See also ESI†, S1. 

Model of breathing-like mode dynamics in DWCNTs with adsorbed 
water molecules 

Despite the enormous amount of papers devoted to theoretical 
models of DWCNT dynamics, the first approach successfully 
describing the RBLM frequencies in individual DWCNTs has 
appeared relatively recently.28 This simple model of coupled 
oscillators allowed one to correlate the RBLM frequencies with 
those of RBMs in constituent SWCNTs. The model28 was 
repeatedly used and cited by other authors; in particular, it was 
generalized within the framework of the continuous 
approach,50 which describes other low-frequency modes of 
DWCNTs in a simple way. Unfortunately, the original model28 
predicted well the RBLM frequencies only for those DWCNTs, 
which had been synthesized by the same authors. In particular, 
an attempt51 to apply this model to the DWCNTs synthesized in 
our group was less successful: a quantitative match between 
the model predictions and the experimental RBLM frequencies 
in DWCNTs was not achieved, although it became clear that the 
dynamics of outer nanotube is modified by an environmental 
influence. In Ref. 45, to take this influence into account, the 

 
Figure 1. Experimental studies of DWCNTs. (a) Schematic illustration of the 
experimental procedure used in this work; (b) Experimental and simulated ED 
patterns of (14,7)@(21,10) DWCNT; (c) RBLM range of resonance Raman spectra 
for (14,7)@(21,10), (12,8)@(16,14), (16,2)@(16,14) DWCNTs, having close 
diameters and different Δ𝜃𝜃ℎ𝑖𝑖. 
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empirical dispersion law ω = 204/d + 27 was used for the RBM 
frequencies of the outer layer, but the new data obtained 
cannot be well explained quantitatively in this 
phenomenological approximation. 

In Ref. 46, for the case of individual SWCNTs, it was shown that the 
environmental influence mainly reduces to the interaction of 
nanotube with a layer of water molecules adsorbed on its surface, 
and this layer can be effectively considered as an additional 
cylindrical shell. Below, in order to develop the model of RBLM 
dynamics in DWCNTs, we use the idea46 and restrict the continuous 
approach50 to RBLM dynamics only. A Lagrangian function 𝐿𝐿 for such 
a simplified model can be expressed as 

                  𝐿𝐿 = �𝑓𝑓𝑖𝑖

3

𝑖𝑖=1

+ 𝜋𝜋𝜋𝜋(𝐶𝐶(𝑢𝑢1 − 𝑢𝑢2)2 + 𝐺𝐺(𝑢𝑢2 − 𝑢𝑢3)2),              (1) 

where 𝑓𝑓𝑖𝑖 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝑖𝑖 �
𝛾𝛾𝑖𝑖
2
�𝑜𝑜𝑖𝑖
𝑅𝑅𝑖𝑖
�
2
− 𝜌𝜌𝑖𝑖

�̇�𝑜𝑖𝑖
2

2
�  are Lagrangian functions of 

free (non-interacting) cylindrical shells, H stands for the DWCNT 
length, 𝜋𝜋𝑖𝑖 are the radii of the outer (water), middle and inner 
(carbon) shells; 𝜌𝜌𝑖𝑖 are shells’ surface densities (for carbon nanotubes 
𝜌𝜌2 =  𝜌𝜌3 = 𝜌𝜌); 𝑢𝑢𝑖𝑖 are radial displacements of the nanotubes 
considered; 𝛾𝛾1 = 𝛾𝛾𝑤𝑤 and 𝛾𝛾2 =  𝛾𝛾3 = 𝛾𝛾 stand for 2D Young moduli of 
elasticity of water shell and graphene, respectively; G is an interlayer 
elastic coupling in the DWCNT; C describes the interaction between 
the deposited water molecules and the outer carbon shell and 
increases with its radius (provided 𝜌𝜌1 is a constant). However, both 
𝛾𝛾𝑤𝑤 and C parameters should tend to zero together with the surface 
density of water molecules 𝜌𝜌1. 

Solutions of the corresponding Lagrange equations 𝜕𝜕𝐿𝐿/𝜕𝜕𝑢𝑢𝑖𝑖 =
(𝑑𝑑/𝑑𝑑𝑑𝑑)(𝜕𝜕𝐿𝐿/𝜕𝜕�̇�𝑢𝑖𝑖) can be obtained by substitution 𝑢𝑢𝑖𝑖 =
𝑢𝑢𝑖𝑖0𝑒𝑒𝑒𝑒𝑒𝑒(𝑖𝑖𝜔𝜔𝑑𝑑), where t is time and 𝜔𝜔 is angular frequency. The 
resulting homogeneous linear equations may be solved if the 
determinant of the matrix M,  

𝐌𝐌 =

⎝

⎜
⎛

𝛾𝛾𝑤𝑤
𝑅𝑅1

+ 𝐶𝐶 − 𝜌𝜌1𝜋𝜋1𝜔𝜔2 −𝐶𝐶 0

−𝐶𝐶 𝛾𝛾
𝑅𝑅2

+ 𝐺𝐺 + 𝐶𝐶 − 𝜌𝜌𝜋𝜋2𝜔𝜔2 −𝐺𝐺

0 −𝐺𝐺 𝛾𝛾
𝑅𝑅3

+ 𝐺𝐺 − 𝜌𝜌𝜋𝜋3𝜔𝜔2
⎠

⎟
⎞

 (2) 

is equal to zero. This condition determines 3 RBLM frequencies 
of the effectively triple-walled nanotube, comprised of a 
DWCNT and a water layer (on the other hand, if one substitutes 
𝜌𝜌1 = 𝜌𝜌 and 𝛾𝛾𝑤𝑤 =  𝛾𝛾 in matrix (2), then the equation det𝐌𝐌 = 0 
will easily describe the radial modes of isolated non-interacting 
triple-walled CNT).  

Let us note that due to an environment influence the RBM 
frequency of SWCNT tends to increase. For instance, the 
interaction with the adsorbed water layer leads to the blue-shift 
of 5-12 cm–1 depending on the water vapor pressure.46 The π−π 
interaction between tubes inside bundles can increase ωRBM by 
~2-4 cm–1 (see Ref. 52), while nanotube-substrate interaction 
can have either negligible effect on the RBM frequency (around 

1 cm–1 as observed for index-identified SWCNT in Ref. 38) or ~5-
7 cm–1 (estimated from Ref. 53 by comparing with 228/d 
relation). The effect of interlayer van-der-Waals interaction in 
DWCNTs is substantially more important and was reported to 
blue-shift RBM frequencies up to 20 cm–1 depending on the 
interlayer distance.45 

We can thus expand the solutions of the equation det𝐌𝐌 = 0 
in powers of weak interaction C. Then, within the first order of 
smallness in C, in-phase and out-of-phase RBLM frequencies of 
the DWCNT with the adsorbed water molecules can be found as 
solutions of the following equation: 

                                     𝑀𝑀22𝑀𝑀33 −𝑀𝑀23𝑀𝑀32 = 0.                            (3) 

Keeping in mind that the RBM frequency of the isolated (non-
interacting with environment) SWCNT satisfies an equation 𝜔𝜔2 =
𝛾𝛾/(𝜌𝜌𝜋𝜋2) (which can be simplified50 to 𝜔𝜔 = 228/𝑑𝑑, where d is the 
nanotube diameter in nm and 𝜔𝜔 stands for the frequency in  cm–1), 
we can rewrite Eq. (3) as 

  �

𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜
2
��228

𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜
�
2
− 𝜔𝜔2 + 𝐶𝐶′� + 𝐺𝐺′ −𝐺𝐺′

−𝐺𝐺′ 𝑑𝑑𝑖𝑖𝑖𝑖
2
��228

𝑑𝑑𝑖𝑖𝑖𝑖
�
2
− 𝜔𝜔2� + 𝐺𝐺′

�=0,  (4) 

where 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜  and 𝑑𝑑𝑖𝑖𝑖𝑖  are diameters of the outer and inner 
nanotubes, respectively; 𝐺𝐺 ʹ = 𝐺𝐺/𝜌𝜌; 𝐶𝐶ʹ = 𝐶𝐶/(𝜋𝜋2𝜌𝜌). The 
parameter 𝐺𝐺 ʹ thus determines the magnitude of interlayer 
coupling, while 𝐶𝐶ʹ describes the extent to which the dispersion 
law of the outer nanotube is affected by the interaction with 
water molecules. However, note that the applicability range of 
Eq. (4) is not limited by the condition C<<G, which has been used 
to deduce it. In the case of C~G one can consider the coefficient 
C' in Eq. (4) as a way to renormalize the intrinsic RBM frequency 
of the outer tube, and the relation between C' and C becomes 
nonlinear. 

The values of 𝐺𝐺′ and 𝐶𝐶′ calculated for our DWCNTs are also 
given in Table 1. In order to determine 𝐺𝐺′ and 𝐶𝐶′, a pair of Eqs. 
(4) were simultaneously solved for each nanotube. In the first 
copy of Eq. (4) both terms 𝜔𝜔2 were substituted with squared 
𝜔𝜔𝐻𝐻
𝑒𝑒𝑒𝑒𝑒𝑒, in the latter one – with squared 𝜔𝜔𝐿𝐿

𝑒𝑒𝑒𝑒𝑒𝑒; the values of 𝜔𝜔𝐿𝐿
𝑒𝑒𝑒𝑒𝑒𝑒  

and 𝜔𝜔𝐻𝐻
𝑒𝑒𝑒𝑒𝑒𝑒 of experimental in-phase and out-of-phase RBLM 

frequencies were taken from Table 1. The obtained system was 
then solved in 𝐺𝐺′  and 𝐶𝐶′ variables and since it reduced to 
quadratic equation, there existed two solutions {𝐺𝐺′,𝐶𝐶′} for 
every nanotube. However, we could easily choose the right 
solution from this couple due to the fact that both 𝐺𝐺′ and 𝐶𝐶′ 
have to be positive. 

Values of 𝐶𝐶′ coefficient may depend on a number of factors, 
for instance, on the density of the deposited water layer, its 
particular surface structure or even the characteristics of its 
dynamics. These reasons can explain the spread of 𝐶𝐶′ values in 
the range of 2400…3800 cm–2 (Fig. 2, blue dots). Due to this 
spread, two DWCNTs with exactly the same geometrical 
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Table 1. Structural information and RBLM frequencies for individual DWCNTs obtained in our group. Inner 𝑑𝑑𝑖𝑖𝑖𝑖 and outer 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 diameters of DWCNTs are given in nm, moduli of inner 
|𝜃𝜃𝑖𝑖𝑖𝑖| and outer |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| chiral angles – in degrees, experimental 𝜔𝜔𝐿𝐿

𝑒𝑒𝑒𝑒𝑒𝑒, 𝜔𝜔𝐻𝐻
𝑒𝑒𝑒𝑒𝑒𝑒 and theoretical 𝜔𝜔𝐿𝐿

𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒, 𝜔𝜔𝐻𝐻
𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒 RBLM frequencies – in cm–1. 

# DWCNT 𝑑𝑑𝑖𝑖𝑖𝑖 |𝜃𝜃𝑖𝑖𝑖𝑖| 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| 𝜔𝜔𝐿𝐿
𝑒𝑒𝑒𝑒𝑒𝑒 𝜔𝜔𝐻𝐻

𝑒𝑒𝑒𝑒𝑒𝑒 𝐺𝐺′ 𝐶𝐶′ 𝜔𝜔𝐿𝐿
𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒 𝜔𝜔𝐻𝐻

𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒 

1 (8,4)@(18,2) 0.829 19.11 1.494 5.21 171 288 2793.3 2673.8 172.2 290.0 

2 (7,6)@(16,6) 0.882 27.46 1.542 15.30 167 274 3345.8 2398.3 167.6 275.1 

3 (14,1)@(21,4) 1.137 3.42 1.821 8.57 146 215 3014.9 3053.2 146.1 215.1 

4 (14,1)@(15,12) 1.137 3.42 1.834 26.33 144 211 2227.5 3265.4 143.9 210.9 

5 (11,6)@(18,9) 1.169 20.36 1.864 19.11 141 206 2313.7 2884.6 141.7 207.5 

6 (14,2)@(22,4) 1.182 6.59 1.898 8.21 139 202 1942.7 3167.9 138.3 200.7 

7 (15,2)@(23,4) 1.260 6.18 1.976 7.89 134 190 1905.9 3039.7 133.8 189.7 

8 (10,9)@(18,11) 1.289 28.26 1.985 22.07 135 193 3248.5 2672.6 134.0 190.3 

9 (16,2)@(16,14) 1.338 5.82 2.036 27.80 132 183 2556.1 2987.4 131.9 182.8 

10 (12,8)@(16,14) 1.365 23.41 2.036 27.80 133 186 3707.1 2764.8 133.5 188.0 

11 (14,5)@(26,1) 1.336 14.70 2.076 1.87 124 173 505.90 2849.3 124.9 174.2 

12 (14,7)@(21,10) 1.450 19.11 2.145 18.42 127 172 2899.0 2990.8 127.3 173.2 

13 (18,2)@(19,13) 1.494 5.21 2.182 23.82 126 173 3864.0 2873.3 125.2 169.5 

14 (18,2)@(20,12) 1.494 5.21 2.192 21.79 124.5 169 3168.1 2809.7 124.0 167.2 

15 (13,9)@(24,7) 1.500 24.01 2.205 12.43 123 168 3110.9 2576.6 122.3 165.5 

16 (14,8)@(19,14) 1.510 21.05 2.246 25.00 121 157 1253.7 3407.8 121.3 157.7 

17 (15,9)@(22,12) 1.644 21.79 2.338 20.36 120 157 3366.7 3332.9 120.1 158.0 

18 (18,6)@(21,14) 1.694 13.90 2.389 23.41 117.5 156 3857.3 3124.8 117.2 153.8 

19 (16,12)@(27,10) 1.905 25.28 2.595 15.14 109 141 3652.9 3067.4 109.2 143.5 

20 (17,14)@(26,14) 2.105 26.80 2.752 20.17 105.5 148 6316.3 3850.6 105.5 148.7 

21 (17,14)@(28,12) 2.105 26.80 2.783 17.00 101 141 5418.8 2598.9 100.9 138.5 

22 (22,11)@(27,17) 2.278 19.11 3.009 22.52 98 121 3175.3 3591.2 98.0 120.4 

23 (30,1)@(27,19) 2.389 1.63 3.134 24.27 95 110 2068.5 3672.2 95.0 110.5 

24 (22,13)@(39,2) 2.399 21.56 3.134 2.48 92 110 2312.6 2837.0 92.0 112.5 

 

parameters could possess slightly different RBLM frequencies. 
However, on average the 𝐶𝐶ʹ value increases with the increase of 
outer diameter, and this dependence can be explained as 
follows. 

Assuming no interaction between inner and outer constituent 
SWCNTs (𝐺𝐺 = 0), the RBM frequency of the outer nanotubes 
with water molecules deposited on its surface is determined by 
the upper left 2x2 part of the matrix (2). Expanding the solution 
of the quadratic equation derived in such a way within the 
second order of smallness in C, we get  

𝜔𝜔 ≈ � 4𝛾𝛾
𝜌𝜌𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡

2 + 2𝐶𝐶
𝜌𝜌𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡

+ 𝐶𝐶2

(𝛾𝛾𝜌𝜌1−𝛾𝛾𝑤𝑤𝜌𝜌)
. 

Using the substitutions leading from (3) to (4) and the 
assumption that C is proportional to 𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒, one can rewrite the 
latter expression as 

                                      𝜔𝜔 ≈ �� 228
𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡

�
2

+ 𝐶𝐶 ʹ,                                 (5) 

where  𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒 =  2𝜋𝜋2 ≈ 2𝜋𝜋1  and 𝐶𝐶 ʹ = 𝐶𝐶0′ + 𝐶𝐶1′𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒2 . Note that 
Eq. (5) is reduced to the well-known empirical law54 for RBM 
frequencies 𝜔𝜔 = (𝐴𝐴/𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒)𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑(1 + 𝑐𝑐𝑑𝑑𝑜𝑜𝑜𝑜𝑡𝑡𝑒𝑒2 ) by substituting 
𝐶𝐶1′ = 0. In addition, here we assume that A=228 nm.cm– 1 and 
𝑐𝑐 = 𝐶𝐶′/𝐴𝐴2. 

Let us remark that the dependence of 𝐶𝐶ʹ (or c) on nanotube’s 
diameter has not been previously discussed, however, the 
amount of experimental data on SWCNTs23,43,55–61 is sufficient 
to demonstrate it; see the spread of red and blue empty circles 
in Fig. 2. The 𝐶𝐶′ values for DWCNTs presented in Table 1 are 
plotted depending on outer tubes’ diameters (solid blue dots). 
For these nanotubes, the least-square fit of 𝐶𝐶′ values gives 𝐶𝐶′ =
2596 + 82𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜2  (blue solid line in Fig. 2). Note that the resulting 
fit only demonstrates that the 𝐶𝐶′ value increases on average 
with the outer diameter of nanotube. This function is not used 
when applying the model to find the dependence of 𝐺𝐺′ on the 
structural parameters of DWCNTs. 

In the model of coupled oscillators,28 both constituent layers 
of DWCNTs are considered to satisfy the dispersion law 𝜔𝜔 =
228/𝑑𝑑, which is true when no water molecules are adsorbed at 
the surface of these nanotubes. In order to verify this 
statement, we have determined the spread of 𝐶𝐶′ for the set28 
of 13 DWCNTs by following the same procedure as for our data 
within the framework of our model. As shown in Fig. 2, 𝐶𝐶′ values 
are distributed around 0, as expected. Furthermore, a similar 
spread in the vicinity of 𝐶𝐶′ = 0 is obtained for SWCNTs62 
obtained by the same group. Note also that if we substitute 
𝐶𝐶′ = 0 into Eq. (4), then the latter one is simplified into the 
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equivalent equation50 for calculation of coupled oscillators’ 
frequencies. 
Let us recall that in the original model28 the interlayer coupling 
function is approximated by a product between the unit-area force 
constant, which depends on the interlayer distance only, and the 
average diameter of a DWCNT. This is justified by the agreement 
between the force constant and the value of the van der Waals 
interaction obtained from compressibility measurements of 
graphite.63 The dependence of the unit-area force constant on the 
interlayer distance in DWCNTs, ∆𝑠𝑠 = (𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑑𝑑𝑖𝑖𝑖𝑖)/2, can be 
approximated by a linear expression for ∆𝑠𝑠 in the range 0.335-0.37 
nm.28 Following this approximation, we write 𝐺𝐺′ = (𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 +
𝑑𝑑𝑖𝑖𝑖𝑖)[𝐿𝐿0 + 𝐿𝐿1(𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑑𝑑𝑖𝑖𝑖𝑖)]. Then, the least-square fit of data related 
to DWCNTs28 (for which 𝐶𝐶′=0) yields 𝐿𝐿0 ≈ 7010 and 𝐿𝐿1 ≈ −8953 
with a standard frequency deviation of 1.30 cm–1. The analogous fit 
of our data leads to parameters: 𝐿𝐿0 ≈ 8153  and 𝐿𝐿1 ≈ −10483 at 
the standard frequency deviation of 1.39 cm–1. In order to perform 
this fit, the standard deviation of 48 theoretical RBLM frequencies 
from the experimental ones was minimized; theoretical frequencies 
(depended on 𝐿𝐿0 and  𝐿𝐿1 coefficients) were expressed as solutions of 
24 Eqs. (4), where the 𝐶𝐶 ʹ values were taken from Table 1. The 
obtained small value of standard deviation justifies that the 
proposed model of DWCNT dynamics successfully takes into account 
the environmental influence. However, note that mean diameter of 
DWCNTs28 is larger and, apparently, for this reason the fitting 
parameters corresponding to the two sets of DWCNTs do not well 
coincide. 

In order to overcome this shortcoming, in the next section we 
reconsider the explicit form of the interlayer coupling function28 
and demonstrate that in addition to DWCNT’s outer and inner 
diameters this coupling weakly depends on the twist angle Δ𝜃𝜃 
between nanotube layers. The weakness of the latter chiral 
term could be seen from Fig. 1c, where RBLM regions of Raman 
spectra for two index-identified DWCNTs (12,8)@(16,14) and 
(16,2)@(16,14) are compared. These two tubes have similar 

mean diameter and interlayer distance, but very different twist 
angles Δ𝜃𝜃ℎ𝑖𝑖  (4.383° and 21.978°, respectively, see Table 1). 
However, in the present case of two DWCNTs with drastically 
different Δ𝜃𝜃ℎ𝑖𝑖  values not much difference in RBLM frequencies 
is observed. 

Interlayer mechanical coupling with a component dependent on 
the twist angle 

Study of the twist angle dependent component in interlayer 
mechanical coupling represents an issue of extreme 
importance. Recently, analyzing a set of ~70 nanotubes, authors 
of Ref. 64 reported that due to the effect of mechanical coupling 
the formation of DWCNTs with specific helicities is forbidden 
when Δ𝜃𝜃ℎ𝑖𝑖≈0° and Δ𝜃𝜃ℎ𝑖𝑖>25° (in Fig. 3 these are the regions I and 
II, respectively). Fig. 3 also demonstrates (with open black 
symbols) the |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| vs. Δ𝜃𝜃ℎ𝑖𝑖  values derived from the analysis of 
335 DWCNTs synthesized by CCVD, arc-discharge and peapod 
conversion techniques and described in Refs. 27,28,31,64–79. 
Apart from these two regions discussed below, there also exists 
a geometrically forbidden triangular zone (see Fig. 3). It is 
forbidden because 𝜃𝜃 is limited in the range 0° to 30° and in any 
graph with |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| and Δ𝜃𝜃ℎ𝑖𝑖  axes this zone will be empty even if 
the values 𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜  and 𝜃𝜃𝑖𝑖𝑖𝑖 are randomly distributed (for more 
details, see ESI†, S2). 

However, in spite of the claim64 the helicities presented in Fig. 
3 are rather distributed among all possible |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| vs. Δ𝜃𝜃ℎ𝑖𝑖  
values. In particular, the DWCNT (14,7)@(21,10) (|𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| 
≈18.42°, Δ𝜃𝜃ℎ𝑖𝑖≈0.684°, see Table 1) appears in the region I. 
Moreover, unlike Ref. 64 observations, few DWCNTs27,28,66,67,72–

75 are also located in this region. The upper part of the region II 

is also occupied.27,28,74 Only the bottom part of the region II 

 

 

Figure 3. Distribution of 335 helicities for DWCNTs27,28,31,64–79 grown by CCVD, 
arc-discharge and peapod conversion techniques is shown with open black 
circles; solid red circles and triangles represent the data on our new and earlier 
reported index-identified individual DWCNTs, respectively. Outlined zones I 
(𝛥𝛥𝜃𝜃ℎ𝑖𝑖≈0°) and II (𝛥𝛥𝜃𝜃ℎ𝑖𝑖>25°) were claimed in Ref. 64 as forbidden due to the effect 
of mechanical coupling between the layers. 

 

 

 

Figure 2. Influence of environment on the dynamics of carbon nanotubes. The 
dependence of interaction constant C' on the outer diameters of suspended index-
identified DWCNTs (from this work: solid blue dots; from Ref. 28: solid green dots) and 
on the diameters of suspended index-identified SWCNTs (from Ref. 43, 55–61: open 
blue circles; from Ref. 62: open green circles). Red empty circles denote the spread of 
C' for SWCNTs in surfactant.23 The spreads of C' for SWCNTs and DWCNTs synthesized 
in our group (open and solid blue symbols, respectively) are close. A spread around 
C'=0 (dashed green line) has been found in suspended DWCNTs28 and SWCNTs62 
synthesized in another group.  
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(|𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜|<5°) is still vacant. Nevertheless, it is not completely 
correct to say that this small area is prohibited. Only 27 helicities 
are observed in the strip |𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜|<5°. If they were random in this 
strip, then the probability that the small triangular zone with 
Δ𝜃𝜃ℎ𝑖𝑖>25° appears empty would easily be estimated as 10%. 
However, the probability (estimated numerically) that a similar 
small empty zone with the same area exists near a certain Δ𝜃𝜃ℎ𝑖𝑖  
value is close to 100%. Thus, the plausible hypothesis that the 
interlayer mechanical coupling prevents the formation of the 
considered helicities is not yet justified experimentally. 
However, we support the idea64 that this coupling could depend 
on the value of the twist angle and try to evaluate below the 
weak dependence of the coupling constant 𝐺𝐺′  on the value of 
 ∆𝜃𝜃. 

Let us consider how the constant of elastic coupling between 
two flat graphene sheets changes if they are mutually rotated 
by the twist angle ∆𝜃𝜃=𝜃𝜃𝑖𝑖𝑖𝑖 − 𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜  forming so-called moiré 
patterns, actively discussed in literature.27,30 First, if at ∆𝜃𝜃=0 the 
orientations of sheets coincide, then at ∆𝜃𝜃 = 60° they coincide 
again. Second, the constants of elastic coupling should be equal 
at any twist angles ∆𝜃𝜃 and −∆𝜃𝜃. Therefore, a dependence of 
elastic coupling of two flat graphene sheets on ∆𝜃𝜃 can be 
presented as a series with basic functions 𝑓𝑓𝑖𝑖 = cos(6𝑛𝑛∆𝜃𝜃), 
where n are nonnegative integers (see similar symmetrically-
justified consideration in Ref. 80). The simplest form for this 
dependence (not reduced to a constant) is cos(6∆𝜃𝜃) and we 
will use it below to model angular anisotropy of interlayer 
coupling in DWCNTs. 

In the original model28 of coupled oscillators the interlayer coupling 
𝐺𝐺′ is a quadratic function of nanotube’s diameters 𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜  and 𝑑𝑑𝑖𝑖𝑖𝑖. 
However, at some finite range any function without extreme points 
can be approximated by a linear one. So we choose the following 
simplest form for 𝐺𝐺′: 

𝐺𝐺 ʹ = 𝐺𝐺0 + 𝐺𝐺1(𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑑𝑑𝑖𝑖𝑖𝑖) + 𝐺𝐺2(𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑑𝑑𝑖𝑖𝑖𝑖)
+      𝐺𝐺3(𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑑𝑑𝑖𝑖𝑖𝑖) cos(6∆𝜃𝜃), 

 

     (6) 

where four coefficients 𝐺𝐺0 ÷ 𝐺𝐺3 are the constants, which do not 
depend on structural parameters of DWCNTs. The first three 
achiral terms in (6) correspond to the general linear function in 
𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜  and 𝑑𝑑𝑖𝑖𝑖𝑖, which were grouped to emphasize the 
contributions proportional to the interlayer distance and the 
average diameter of DWCNT. The fourth term (containing ∆𝜃𝜃) 
for the sake of simplicity is assumed to depend only on the 
DWCNT’s average diameter.  

For the practical utilization of Eq. (6) we replace ∆𝜃𝜃 = 𝜃𝜃𝑖𝑖𝑖𝑖 −
𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜  with Δ𝜃𝜃ℎ𝑖𝑖  (see a justification for this replacement in the 
next section) and determine 𝐺𝐺0 ÷ 𝐺𝐺3 constants in two stages for 
convenience. First, we find their approximate values by 
minimizing the standard deviation of the function (6) from the 
𝐺𝐺′ values presented in Table 1. This problem is reduced to the 
system of linear equations which has a unique solution. At the 
second stage, the standard deviation of 48 theoretical RBLM 
frequencies from the experimental ones is minimized. 
Theoretical frequencies depend on 𝐺𝐺0 ÷ 𝐺𝐺3 coefficients and are 
expressed as solutions of 24 Eqs. (4), where we utilize the 
previously found values of 𝐶𝐶′ (see Table 1). In order to perform 

the final minimization, 𝐺𝐺𝑖𝑖  constants found at the first stage are 
used as a first approximation. As a result, we get 

            𝐺𝐺0 ≈ 31644,𝐺𝐺1 ≈ −45839,𝐺𝐺2 ≈ 882,𝐺𝐺3 ≈ 49.         (7)  

The use of Eq. (4), where 𝐶𝐶′ is taken from Table 1 and 𝐺𝐺′ is 
calculated in terms of (6) with coefficients (7) leads to 
theoretical RBLM frequencies 𝜔𝜔𝐿𝐿

𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒  and 𝜔𝜔𝐻𝐻
𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒  presented in 

the last two columns of Table 1 (see also ESI†, S3). The 
maximum deviation of theoretical frequencies from the 
experimental ones does not exceed 3.5 cm–1 (DWCNT #13 
(18,2)@(19,13)), and the standard deviation decreased to 1.27 
cm–1. Thus, the numerical analysis described above supports 
both the semi-empirical formula (6) and the presented model 
of RBLM dynamics. 

After that we first utilize the 𝐺𝐺′ dependence (6) with the 
coefficients (7) found by fitting our data and obtain theoretical 
frequencies 𝜔𝜔𝐿𝐿

𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒  and 𝜔𝜔𝐻𝐻
𝑜𝑜ℎ𝑒𝑒𝑜𝑜𝑒𝑒  for 13 DWCNTs presented in the 

Ref. 28. For this calculation, the simplification 𝐶𝐶′ = 0 in Eq. (4) 
is used and the maximum deviation between theoretical and 
experimental frequencies does not exceed 2.7 cm–1 (DWCNT 
(15,10)@(27,6)), while the standard deviation is equal to 1.6 
cm–1 (see also ESI†, S3). Thus, the formula (6) with the 
coefficients (7) is in good agreement with the data taken from 
literature as well. Second, we perform the direct numerical 
minimization of standard frequency deviation for these 13 
DWCNTs. It leads to slightly different coefficients in formula (6) 
as compared to those found for our DWCNTs: 

             𝐺𝐺0 ≈ 31680,𝐺𝐺1 ≈ −46664,𝐺𝐺2 ≈ 948,𝐺𝐺3 ≈ 46.        (8)  

For this fit we find that the maximum deviation between 
theoretical and experimental frequencies increases to 3 cm–1 
(DWCNT (14,12)@(23,13)), yet standard deviation goes down to 1.20 
cm–1. Let us also note that the formula (6) with coefficients (8) leads 
to standard deviation of 1.4 cm–1 for the DWCNTs from Table 1. Thus, 
we can conclude that both sets (7) and (8) of 𝐺𝐺𝑖𝑖  parameters are 
appropriate for all DWCNTs considered in this paper. The relation (6) 
seems to be more robust because it concurrently fits both sets of 
data with smaller standard deviations (in respect to those calculated 
in the previous section). Overall, the relation (6) represents a 
mathematically justified approximation of interlayer interaction, the 
physical mechanism of which needs to be clarified in further studies. 

Angular dependence of interlayer coupling and peculiarities of 
self-assembly of DWCNTs  

The majority of the modern methods of DWCNT 
nanoidentification (including the ones used for indexing of the 
DWCNTs listed in Table 1 and Ref. 28) do not distinguish 
between left- and right-handed nanotubes in a pair (n,m)@(p,q) 
and (m,n)@(q,p). Moreover, they do not differentiate a DWCNT 
(n,m)@(p,q) from the ones (n,m)@(q,p) and (m,n)@(p,q). Thus, 
if for two SWCNTs, which form a DWCNT, chiral angles are 
found as nonnegative values 𝜃𝜃𝑖𝑖𝑖𝑖 and 𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜  less than 30°, then in 
a DWCNT comprising the layers of opposite handedness the 
value |∆𝜃𝜃| appears to be equal not to the difference between 
moduli of chiral angles, but to their sum. Fig. 4a illustrates the 
case when |∆𝜃𝜃| = |𝜃𝜃𝑖𝑖𝑖𝑖| + |−𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜| and explains how we 
determine the sign of chiral angles. An alternative (but totally 
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equivalent) definition can be found in Ref. 8 but appears less 
convenient to us. 

Since |∆𝜃𝜃| may be equal not only to the difference between 
moduli of chiral angles but also to their sum, it may seem that 
the presence of the term proportional to cos(6∆𝜃𝜃) in Eq. (6) is 
meaningless, because these two cases lead to different values 
of cos(6∆𝜃𝜃). In order to clarify this fact, let us present 
cos(6∆𝜃𝜃) as cos(6𝜃𝜃𝑖𝑖𝑖𝑖) cos(6𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜) +sin(6𝜃𝜃𝑖𝑖𝑖𝑖) sin(6𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜). The 
first term of the latter equation does not depend on 
handedness of the SWCNTs forming the DWCNT, while the 
second term changes its sign if one of the layers is replaced by 
its mirror-symmetrical copy. Thus, if the formation of all four 
considered configurations of DWCNTs was equally probable, 
then cos(6∆𝜃𝜃) in Eq. (6) should be replaced with the 
handedness-invariant product cos(6𝜃𝜃𝑖𝑖𝑖𝑖) cos(6𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜). 

Having performed this replacement and used the fitting 
procedure described above, we recalculated coefficients (7-8) 
and found new values of standard deviations, which increased 
by 0.2 and 0.3 cm–1, respectively. Since fitting with the initial 
function (6) turns out to give the best results, we believe that a 
DWCNT rather comprises the layers with the same handedness. 
Our opinion is supported by the well-known results that 
SWCNTs align on the graphite substrate according to their 
handedness11 or that the adsorption of complex chiral 
molecules on the SWCNT surface occurs when their 
handedness fit that of the tube.20 

How the results obtained can be used for the verification of 
DWCNT identification?  

First, the method described below is reliable if structural 
parameters of a considered DWCNT belong to the interval of 
parameters of DWCNTs discussed in the present work. In 
particular, the mean diameter (𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑑𝑑𝑖𝑖𝑖𝑖)/2 should be 
approximately in the range 1-3 nm. At such mean diameters, 
for different DWCNTs the contribution of 𝐺𝐺1(𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑑𝑑𝑖𝑖𝑖𝑖) to the 
value of interlayer coupling (6) can vary with a dispersion of 
about 3000 units, while the analogous dispersion for the chiral 
term proportional to 𝐺𝐺3 is approximately 6 times smaller. 
However, since close values of 𝐺𝐺3 are obtained when 
performing analysis of DWCNTs from different sources, the 
addition of this term is reasonable. It decreases the maximal 
deviations between theoretical and experimental frequencies 
by ≈1 cm–1 that, in turn, makes our approach substantially more 
accurate for determination of errors in identification of 
DWCNTs. 

If a considered DWCNT is in air of some nonzero humidity, at 
first one should find coefficients 𝐶𝐶′ and 𝐺𝐺′ using its RBLM 
frequencies and structural parameters (this procedure is 
described below Eq. (4)). If the latter coefficient differs 
significantly (by more than 500-600 units) from the result of 
calculation by means of Eq. (6), then a detailed analysis should 
be performed in a following way. First, replace your coefficient 
𝐺𝐺′ with the result of its calculation by means of Eq. (6). Second, 
use Eq. (4) in order to find theoretical RBLM frequencies. If for 
at least one of the modes the difference between theoretical 
and experimental RBLM frequencies exceeds 5-6 cm–1, then 
there is a strong probability that an error of identification of the 
DWCNT has occurred. 

If you work in vacuum (or at zero humidity), then substitute 
𝐶𝐶′ = 0 and 𝐺𝐺′ found by means of Eq. (6) in Eq. (4) and solve it. 
Once again, if for at least one of the modes the difference 
between theoretical and experimental RBLM frequencies 
exceeds 5-6 cm–1, then there is a strong probability that an error 
of identification of the DWCNT has occurred. 

Note that it is possible to use any set of coefficients ((7) or (8)) 
in formula (6). In spite of the fact that the set (7) is more 
appropriate for DWCNTs in humid air while the set (8) is better 
at zero humidity, the arising difference in determination of 
errors would be unessential. In future, if the dependence of 𝐺𝐺′ 
on structural parameters of DWCNTs is defined more precisely, 
our approach can be used not only for determination of errors 
in DWCNT identification, but also for the procedure of 
identification itself. Even now use of Eqs. (4) and (6) with 
coefficients (7) has allowed us to identify the structures of 3 
DWCNTs not listed in Table 1 (see ESI†, S4). This identification 
would have been impossible without the results presented 
above. 

 

Figure 4. The handedness of layers and the twist angle ∆𝜃𝜃 in DWCNTs.(a) Chiral 
vectors and chiral angles for the DWCNT comprising two layers of opposite 
handedness. The planar symmetry of a graphene sheet is described by the group 𝐶𝐶6𝑣𝑣. 
Therefore, without taking into account the handedness, any SWCNT is indexed by a 
chiral vector, which becomes a perimeter of the nanotube and lays within one 30° 
fundamental sector between two neighboring mirror planes of 𝐶𝐶6𝑣𝑣 symmetry group.8 
Alternate neighboring fundamental sectors are shown in panel (a) in light and dark 
hues. Taking into account the handedness, one should use any two neighboring 
sectors separated by a mirror plane of 𝐶𝐶6𝑣𝑣 symmetry group for SWCNT indexing. Then 
chiral vectors generating left- and right-handed antisymmetic SWCNTs are reflected 
in each other by this mirror plane, and chiral vectors rotated by 60° give rise to 
identical SWCNTs. In order to index SWCNTs, we choose two sectors separated 
by n axis and assume that a chiral angle 𝜃𝜃 is measured in clockwise and 
anticlockwise directions with respect to the vector n and −30° ≤ 𝜃𝜃 ≤ 30°. As it 
is shown, due to the opposite handedness of layers in the DWCNT considered, 
the twist |∆𝜃𝜃| is equal to |𝜃𝜃𝑖𝑖𝑖𝑖| + |−𝜃𝜃𝑜𝑜𝑜𝑜𝑜𝑜|. (b) Virtual DWCNT (4,6)@(5,2) 
comprising two layers of opposite handedness. (c-d) Pair (6,4) and (4,6) of 
SWCNTs with opposite handedness. The change of indices from (n,m) to (m,n) 
is always equivalent to the change of handedness. Colored sectors correspond 
to chiral angles and lie between chiral vectors (transformed into the tube 
perimeters) and former directions (zigzag) of n axis shown in panel (a). 
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Conclusions 
In the present work, on the basis of our new experimental 
results and experimental data published previously,28,29,45 we 
consider how chirality and handedness of walls forming a 
DWCNT manifest themselves in the dynamics of its phonon 
breathing-like modes. The proposed symmetrically-justified 
model turns out to be substantially more accurate than the 
previous ones since within its framework we have succeeded 
not only to take into account a possible deposition of water 
molecules onto an outer DWCNT wall from ambient air but also 
to determine the contribution from the handedness-dependent 
term in interlayer mechanical coupling between walls forming 
the DWCNT. Statistical evidence that this term has an influence 
on RBLM dynamics allows us to draw the following inference: 
the formation of DWCNTs consisting of the layers with the same 
handedness is more probable. This statement is in accordance 
with the known recent papers demonstrating that SWCNT aligns 
on the graphite substrate according to its handedness11 or that 
for the adsorption of complex chiral molecules (DNA, for 
example), the handedness of them should fit that of the 
SWCNT,20 to the surface of which the molecules are attached. 
DWCNTs with specific handedness of layers could be 
functionalized with different chiral bioactive molecules and 
could be used to design hybrid CNT-based nanobioelectronic 
devices81 and biomedicine tools82 that is of great interest for 
both interdisciplinary research and future applications. 
Furthermore, from a technological viewpoint, our results could 
become the basis for a new method of DWCNT identification, 
which would use the established dependence of RBLM 
frequencies on structural parameters (including chiral angles) of 
DWCNTs. The paper will be of interest to a wide range of 
readers dealing with synthesis, phonon dynamics, 
identification, as well as structural and symmetry peculiarities 
of carbon nanotubes. 

Methods 
Growth of individual DWCNTs on open slit substrates 

Ultralong individual DWCNTs were grown by catalytic chemical 
vapor deposition (CCVD) method directly across open slit 
structures (~50×1000 µm²) fabricated on silicon (Si) substrates 
((100) orientation, 200 µm thick) with a 90 nm thick SiO2 layer 
(as shown on Figure 1a). 0.001 M of iron (III) chloride (FeCl3) 
solution was used as catalyst precursor, deposited on SiO2/Si 
substrates. During the CCVD, the catalyst substrates were put 
side by side with the slit substrates. The substrates were 
oriented with the catalyst side towards the gas inlet. The sample 
held in a quartz tube was kept outside the heated zone during 
temperature ramping of the furnace. Before heating, all gas 
lines and the reactor tube were purged by argon (Ar) at a flow 
rate of 800 sccm for 30 min. Next, the furnace was heated to 
950 °C at a ramping rate of 18.5° C min–1. To carry ethanol 
(C2H5OH) to the furnace, Ar at a flow of 15 sccm was passed 
through a bubbler containing C2H5OH (kept at room 
temperature ~25 °C). When the temperature reached the 
synthesis temperature, Ar was replaced by hydrogen (H2) and 
C2H5OH/Ar at flow rates (1:1 ratio) of 15 sccm. After 5 min, the 

furnace was slid to the sample position to fast heat the sample 
and to grow CNTs. The synthesis durations were 30 min. After 
that, H2 and C2H5OH vapor were replaced by pure Ar at a flow 
rate of 30 sccm, the furnace was switched off and was slid to 
the initial position to fast cool the samples. 

Measurements 

High resolution transmission electron microscopy (HRTEM) 
images and electron diffraction (ED) patterns were recorded in 
a FEI Titan Cube microscope (equipped with a spherical 
aberration corrector) operating at 80 kV and within short 
acquisition times (less than 5 s for ED) to reduce damage 
induced by electron diffraction. Rayleigh spectra of individual 
free-standing DWCNTs were measured in a backscattering 
geometry using a cross-polarization scheme with a Fianium 
supercontinuum laser as a light source and a fiber-fitted QE-Pro 
Ocean Optics spectrometer for detection. Resonant Raman 
scattering measurements were carried out using an iHR550 
Jobin-Yvon spectrometer (gratings 1,800 or 1,200 grooves per 
mm) equipped with a liquid-nitrogen-cooled, back-illuminated 
silicon charge-coupled device detector in a micro Raman 
backscattering configuration. The home-made microscope was 
equipped with a ×100 objective (numerical aperture = 0.95). The 
samples were mounted on a three-axis piezo-electric stage 
(PIMars P-563, Physik Instrumente) to ensure the precise 
positioning and focusing of the laser spot. Incident excitations 
from various continuous wave lasers were used: HeNe at 632.8 
nm (1.96 eV), diode-pumped solid-state lasers at 457 nm (2.71 
eV), 532 nm (2.33 eV) and 561 nm (2.21 eV), and a Ti-Sapphire 
filtered using a tunable laser line filter in the near infrared. To 
avoid heating effects, the laser intensity impinging the sample 
was kept below 100 kW/cm2. 
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