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a b s t r a c t

We present a theoretical study of the vibrational spectrum, in the G band region, of laterally hydroge-
nated single wall carbon nanotubes through molecular dynamics simulations. We find that bilateral
hydrogenation e which can be induced by hydrogenation under lateral strain e causes permanent oval
deformations on the nanotubes and induces the splitting of vibrational states in the G-band region. We
propose that such splitting can be used as a Raman fingerprint for detecting nanotubes that have been
permanently modified due to bilateral hydrogenation. In particular, our results may help to clarify the
recent findings of Araujo and collaborators [Nano Lett. 12, 4110 (2012)] which have found permanent
modifications in the Raman G peaks of locally compressed carbon nanotubes. We have also developed an
analytical model for the proposed phenomenon that reproduces the splitting observed in the
simulations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes are considered to be the ideal form of fibers
with superior mechanical properties compared to the best carbon
fibers and are excellent load-bearing reinforcements in composites
[1,2]. The mechanical, thermal stability and heat-transport prop-
erties of carbon nanotubes have been studied by researchers, given
the strength of the carbonecarbon bond [3]. Due to their high
Young's modulus, carbon nanotubes are exceptionally stiff [4e6].
These properties indicate that single wall carbon nanotubes
(SWCNT)may be used inmany different kinds of applications, as for
example reinforcement of composite materials [7] and fabrication
of electronic devices [8].

SWCNT properties are highly affected by its surrounding envi-
ronment. In order to achieve the stage of full technological appli-
cations, it is necessary to correlate such properties with
environmental factors [9e12], including external forces [9,13e23].
For example, the electronic and structural properties of carbon
nanotubes deposited on substrate are not yet clarified. In fact,
recent experiments have shown a strong interaction between
(A.B. de Oliveira).
carbon nanotubes and substrate inducing important deformation of
the nanotube on top of substrate [10,24,25].

The identification of the chirality (n,m) of an individual single-
walled nanotube from Raman scattering can be significantly
affected by the surrounding environment. There are different re-
sults when the SWCNT is freely suspended or when interacting
with the substrate [26e29]. Differences also appear when SWCNTs
are deformed by applied strain [30,31], if it is uniform throughout
the length of the SWCNT or not, etc [17].

The G-band is known to greatly facilitate the study of environ-
mental effects upon carbon nanotubes in general. Such a frequency
can be used for diameter characterization, to distinguish between
metallic and semiconducting SWCNTs, through strong differences
in their Raman lineshapes [32,33], to probe the charge transfer
arising from doping a SWCNT; and to study the selection rules in
the various Raman scattering processes and scattering geometries
to cite a few examples.

It has been recently shown by Araujo and collaborators [34] that
the breaking of SWCNTs cylindrical symmetry leads to the splitting
of vibrational modes associated with CeC vibrations in the plane
transversal to the tube axis (G� peak). In such an experiment radial
deformations on SWCNTs were induced by the tip of an atomic
force microscope (AFM) simultaneously with the measurement of
the Raman G band. The observed deformation-induced splitting of
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Fig. 2. Frontal view (xy- plane) of the hydrogenated SWCNT (twenty hydrogen atoms
per unit cell) at T¼ 300 K and P¼ 1 bar. (A color version of this figure can be viewed
online.).
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Fig. 3. Phonon DOS versus frequency for the hydrogenated SWCNT with 0 (perfect
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the G� peak was not fully reversible, that is, in some experiments
the SWCNT did not recover the non-split state (observed before the
contact with the AFM tip), after the AFM tip was retracted. Such a
result shows that something prevents the SWCNT to recover its
cylindrical symmetry after being compressed by the AFM tip. A
possible explanation for the observed permanent G� splitting is the
covalent bonding between the most curved parts of the tube and
chemical species of the environment during the compression pro-
cess [35,36]. The tip induced radial deformation which severely
increased the local curvature in some parts of the tube. It was
shown that locally, highly curved regions of carbon nanotubes
strongly affects local reactivity by increasing the sp3 character of
the sp2 CeC bonds [37e39]. Such a lateral functionalization may
prevent the tube to recover its original curvature and/or provide an
asymmetrical distribution of mass, which could result in the
observed splitting in vibrational modes.

In order to test the hypothesis described above, we employed
molecular dynamics simulations to investigate the effects of lateral
functionalization in vibrational modes of SWCNTs. Our calculations
show that even if a small fraction of the tube atoms bind to
hydrogen atoms, the G� peak splits into distinct vertical and hori-
zontal contributions (which we will call G�

v and G�
h , respectively).

We also found that the magnitude of the G� splitting (>20 cm�1 for
more than 10 adsorbed hydrogens as can be seen Fig. 4) is much
larger than the experimental frequency resolution (2 cm�1) of
modern Raman setups. Supporting our simulation results we
developed a simple model which explains the origin of such
splitting in the G� peak in terms of changes in the tube curvature.
The present work can contribute to understand how molecules in
the environment may change SWCNT properties.

This paper is organized as follows. In Section 2 we present the
molecular dynamics simulation details. Section 3 contains the
simulation results while the analytical model is shown in Section 4.
Section 5 is reserved for final remarks.
tube), 4, 8, 12, 16, and 20 hydrogens obtained through simulations for one of the five
measurements. (A color version of this figure can be viewed online.).

Fig. 4. Average positions of the maxima in the transverse modes of the G-band, G�
h

(horizontal) and G�
v (vertical), over five measurements for hydrogen adsorptions from

0 up to 20. Error bars were obtained by calculating the standard deviations over five
measurements. Symbols are data from simulations and lines are the results from our
theoretical model, developed in Section 4. We see that at 10 H the separation between
G�
h and G�

v is about 20 cm�1 which is 10 times the resolution of modern Raman ap-
paratuses. (A color version of this figure can be viewed online.).
2. Simulation details

We performed molecular dynamics simulations using the
LAMMPS package [40]. The system considered consists of a (10,0)
single wall carbon nanotube composed by 520 carbon atoms with
length of approximately 55 Å along to the z-axis (the longitudinal
axis). Thus x- and y-axis are the transversal ones.

We consider a bi-lateral functionalization of the carbon nano-
tubes, where hydrogen atoms are chemically bound to opposite
sides of the nanotubes (see Figs.1 and 2). Only four rows of the tube
(two on each side) are allowed to adsorb hydrogens. Each row have
26 carbon atoms, thus the maximum number of adsorbed hydro-
gens is 104. In this work, we considered cases in which up to 20
hydrogens are randomly adsorbed in the carbon nanotubes. Our
simulations show that at temperature T¼ 300 K hydrogenated
SWCNTs become unstable if more than 20 hydrogens are adsorbed,
and the so called unzipping effect is observed. We notice that at
T¼ 100 K the tubes become stable even when 104 H atoms are
adsorbed. This result is consistent with the experimental findings
Fig. 1. Lateral view (xz- plane) of the hydrogenated SWCNT (twenty hydrogen atoms
per unit cell) at T¼ 300 K and P¼ 1 bar. (A color version of this figure can be viewed
online.).
which show that hydrogenated carbon nanotubes unzip at tem-
peratures above certain critical value [41].

Periodic boundary conditions were considered in all directions
with the simulation box, which has dimensions of 100 Å in the x-
and y-directions and 55.26 Å along the z-axis. Those dimensions
have shown to be suitable for simulating an infinite tube along its
longitudinal axis whereas isolated laterally.

The timestep used was dt ¼ 0:01 fs. Pressure and temperature
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were kept constant at 1 bar and 300 K, respectively, by using the
Nos�e-Hoover thermostat [42] and barostat [43]. Finally, in-
teractions between atoms (CeC, CeH, and HeH) were modeled
classically with the ReaxFF potential [44].

Before the production stage, i.e., the stage in which the data are
collected, there was an equilibration stage. In the equilibration
stage the temperature was kept at 300 K during 10 ps. After that,
followed the production stage in which the velocities of the carbon
atoms were collected for each 500 steps (or 5 fs) along 525000
steps (or 5.25 ps). To calculate the phonon DOS, 1024 data points
were used among those 1050 collected. The phonon DOS is calcu-
lated through the Fourier transform of the velocity autocorrelation
function, between the velocity v! in a time t0 and a later time t,

f tð Þ ¼ 1
N

XN
i¼1

v!i t0ð Þ$ v!i tð Þ; (1)

where the summation runs over the N carbon atoms. In order to
improve the sample data, this procedure was performed five times,
in which every one has a different, random hydrogen distribution
for a certain degree of hydrogenation. The average of vertical and
horizontal contributions to the G-band were calculated and the
standard deviation was computed based on the referred five
measurements.
3. Simulation results

Our results from simulations are summarized in Figs. 3 and 4.
Fig. 3 shows the transversal (in the xy plane) contributions to the
phonon density of states (DOS) to the G-band against the frequency.
G�
h and G�

v distinguish between the horizontal (x-axis) and vertical
(y-axis) modes in the transverse plane, respectively. The projection
of the G-modes into x and y contributions is made by considering
the respective velocity components along x and y in Eq. (1), i.e., vx
and vy. The 0 H, 4 H,…, 20 H refer to the number of hydrogen atoms
adsorbed in the nanotubes (0 H meaning the tube without
hydrogens).

The first aspect that draws attention in Fig. 3 is the agreement
between simulations and experimental data available in literature
regarding the position of the G� peak. Raman spectroscopy shows
that such a peak is found in the frequency range from 1520 to
1630 cm�1 (roughly centered at the 1582 cm�1). The frequencies of
the various G-band peaks depend on the diameter of the tube and
on whether the nanotube is metallic or semiconducting [9]. As we
can see from Fig. 3, our results lie around 1550 cm�1, well within
the cited experimental range. Simulations using the AIREBO po-
tential, for example, present results for the G-band upshifted by
approximately 200 cm�1, which is 100 times the resolution of
modern Raman setups [34,45,46]. In this sense, the ReaxFF poten-
tial became the natural choice.

For the symmetric, pristine tube (0 H-case) the modes in x- and
y-direction (G�

h and G�
v , respectively) are virtually indistinguish-

able, as expected. As the number of H atoms increase, the G�
h and

G�
v modes start to split and we observe that the vertical mode shifts

to higher frequencies. The Gþ mode appears to be insensitive to the
addition of hydrogens (not shown), which is not surprising. Since
the tube hydrogenation affects the symmetry in its transverse plane
it is not expected that the Gþ mode would suffer major
displacements.

Fig. 4 shows the positions of the maxima for the G�
h and G�

v
modes as shown in Fig. 3 against the degree of the tube hydroge-
nation. From this figure we clearly confirmwhat we visually detect
from Fig. 3, that is, the separation of vertical and horizontal modes
in the transverse plane of the tube.We see that for 10 H adsorbed in
the tube (~2% of carbon atoms) the peak separation is about
20 cm�1 which, in principle, should not be difficult to detect by
using state-of-the-art Raman setups. Such modern apparatus can
resolve frequency shifts as low as 2 cm�1. The lines seen in Fig. 4
were obtained by fitting the Eq. (5) from our 8 mass/spring
model developed in Section 4.

Our results are consistent with the experiments and the mo-
lecular dynamics simulations performed by P. T. Araujo and col-
laborators [34]. In such work a very similar G-band splitting was
detected by compressing a serpentine (long, snake shaped SWCNT)
with an AFM tip. In our work the symmetry breaking comes from
HeC sp3 bonds, which tend to be tetrahedral, in opposition to the
planar CeC sp2 bonds. This affects the curvature of the tube (see
Fig. 2) leading to asymmetry in the transverse plane. In both cases,
i.e., compressing the nanotube and by adsorbing H's in the tube, the
effect become the tube deformation and consequently the splitting
in the G-band. We argue in the Theoretical Model section that such
a splitting comes from pure geometrical effects.

4. Theoretical model

In SWCNT systems, the G-band G� mode is an in plane
stretching mode along the circumferential direction and the Gþ

mode is an in plane stretching mode along the tube axis [47e50].
Therefore, it is natural that the G�mode is very sensitive to changes
in the SWCNT curvature while the Gþ is not. This curvature effect
naturally appears in SWCNT with different diameters and the G�

mode frequency is softened with decreasing tube diameter, while
the Gþ mode remains unaltered [47,48,51e53].

Inspired by this curvature effect, we propose a simple model,
consisting of eight identical masses (m) and connected by eight
identical springs (k), to explain how transversal deformations
change the G� mode behavior [see Fig. 5(a)]. The (10,0) nanotube
studied in this work has more than 8 atoms along the circumfer-
ence. However, to obtain analytical solutions under the symmetry
constraints of the problem, eight masses are largest possible sys-
tem. Due to transversal deformations [see Fig. 5(b)], the tube
circumference flattens leading to different vertical and horizontal
normal modes. We will show that such a normal modes splitting
effect can be explained by purely geometrical arguments.

For developing our mass-spring model we start by building the
behavior of vectors r1, r2, and r3 under system deformation. It is
possible to derive the normal modes of the 8 masses/spring system
by investigating the motion of the three masses localized by the
three cited vectors due symmetry arguments. We assume that r1
decreases and r3 increases by the same amount dr due to radial
deformation. For r2, we assume that its horizontal component in-
creases by c0xdr while its vertical one decreases by c0ydr when the
system is deformed. Considering that the length of r1, r2, and r3 is r0
in the symmetrical case and by simple inspection of Fig. 6, we
conclude that

r1 ¼ r0 � dr

r3 ¼ r0 þ dr

X ¼ r0 þ cxdrffiffiffi
2

p

Y ¼ r0 � cydrffiffiffi
2

p ;

(2)

where X and Y are the components of r2. Here, c0x ¼ cx=
ffiffiffi
2

p
and

c0y ¼ cy=
ffiffiffi
2

p
. cx and cy are parameters related to the tube's response

to external agents acting on its morphology. For example,
cx¼ cy¼ 0 means that X and Y remain unchanged (X ¼ Y ¼ r0=

ffiffiffi
2

p

and q0 ¼ p=4) while ay decreases and ax increases under external



Fig. 5. (a) Eight identical masses (m) are connected by identical spring constants (k) and q0 in this case is exactly 45� . (b) Due to the curvature (q0s45�), the equilibrium positions
for the masses are changed and the normal modes in x and y directions become different.

Fig. 6. Detail of Fig. 5 focusing on the development of r2 (a) before and (b) after deformation. Since in Fig. 5(a) q0¼ 45� , the components of r2 in this case is r0=
ffiffiffi
2

p
in both axis.

Fig. 7. Small angular displacement q from equilibrium for the masses considered in our
model. Exploring the symmetries of the system we only need to show the movement
of masses localized by vectors r1, r2, and r3. Dashed lines and circles refer to the final
position of the masses while the continuous ones to their initial positions. The arrows
indicate dislocations in a motion restricted to angular displacements.
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intervention (see Fig. 6). If cx ¼ cy ¼
ffiffiffi
2

p
, the deformation is entirely

absorbed by X and Ywith ax and ay keeping their initial values. Our
choice for r1 and r3 given by Eq. (2) is based on the assumption that
the CeC bond is the hardest one in nature thus few susceptible to
length variations. In this sense, we expect that the distance be-
tween masses are not sensible to system deformations and the
perimeter of the ring must approximately coincides with the
perimeter of the circle, 2pr0, before deformation. We consider our 8
masses/spring system tend to assume an ellipsoidal shape when
deformed, with r3 and r1 being the major and minor axis, respec-
tively. With help of Eq. (2), its perimeter p can be written as

p ¼ 2pr0

�
1þ 1

4
g2 þ 1

64
g4 þ…

�
;

where we have defined the dimensionless quantity g≡dr=r0, which
measures the deformation of the vector positions in relation to its
original length. Note that 0 � g<1, where g ¼ 0 refer to the sym-
metric case, whereas g/1 means a tendency to the system to as-
sume a bilayer conformation (highly deformed). For maintaining
the same perimeter as the ring before deformation, we must
neglect terms of degree 2 and higher in g. We consider the
maximum value for g ¼ 1=2 at 20 H (this is discussed later in the
text) thus we estimate the maximum error due to this approxima-
tion of the order of 1/16 in comparison to the unity, which is not an
absurd.

Within SWCNT symmetry, anti-symmetric modes belong to the
E1 and E2 irreducible representations and are not expected to show
significant intensity in those spectra in Fig. 3, which are dominated
by the totally symmetric A1 modes [51]. The G� modes observed in
this work are symmetric so that it must be understood how sym-
metric modes are affected by transversal deformations. In this
sense, we focused on the symmetric modes due to small disloca-
tions from the equilibrium as shown in Fig. 7. The variations from
the equilibrium of the vector positions r1, r2, and r3 are given by
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Dr1 ¼ �r1qbi
Dr2 ¼ r2q

�
sinq0bi � cosq0bj�

Dr3 ¼ r3qbj;
(3)

where we have considered sinqzq and cosqz1.bi andbj are the unit
vectors pointing towards the positive direction of x and y axis,
respectively. With help of Eq. (3), the displacement of the vector r2
relative r1 and r3 is given by

DR ¼ 2Dr2 � Dr1 � Dr3 ¼ ð2r2sinq0 þ r1Þqbi � ð2r2cosq0 þ r3Þqbj:
(4)

The equation of motion of the mass localized by r2 is given by
m€r2 ¼ �kDR, which leads to the equations
q‥ þ u2

hq ¼ 0 and q‥ þ u2
vq ¼ 0; corresponding to movements in x

and y axis, respectively. With little calculation and using the Eq. (2),
we find that the frequencies uh (horizontal) and uv (vertical) are
given by

u�
h ¼ 2þ r1

r2sinq0

� �1=2
¼ 2þ

ffiffiffi
2

p 1� g

1� cyg

� �1=2

u�
v ¼ 2þ r3

r2cosq0

� �1=2

¼ 2þ
ffiffiffi
2

p 1þ g

1þ cxg

� �1=2

;

(5)

with u�
h≡uh

ffiffiffiffiffiffiffiffiffi
m=k

p
and u�

v≡uv
ffiffiffiffiffiffiffiffiffi
m=k

p
. Here we have used

X ¼ r2cosq0 and Y ¼ r2sinq0 [see Fig. 6(b)].
According to our model Eq. (5), the symmetric mode for the

system under no deformation (g ¼ 0) oscillates with frequency
uv

ffiffiffiffiffiffiffiffiffi
m=k

p
¼ uh

ffiffiffiffiffiffiffiffiffi
m=k

p
¼ ð2þ

ffiffiffi
2

p
Þ1=2 ¼ 1:85. For increasing the

asymmetry of the system (gs0), the horizontal and vertical fre-
quencies become different and increasingly split as seen inA the G�

mode of the G-band studied here. Eq. (5) were used to fit the data
obtained through simulations and the resulting curves can be seen
in Fig. 4. For doing that we linearly mapped the deformation
parameter g into the number of hydrogens adsorbed as g ¼ 0 at 0 H,
while g ¼ 1=2 at 20 H. The parameters used in the fits were cx¼ 0.7,
cy¼ 1.0, and

ffiffiffiffiffiffiffiffiffi
k=m

p
¼ 846:7 cm�1. Despite the simplicity of the

model, the fits through the data obtained by using the Eq. (5) are
very reasonable which supports our idea of explaining the G-band
transversal mode splitting into a pure geometrical, mechanical
perspective. Once the physics behind such an splitting is well
stablished more sophisticated phenomena regarding the interac-
tion between nanotubes and its surrounding environment can be
explored with accordingly more complex theoretical approaches.
5. Conclusion

In this work we have investigated single walled carbon nano-
tubes laterally decorated with hydrogens at temperature 300 K and
pressure 1 bar. The number of adsorbed H's in the tubes vary from
0 (pristine tube) up to 20. For doing that we used the molecular
dynamics techniques as implementes in the LAMMPS package [40]
along with the ReaxFF potential for CeC, CeH, and HeH in-
teractions [44]. Our results show that even at low degrees of hy-
drogenation (for example, 10 adsorbed hydrogens in a 520 carbon
atoms SWCNTwhich results in a adsorption of only 2%) the G� peak
(transversal modes) split into different horizontal and vertical
contributions. For zero hydrogenation such contributions are
identical as expected. The separation of the G� horizontal and
vertical modes have been found to be about 20 cm�1 at 10 H, which
is expected to be detectable by Raman spectroscopy experiments.
Next, we propose a simple mass-spring model, composed by eight
masses connected by eight springs, which shows the origin of the
G� splitting as purely geometrical, coming from curvature effect. In
this work such a curvature is due to the tetrahedral nature of the
CeH sp3 bonds, while in Araujo and collaborators work [34] the
deformation comes from compressing long nanotubes using an
AFM tip. In both cases, the G� mode splitting was observed. In this
sense, this work can help to understand how environmental fac-
tors, such as different atmospheres for instance, can change SWCNT
properties.
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