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Abstract. In this work, we investigate the one dimensional van der Waals het-
erostructures formed by single-walled carbon nanotubes (SWCNTs) trapped
inside single-walled boron nitride nanotubes (SWBNNTs) by a combina-
tion of molecular dynamics, the bond polarisability model, and the spec-
tral moments method. Utilizing the Lennard-Jones potential, we exam-
ined the structural stability of the SWCNT(14,0)@SWBNNTs heterostruc-
tures. We calculated the optimal diameter of the host SWBNNTs at which
the resulting SWCNT(14,0)@SWBNNTs heterostructures are stable. We
then reported the Raman spectra of the SWCNT(14,0), SWBNNT(23,0), and
SWCNT(14,0)@SWBNNT(23,0) calculated in the wavenumbers range of 0-
1800 cm−1. The structural stability of the SWCNT(14,0)@SWBNNT(23,0)
coaxial heteronanotubes, as well as a possible charge transfer phenomenon oc-
curring between the inner and the outer nanotubes, are investigated by analysing
how encapsulation affects the Raman active modes of the guest SWCNT(14,0)
and the host SWBNNT(23,0).
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1 Introduction

In the midst of the most prominent nanomaterials known for their fascinating physical prop-
erties that have stimulated researchers for the past 30 years, are Single-walled carbon nan-
otubes (CNTs) [1, 2]. Their specific honeycomb structure composed of sp2 Carbon-Carbon
bonds, forms rolled-up cylindrical graphene sheets. This covalent structure offers Single-
walled CNTs high thermal conductivity and significant mechanical strength [3–7]. They have
equally exceptional electronic properties. According to their chiral indices (n, m), they can
be semiconducting or metallic [8, 9]. These outstanding properties make thase 1D nanomate-
rials potentially useful in several applications, including thermoelectric devices, transparent
and flexible films, photovoltaic cells and transistors [9].

It should also be noted that, not just graphene, tubular structures can be formed using
other 2D nanomaterials. In fact, Hexagonal boron nitride (h-BN) is 2D material which can
∗e-mail: omar.elbouayadi@usmba.ac.ma
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form Single-walled boron nitride nanotubes (BNNTs) [10]. BNNTs are insulators with a
large band-gap of around 5.5 to 6 eV independently of diameter or chirality, which inherit
their 2D counterparts properties [11]. Equally, BNNTs show high thermal conductivity and
mechanical strength [12–14], making them hopeful nanomaterials for various applications,
including insulating components in nanodevices, as protective coatings or shells, and even in
biocompatible materials for potential medical or biological applications [15–17].

The expansion of the potential applications of single-walled CNTs and BNNTs could be
moreover performed by formation of the host/guest compounds with other nanomaterials,
including nanowires, polymers, oligomers, or even more other types of nanotubes, result-
ing in 1D van der Waals (1D vdW) heterostructures [18–23]. Thanks to the recent advances
in chemical vapor deposition techniques for nanomaterials, the experimental synthesis of
these 1D vdW heterostructures have been enabled. Among them, single-walled CNTs en-
capsulated inside single-walled BNNTs (CNTs@BNNTs) are one of the simplest coaxial
heteronanotubes with analogous layers of boron-nitrogen and carbon [19–21, 24, 25]. This is
known as the 1D version of 2D vdW heterostructures formed by graphene and h-BN, which
display unique physical properties and various applications. The weak vdW interactions sub-
sisting between the guest single-walled CNTs and the host single-walled BNNTs, along with
the inert surface of the host single-walled BNNTs can preserve the main physical properties
of the guest single-walled CNTs, thereby maintaining their optoelectronic and thermoelec-
tric properties. The 1D vdW heterostructures of CNTs@BNNTs is fascinating because the
single-walled CNTs are protected and functionalized by dielectric single-walled BNNTs. The
encapsulation inside allow to maintain the electronic behaviour of single-walled CNTs near
the Fermi level, and it is expected to serve as the ultimate single-walled CNTs channel with
a non-bonded surrounding dielectric layer, which allow to enhance its thermal conductance
and make it more resistant to oxidation [26–28].

In this work, structural stability and vibrational properties from Raman spectroscopy
of 1D vdW heterostructures consisting of zigzag single-walled CNTs (14,0) trapped in-
side single-walled BNNTs, denoted as SWCNT(14,0)@SWBNNTS (see Fig. 1), is the-
oretically investigated using a hybrid approach integrating molecular dynamics, bond
polarizability model, and spectral moments method. The optimization of the geome-
try of SWCNT(14,0)@SWBNNTS is carried out utilizing Lennard-Jones potential. Af-
ter calculating the optimal diameter of the host SWBNNTs and demonstrating the most
stable SWCNT(14,0)@SWBNNTs heterostructure, the Raman spectra of the pristine
SWCNT(14,0) and SWBNNT(23,0) calculated in the wavenumber range of 0-1800 cm−1 be-
fore and after encapsulation are reported. Our purpose consists of probing the inter-walls
interactions that subsist in such 1D vdW systems by analysing of the effects of the en-
capsulation on the Raman actives modes of the guest SWCNT(14,0) and those of the host
SWBNNT(23,0).

2 Computational method

The simulation of Raman responses involves the acquaintance of the dynamical matrix as
well as the polarizability tensor of the nanomaterials. The former primarily enables the deter-
mination of the positions of the wavenumbers of the Raman features, while the latter allows to
define the intensities of the Raman lines. Taking advantage of molecular dynamics, a three-
step methodology is adopted, involving the decomposition of coaxial heteronanotubes into
two independent subsystems (SWCNTs and SWBNNTs), followed by the coupling of the
guest and the host nanotubes using an appropriate empirical potential. Using this approach,
Raman spectra of various 1D vdW heterostructures formed by SWCNTs and SWBNNTs en-
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Figure 1. Schematic view of 1D carbon-boron nitride vdW heterostructure

capsulating oligothiophene derivatives, or SWCNTs filled with caffeine, and linear carbon
chains can be effectively simulated as has been shown in our previous papers [29, 30].

Thus, Saito’s force constant model is employed for the calculation of the dynamical ma-
trix of the SWCNTs [31]. Then, Xiao’s force constant model is employed for the calculation
of the dynamical matrix of the SWBNNTs [32]. Lastly, as the pricipal binding mechanism in
the coaxial heteronanotubes are the weak vdW interaction, the interactions between the inner
SWCNTs and the outer SWBNNTs are characterized using lennard-Jones potential:
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with ϵi j =

√
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2 . The parameters (ϵi j ; σi j) of Lennard-Jones that we
used in our calculation for carbon, boron, and nitrogen atoms are (ϵCC=0.105 kcal.mol−1

; σCC=3.851 Å), (ϵBB=0.180 kcal.mol−1 ; σBB=4.083 Å), and (ϵNN=0.069 kcal.mol−1 ;
σNN=3.660 Å), respectively.

One the other hand, the polarizability tensor is calculated using the bond polarizability
model [33]. The values of the empirical bond polarizability parameters of the SWCNTs and
SWBNNTs are taken from reference [31]. Finally, the Raman responses of the investigated
1D vdW heterostructures of SWCNTs@SWBNNTs are performed by employing spectral
moments method [34].

3 Results

3.1 Structural stability of SWCNT(14,0)@SWBNNTs

This section focuses on the structural stability of the 1D vdW heterostructures of SWC-
NTs@SWBNNTs. In the following calculations, SWCNTs@SWBNNTs heterostructures
consisting of zigzag SWCNT(14,0) trapped into SWBNNTs are chosen as the largest coax-
ial heteronanotubes, where the diameter of the inner SWCNT(14,0) is 1.0968 nm. The first
matter to be addressed when exploring the structural stability of such systems is the opti-
mal diameter of the outer SWBNNTs at which the resulting 1D vdW heterostructures of
SWCNT(14,0)@SWBNNTs are stable. As the interactions between the guest SWCNT(14,0)
and the host SWBNNTs are ruled via the weak vdW interactions, the relaxation of the het-
erostructures is achieved through the minimization of Lennard-Jones potential. The calcula-
tion of the Lennard-Jones potential as a function of the diameter of the host SWBNNTs is
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illustrated in Fig. 2. Thus, the results show that the equilibrium spacing between the side-
walls of the SWCNT(14,0) and SWBNNTs corresponds to a minimum of energy calculated
aroud at 1.80 nm. Consequently, the optimal diameter of SWBNNTs of about 1.80 nm, like
SWBNNT(23,0), is the most convenient for trapping SWCNT(14,0), where the optimal spac-
ing between the sidewalls of the guest SWCNT(14,0) and the host SWBNNT(23,0) is at 0.36
nm.

Figure 2. Lennard-Jones potential as a function of SWBNNT diameters

3.2 Raman spectra of SWCNT(14,0)@SWBNNT(23,0)

Raman spectroscopy plays a major role in nanomaterial science, especially in the study of the
SWCNTs and SWBNNTs functionalized by encapsulation with divers chemical substances
[35, 36] . The effects of the filling on the Raman active modes have been demonstrated to be
pertinent to investigate the stability of the filled nanotubes, as well as the existence of an even-
tual charge transfer phenomenon [37, 38]. Likewise, Raman spectroscopy is expected to be a
relevant tool of characterization for the 1D vdW heterostructures of SWCNTs@SWBNNTs.
Thereby, we calculated the Raman spectra of the SWCNT(14,0)@SWBNNT(23,0) het-
erostructure. SWBNNT(23,0) was chosen as the host for the guest SWCNT(14,0), because its
diameter of 1.83 nm, corresponds to the optimal value found in the precedent section, which
allows the trapping of SWCNT(14,0). In the following section, the effects of encapsulation
on the Raman-active modes of the guest SWCNT(14,0) and those of the host SWBNNT(23,0)
are investigated.

The Raman spectra of the empty SWCNT(14,0), SWBNNT(23,0), and
SWCNT(14,0)@SWBNNT(23,0) heterostructure calculated within the wavenumber
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Figure 3. Raman spectra of empty SWCNT(14,0), SWBNNT(23,0), and the resulting
SWCNT(14,0)@SWBNNT(23,0) heterostructure

range of 0–1800 cm−1 are shown in Fig. 3. The calculated Raman spectrum within the
bond polarizability model of the empty SWCNT(14,0) comprises two features: (i) radial
breathing modes (RBM), which are observed in the lower wavenumbers region of 100–400
cm−1, that correspond to the coherent vibrations of all the carbon atoms in the nanotube’s
radial direction; and (ii) the tangential modes (TM) in the higher wavenumbers region of
1580–1600 cm−1, so-called G-band, which belong to tangential motions of all carbon atoms
[39].

On the other hand, the calculated Raman spectrum of the empty SWBNNT(23,0) within
the bond polarizability model is characterized by three features : (i) the RBM located in the
lower wavenumbers range of 100–400 cm−1), which belong to the coherent vibrations of all
boron and nitrogen atoms of the nanotube in the radial direction; (ii) the out-of-plane radial
buckling modes (R) observed in the intermediate wavenumbers region of 790-830 cm−1),
where the boron and nitrogen atoms move inwards or outwards in the nanotube’s radial di-
rection; and (iii) the TM located in the higher wavenumbers region of 1380-1400 cm−1),
corresponding to the well-known E2g in-plane vibrational mode of the h-BN networks [39].
Analysing the effects of encapsulation on these Raman ative modes is notably relevant to an-
swer the questions about of the structural stability of such 1D vdW heterostructure, and the
charge transfer phenomenon between the guest SWCNT(14,0) and the host SWBNNT(23,0),
which are the main focus of this investigation.

For the Raman spectrum of the SWCNT(14,0)@SWBNNT(23,0) heterostructure, it
seems to be as a superposition of both Raman spectrum of the guest SWCNT(14,0) and that
of the host SWBNNT(23,0). However, attentive analysis reveals several modifications typical
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of the interwall interactions between the guest SWCNT(14,0) and the host SWBNNT(23,0)
in the resulting SWCNT(14,0)@SWBNNT(23,0) heterostructure.

We start with the effect of the encapsulation on the RBM of the nanotubes observed in
the lower wavenumbers range of 100-400 cm−1. The symmetric contraction and expansion
motions of the inner SWCNT(14,0) and that of the outer SWBNNT(23,0) in the radial di-
rection are influenced under encapsulation effects. In fact, the RBM of the SWCNT(14,0)
located at 204 cm−1, and that of SWBNNT(23,0) situated at 109 cm−1, show a wavenumber
up-shift by about 6 cm−1, and 5 cm−1, respectively, after encapsulation in the spectrum of
SWCNT(14,0)@SWBNNT(23,0) heterostructure.

In fact, the RBM is a common feature of the nanotube-like systems that play a significant
role in characterising and identifying of the the geometric structure of the nanotubes. The
importance of the RBM derives from the fact that its wavenumber is inversely proportional
to the nanotube’s diameter [30, 31, 40]. However, although the existence of numerous theo-
retical investigations on the RBM wavenumber of the SWBNNTs, few experimental data are
available [41, 42]. By contrast, numerous studies on the RBM of SWCNTs have been pub-
lished in the literature, particularly those concerning the encapsulation of organic molecules
inside SWCNTs [21, 37], where the RBM show systematic wavenumber up-shifts of around
2-5 cm−1 after filling. In General, the shifts of the RBM could be originated from vdW in-
teraction or charge transfer, or from competition between these two effects. However, as
demonstrated in our previous works [29, 30], charge transfer can be ruled out as the cause of
the RBM shifts, and it was found that only the vdW interaction affects the shift of the RBM.
Therefore, the up-shifts in the RBM of a few cm−1 can provide evidence for the structural
stability of the selected SWCNT(14,0)@SWBNNT(23,0) heterostructure.

Next, regarding the R mode of the SWBNNT(23,0), which is located within the interme-
diate wavenumber range of 790-820 cm−1, the encapsulation impacts the inward or outward
radial vibration of the boron and nitrogen atoms of the SWBNNT(23,0). This is demon-
strated by an upshift in the R mode wavenumber of approximately 1 cm−1), accompanied by
an additionnal mode peaking at 833 cm−1. Following the conclusion about the effect of the
encapsulation on the RBM, and the fact that the RBM and the R mode are relatively similar,
leads us to assume that the influence on the R mode induced by the guest SWCNT(14,0)
could arise from the same effect that produces the up-shift of the RBM.

On the other hand, for the TM of the nanotubes located in the higher wavenumbers re-
gion of 1385-1405 cm−1, and 1580-1600 cm−1, for SWBNNT(23,0) and SWCNT(14,0), re-
spectively, no shifts are observed in the spectrum of SWCNT(14,0)@SWBNNT(23,0) het-
erostructure as illustrated in Fig. 3. The encapsulation does not affect the positions of the
peaks of either nanotube’s TM. The no change after encapsulation in the TM peak positions
evince the absence of an eventual charge transfer between the guest SWCNT(14,0) and the
host SWBNNT(23,0), which is consistent with the expected large band-gap of the SWBNNTs
[11].

4 Conclusion

In conclusion, the structural stability and vibrational properties from Raman spectroscopy
of 1D vdW heterostructures formed by zigzag SWCNT(14,0) trapped inside SWBNNTs
were theoretically investigated using a hybrid approach integrating molecular dynamics, the
bond polarizability model, and the spectral moments method. The structural stability of the
SWCNT(14,0)@SWBNNTs heterostructures was examined through calculating the optimal
diameter of the SWBNNTs at which the resulting SWCNT(14,0)@SWBNNTs heterostruc-
tures are stable utilizing the Lennard-Jones potential. It turned out that the best practical host
SWBNNTs allowing the accommodation of the guest SWCNT(14,0) are those possessing
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diameters of around 1.80 nm, like SWBNNT(23,0), where the optimal spacing between the
sidewalls of the inner SWCNT(14,0) and the outer SWBNNT(23,0) is at 0.36 nm. Next, we
reported the calculated Raman spectra of the pristine SWCNT(14,0) and SWBNNT(23,0)
before and after encapsulation. The structural stability and the appearance of a prospec-
tive charge transfer phenomenon in the SWCNT(14,0)@SWBNNT(23,0) coaxial heteronan-
otubes have been explored by analysing the effects of the encapsulation on the Raman active
modes of the guest SWCNT(14,0) (RBM and TM), and those of the host SWBNNT(23,0)
(RBM, R mode and TM). The up-shifts of a few cm−1 in the RBM of the nanotubes under
the effects of the encapsulation provided the first evidence for the structural stability of the
trapped SWCNT(14,0) inside the SWBNNT(23,0) cavity distinguished by its optimal diam-
eter. Additionally, the behaviour of the R mode of the host SWBNNT(23,0) under encapsu-
lation effects provided supplementary evidence to support the predicted structural stability of
the selected SWCNT(14,0)@SWBNNT(23,0) heterostructure. On the other hand, no shifts
were observed in the spectrum of the SWCNT(14,0)@SWBNNT(23,0) heterostructure for
the TM of the nanotubes located in the higher wavenumber region. The absence of change
after encapsulation in the TM peak positions excludes the possibility of a charge transfer phe-
nomenon occurring between the guest SWCNT(14,0) and the host SWBNNT(23,0), which is
consistent with the expected large band-gap of the SWBNNTs.
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