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We have used Raman spectroscopy to study the behavior of double-walled carbon nanotubes
(DWNT) under hydrostatic pressure. We find that the rate of change of the tangential mode fre-

quency with pressure is higher for the sample

with traces of polymer compared to the pristine

sample. We have performed classical molecular dynamics simulations to study the collapse of sin-

gle (SWNT) and double-walled carbon nanotube

bundles under hydrostatic pressure. The collapse

pressure (p,) was found to vary as 1/R°%, where R is the SWNT radius or the DWNT effective
radius. The bundles showed ~30% hysteresis and the hexagonally close packed lattice was com-
pletely restored on decompression. The p, of a DWNT bundle was found to be close to the sum of

its values for the inner and the outer tubes cons

idered separately as SWNT bundles, demonstrat-

ing that the inner tube supports the outer tube and that the effective bending stiffness of DWNT,

Doynr ~ 2Dgpnr-
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1. INTRODUCTION

Since their discovery, carbon nanotubes have been the
subject of keen theoretical and experimental investiga-
tions owing to their fascinating structural, electronic, and
mechanical properties.! Carbon nanotubes promise appli-
cations in such varied fields as nanoelectronics, actuators,
sensors,” nanofluidics, hydrogen storage, and high-strength
materials. The mechanical properties of carbon nano-
tubes naturally depend on the number of coaxial graphitic
cylinders that go into their making. Significant advances
have already been made in the understanding of single
(SWNT) and multi-walled (MWNT) carbon nanotubes.
More recently, double-walled carbon nanotubes (DWNT)
have been observed and .~.ymhesi'f.edH by heating C, pea-
pods. The first selective (selectivity ~97%) and efficient
synthesis of DWNT in a one-step direct chemical pro-
cess was demonstrated by Hutchison et al.’ Being the
simplest of the MWNT, with just two concentric cylin-
ders. DWNT are ideal systems to study the evolution
of various properties from the single to the multi-walled
regime.
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Hydrostatic as well as non-hydrostatic high-pressure
experiments on SWNT have uncovered several remarkable
features. Raman scattering and X-ray diffraction studies
have been used to study the pressure dependence of the
radial breathing mode (RBM) and translational order of the
triangular lattice.” Under hydrostatic pressure, the RBM
vanishes at ~2 GPa and recovers reversibly when decom-
pressed from ~5 GPa but some workers find that it fails
to do so when decompressed from a higher pressure.””
However. Teredesai et al.'” report the reappearance of the
RBM even when decompressed from ~26 GPa. The cur-
rent understanding is that nanotubes get distorted from
their originally circular shape to an oval shape under pres-
sure leading to a loss in the Raman resonance con-
dition. the consequence of which is the loss in RBM
intensity. The pressure coefficient of the tangential mode
also changes slope at ~2 GPa, a phenomenon attributed
to the flattening or polygonization of the nanotubes. High

pressure X-ray diffraction studies also indicate a loss of

the triangular lattice symmetry, which reappears under
decompression.!" Molecular dynamics simulations suggest
that SWNT bundles'> ' as well as isolated tubes'*+ ¢ col-
lapse under hydrostatic pressure and that the collapse pres-
sure varies as an inverse power law of the tube radius.
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Like the SWNT, the DWNT are also found to form in
a triangular lattice.”” More recently, several workers'®22
have used Raman spectroscopy to study bundles of DWNT
under hydrostatic pressure. Arvanitidis et al.' have con-
cluded that the outer tube acts as a protective shield for the
inner tube and the inner tube mechanically supports the
outer tube under high pressure conditions. Puech et al.*
report that the pressure coefticient for the tangential mode
from the external tube is the same as that for SWNT and
that for the inner tube is 45% smaller. They also find
that the phonon band of the outer tube broadens with
the application of pressure while that of the inner tube
remains constant. A third study®' reports high pressure
Raman studies of DWNT using alcohol and argon as the
pressure transmitting media. In alcohol, they identify two
distinct modes in the G band (splitting) up to 10 GPa and
a structural distortion at 3 GPa. The high and low fre-
quency modes are attributed to the outer and inner tubes,
respectively. In argon, they observe a transition at 6 GPa
which removes the splitting. Venkateswaran® studied the
behavior of the RBM of the inner and outer tubes as a
function of pressure. Tt is found that the (1/w)dw/dp
of the outer tube follows the wg3,, dependence whereas
the RBM of the inner tube behaves similar to that of an
isolated SWNT.

In this paper, we describe our high pressure Raman
experiments and a set of molecular dynamics simulations
performed to investigate the behavior of DWNT under
pressure, focusing on the response of the inner and the
outer tubes.

2. MATERIALS AND METHODS
2.1. Experimental Details

High pressure Raman scattering experiments were done on
a sample of DWNT, which was grown using high tem-
perature chemical vapor deposition (CVD) and deposited
on PARAFILM® “M.” Electron microscopy images in
Figures I(a) and (b) illustrate the structure and bundling of
the as-produced CVD DWNT used in this work. The tubes
obtained under standard production conditions are about
2.2 nm in diameter on the average, with ~0.5 nm width
of diameter distribution, as assessed by TEM. The as-
produced material contains predominantly relatively thin
DWNT bundles, comprising 5-15 tubes, and also some
individual tubes (~20% of the number of bundles). Bun-
dles were found to be about 25 nm long, by SEM mea-
surements. The as-produced DWNT are more than 90 wt%
pure in carbon, the rest 10% is represented by amorphous
carbon and low volatile organic coating of the tube sur-
face. The fraction of similar diameter SWNT contained
in the as-produced DWNT material obtained under stan-
dard conditions does not exceed 3%. That is, the ratio of
the number of DWNT to SWNT is >30. The as-produced
DWNT also contains about 30 wt% of iron metal catalyst
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Fig. 1. High resolution SEM micrograph of as-produced CVD DWNT
matted film used in the work (a), HRTEM Micrograph of a cross section
of a CVD DWNT bundle, with individual tubes about 2.2 nm in diameter
(b). and the radial breathing modes of the DWNT sample (c).

particles (by TGA). mainly encapsulated in thin carbon
shells.

Raman spectra (Fig. I(c)) show two radial breathing
modes at 130 em™" and 149 cm™', which are expected
for the outer tube diameter of ~2.2 nm as scen by elec-
tron microscopy. The nanotubes were separated from the
PARAFILM® “M" by vigorously shaking the nanotube-
coated film in chloroform. Once the sample was separated
from the film, it was washed several times in chloroform
to remove any part of the film that might be still stick-
ing to the sample. This sample is referred to as the pris-
tine DWNT sample. Experiments were also conducted on
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Table 1. Parameters for the C_R atom type (sp’ hybridized carbon atom involved in resonance). in
DREIDING.* a standard generic macromolecular force field used in all our molecular dynamics simulations.

1 3 ’ P,

Eyopg(R) = S K, (R = Ry)” Ry=139 A K, = 1050 (kcal/mol /A’
1 3 :

E e (0) = 3 K,(costl —cos )" 0, = 120° K, = 100 (kcal/mol)/rad*

1

Einion () = 5 V{1 —cos[n(d— )]} b = 180° V = 25.0 keal/mol n=2
1 K, ; .

En(¥)=3 AL (cos W —cos W) W, =0° K. = 40 (kcal/mol)/rad”
2 (s W)~

) R” 12 R“ G :
Eaw(R) =D, ol 2 R, =3.8983 A D, = 0.0951 keal/mol

DWNT samples that were not washed once they were sep-
arated from the PARAFILM® “M.” These are referred to
as the DWNT-Polymer Composite (DPC) samples.

The high-pressure Raman experiments were done at
room temperature in a gasketed Mao-Bell-type Diamond-
Anvil Cell (DAC) with a mixture of methanol, ethanol,
and water in the ratio 16:3:1 as the pressure transmitting
medium. The ruby fluorescence technique™ was used for
the in-sifu measurement of pressure. The sample was
excited with an Ar* ion laser (Spectra Physics Model 165)
lasing at 514.5 nm and the back-scattered light was ana-
lyzed using the SPEX Ramalog 5 spectrometer, a double
grating monochromator with a cooled photomultiplier tube
and a digital counter interfaced with a computer.

The behavior of the tangential modes was followed as
a function of pressure from atmospheric pressure to about
13 GPa and back. The tangential modes were found to fit
well to two Lorentzian curves. The radial modes of the
DWNT could not be followed as a function of pressure
owing to poor signal quality.

2.2. Simulation Methodology

We used DREIDING,* a standard generic macromolecular
force field, in our molecular dynamics (MD) simulations.
The force field parameters used to calculate intra and inter
molecular interactions are listed in Table 1. Previously,
Elliott et al.'” have successfully used this force field to
study the collapse of SWNT bundles under hydrostatic
pressure. We employed ModulaSim,” a modular and gen-
eral purpose molecular modeling package to perform the
simulations using the constant particle number, pressure,
and temperature (NPT) ensemble. The Berendsen thermo-
stat and barostat’® were used to maintain the temperature
(300 K) and the applied hydrostatic pressure. The simu-
lation cell consisted of 16 independent SWNT or DWNT
arranged in a hexagonally close packed 4 x 4 bundle, with
periodic boundary conditions and pressure applied along
all three mutually perpendicular directions. The tubes were
all of the armchair type (n,n) and ten unit cells long
(2.3 nm). Elliott et al."* have shown that nine indepen-
dent tubes. ten unit cells long. are sufficient to avoid
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finite size effects. We carried out the MD simulations on
four SWNT bundles, (5,5), (10,10), (15.15). and (20, 20)
and four DWNT bundles, (5,5)@(10, 10). (7.7)@(12,12),
(10, 10)@(15,15), and (15,15)@(20,20) using the stan-
dard velocity Verlet algorithm to integrate the equations
of motion. The gap between the inner and the outer tubes
is ~3.4 A, close to the inter-layer gap in graphite. This
is simply a consequence of the choice of the inner and
the outer tubes to be (n,n) and (n+5,n+5), respec-
tively. The bundles were initially equilibrated at atmo-
spheric pressure and subsequently subjected to step-wise
monotonically increasing hydrostatic pressure increments,
letting the unit cell volume equilibrate for a minimum of
10 ps at each step. The simulation time step was | fs,
Information about the structural transitions was obtained
by plotting the unit cell volume (after equilibration at each
hydrostatic pressure step) as a function of pressure.

3. RESULTS AND DISCUSSION
3.1. Experiments

Figure 2(a) shows representative Raman spectra, along
with the fits, of the pristine DWNT sample at four pres-
sures during the increasing pressure cycle and one after
return from the highest pressure of 13.0 GPa. It can be
seen that the spectrum at 0.9 GPa in the decreasing pres-
sure cycle resembles the spectrum recorded at 1.2 GPa
during the increasing pressure cycle. This recovery on
pressure release demonstrates the mechanical resilience of
the DWNT sample. The variation of frequency (w) versus
pressure (p) for the two modes is plotted in Figure 2(b).
The values of dw/dp for the two modes are 8.5+1.3 and
6.8 0.5 cm™ '/GPa, respectively.

High pressure Raman spectra were also recorded for the
DPC sample. The representative spectra along with the fits
are shown in Figure 3(a). As for the pristine sample, we
see that this sample also shows almost complete recov-
ery on pressure release from 14 GPa. Figure 3(b) shows
the variation of mode frequency as a function of pressure
for the two modes. It is intriguing to observe that these
modes show much higher dw/dp values (13.2 £ 1.3 and
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Fig. 2. A few representative tangential mode spectra of the pristine
DWNT sample along with the two fit modes (a) and the variation of
mode frequency as a function of pressure (b).

12,54+ 0.9 cm '/GPa) than the corresponding modes of
the pristine sample. We do not fully understand this result
although the following observations can be made. The
DWNT sample was originally deposited on a polymer
film (PARAFILM® “M"), Shaking the DWNT coated film
in chloroform separates the film and the nanotubes. It
is possible, however, that some amount of the polymer
still remains with the nanotubes. Washing the nanotubes
repeatedly with chloroform probably has the effect of
removing the remnants of polymer from the nanotubes.
The much higher dw/dp values for the DPC sample com-
pared to the pristine DWNT sample seems to indicate that
the presence of the polymer somehow increases the dw/dp
ol the DWNT modes. The polymer present in the DPC
sample may plug the ends of open tubes, thus prevent-
ing the transmitting medium from penetrating the tube and
facilitating the tube deformation under external pressure.
The polymer itself would slightly penetrate deep in the
tube, however, and exert hydrostatic counteraction. In addi-
tion, the as-produced DWNT are coated with a thin organic
layer (~5-7% of the tube weight by TGA) that con-
sists presumably of high molecular weight alkyl aromatic
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Fig. 3. A few representative tangential mode spectra of the DPC sample
along with the two fit modes (a) and the variation of mode frequency as
a function of pressure (b).

molecules. The effect of this layer might be similar to
that of the polymer from PARAFILM® “M.” However, the
layer can be at least partially removed by dissolution in
some solvents such as chloroform. In this case its function
to preserve the closed state of the end is lost, resulting
in a lower dw/dp values for the pristine sample. Clearly,
more work needs to be done to resolve this issue, which
will have some relevance to applications of nanotubes in
super-tough polymer composites.

3.2. Simulations

The SWNT and DWNT equilibrated at atmospheric pres-
sure have nearly circular cross sections, as shown in
Figures 4(a). (c), and (e), and 5(a), (c), and (¢) for SWNT
and DWNT bundles, respectively. At atmospheric pressure,
we find that r; /r... = 0.93 where r,;, and r, . are the
shortest and the longest distances from the center to the
circumference of the tube cross section. It may be noted
from Figure 5(b) that the (7,7)@(12,12) is hexagonally
faceted after the collapse pressure. To see the structural
transition, we plot the reduced volume (V/V,), where V,
is the unit cell volume at atmospheric pressure, for the
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Fig. 4. Cross sections of three 4 x 4 SWNT bundles before and after
collapse: (5,5) at 1 atm before collapse (a) and 40 GPa after col-
lapse (b), (15.15) at 1 aun before collapse (¢) and 2 GPa after col-
lapse (d), and (20,20) at 1 aun before collapse (¢) and 1 GPa after
collapse (f).

SWNT bundles as a function of pressure. Figure 6(a)
shows these plots for three SWNT bundles. Tt is clear that
all the SWNT bundles undergo a spontaneous structural
transition at a critical pressure (p.). Further, the critical
pressure decreases with tube radius, in agreement with pre-
viously published results.'™"* Unless otherwise specified,
p. refers to the structural critical pressure on the load-
ing curve. On plotting the reduced volume versus pressure
for the DWNT bundles, as shown in Figure 6(b) for three
bundles, we once again observe clear structural transitions
at well-defined critical pressures. Till the critical pressure
is reached, the tube cross sections remain almost circular

J. Nanosci. Nanotechnol. 7, 1753—1759, 2007
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Fig. 5. Cross sections of three 4 x 4 DWNT bundles before and after
collapse: (5,5)@(10,10) at 1 atm before collapse (a) and 40 GPa
after collapse (b), (7.7)@(12,12) at 1 atm before collapse (c) and 20
GPa afier collapse (d), and (15, 15)@(20,20) at 1 atm before collapse (e)
and 4 GPa after collapse (f).

with slight deformations from the circular shape. When
the applied hydrostatic pressure exceeds p,, however, the
tube cross sections become elliptical. Further increase
in pressure results in a dumbbell shape as shown in
Figures 4(b), (d), and (f), and 5(b), (d), and (f) for SWNT
and DWNT bundles, respectively. The loading (pressure
increase) and unloading (pressure decrease) curves show a
~30% hysteresis in all the bundles studied. The hystere-
sis is calculated as 100% x [ pine — punloading] / ploading - (ypy
decompression, we find that the hexagonally close packed
lattice is completely restored in all the SWNT and DWNT
bundles.

A closer look at the critical pressures of the DWNT
bundles in Figure 6(b) reveals several remarkable features.
First, we observe that the p. of a given DWNT bundle is
greater than the p. of the SWNT bundle consisting of
the corresponding outer tubes alone. For instance, the Pe
of the (15,15)@(20,20) DWNT is 1.4 GPa, which is
higher as compared to the p, of (20,20) SWNT (0.3 GPa).
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4. SUMMARY

To summarize, DWNT bundles have been studied under
pressure using Raman spectroscopy and molecular dynam-
ics. The rate of change of the tangential mode frequency
with pressure is higher for the DWNT with traces of poly-
mer compared to the pristine DWNT. Using classical MD
simulations, we show that DWNT bundles collapse at a
critical pressure p, that, like in the case of SWNT, varies as
1/R};, where R is a suitably defined effective radius. We
find that the SWNT and DWNT bundles show complete
recovery on decompression. The simulations clearly show
that the inner tube supports the outer tube and enhances
the stability of the DWNT under pressure.
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