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We have used Raman spectroscopy to study the behavior of multi-walled boron nitride nanotubes
and hexagonal boron nitride crystals under high pressure. While boron nitride nanotubes show an
irreversible transformation at about 12 GPa, hexagonal boron nitride exhibits a reversible phase
transition at 13 GPa. We also present molecular dynamics simulations which suggest that the
irreversibility of the pressure-induced transformation in boron nitride nanotubes is due to the polar

nature of the bonds between boron and nitrogen.
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1. INTRODUCTION

Mechanical properties of carbon nanotubes have been of
tremendous interest in recent years for the development of
ultra-strong nanotube composites. Several experimental'?
and theoretical’® studies have contributed to the under-
standing of these properties. Hexagonal boron nitride
(h-BN), which is an analogue of semi-metallic graphite,
is a material with several potential applications. The inter-
est in h-BN has been fortified with the synthesis of boron
nitride nanotubes. Boron nitride nanotubes were discov-
ered by Chopra et al.” just after the theoretical prediction
by Rubio et al.” Being wide band gap (~5.7 eV) semi-
conductors, boron nitride nanotubes are potential materi-
als for nanoelectronics as well as for optoelectronics, UV
light sources, and detectors. To understand the mechani-
cal properties of these materials, we have done high pres-
sure Raman experiments on multi-walled boron nitride
nanotubes and molecular dynamics simulations on single-
walled boron nitride nanotubes and compared them with
those on carbon nanotubes. The crucial difference between
boron nitride and carbon nanotubes is the polar vis-a-vis
non-polar nature of bonds in these materials.

2. EXPERIMENTAL DETAILS

Multi-walled nanotubes of boron nitride were prepared by
chemical vapor deposition using carbon free precursors
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and catalysts as described by Tang et al.® Characterization
of the nanotubes were done by Electron Energy Loss
Spectroscopy (EELS) and High-Resolution Transmission
Electron Microscopy (HRTEM) which indicate that multi-
walled nanotubes are composed of boron and nitrogen with
a B to N ratio of ~1 (+20%) and are typically 5-15 coaxial
tubes with outer diameters ranging from 20-50 nm.

High pressure Raman experiments at room temperature
were carried out on multi-walled boron nitride nanotubes
up to 16 GPa and on h-BN up to 21 GPa. A tiny speck of the
sample was loaded in a hole of ~200 um diameter drilled
in a pre-indented stainless steel gasket of a Mao-Bell type
diamond anvil cell with methanol, ethanol, and water mix-
ture in the ratio 16:3:1 as the pressure transmitting medium.
Raman spectra were recorded in backscattering geometry
using the 514.5 nm line of an argon ion laser.

3. SIMULATION METHODOLOGY

We have used DREIDING,” a standard generic macro-
molecular force field, in all our molecular dynamics
(MD) simulations. Table T lists the force field parameters
used to calculate intra- and inter-molecular interactions.
We have previously used this force field to study the col-
lapse of single and double-walled carbon nanotube bun-
dles under hydrostatic pressure.® Our simulations were
performed using MODULASIM,'? a modular and general
purpose molecular modeling package. The ensemble used
was one of constant particle number, pressure, and tem-
perature (NPT). The temperature (300 K) and the applied
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Table I. Parameters for the B (B

;) and N (Ng) atom types, in DREIDING [10], a standard generic macromolecular force field used in
all our molecular dynamics simulations. X denotes an arbitrary atom.

Ehona(R) = 1/2K,(R = Ry)’ N-B
Epe(8) = 1/2 K, (cos ) —cos 0,)* X:iB-X
X-N-X
Epprion(#) = 172V (1 = cos[n(¢ — ¢o)]'} X-N-B-X
‘Lm\ e (Aff) = K, (cos i —cosh,)? f(sin g, )* /2 B-X-X-X
N-X-X-X
Eoaw =Dn{{Rn/‘R)”_ (R(]/R]{,} B
N
E, = 322.0637(Q,Q,/¢R,) B
N

R, 1.43 A K, 1400 keal/mol/A?
t, 120° K, 100 keal/mol/rad®
t, 120° K, 100 keal/mol/rad®
D, 180° 14 25 keal/mol, n =2
W, (B,) 0° K, 40 kecal/mol/rad”
W, (Ng) 0° K, 40 keal/mol/rad®
R, (B,) 4.0200 A D, 0.0950 keal/mol
R, (Ng) 3.6621 A D, 0.0774 keal/mol
%) +0.6767¢*

0 —0.6767¢!

hydrostatic pressure were maintained using the Berendsen
thermostat and barostat.'' The electrostatic part of the
potential was calculated using two different approaches—a
crude cutoff method (cutoft radius of 8 A) and the accurate
particle mesh Ewald sum. The simulation cell consisted of
16 independent (10, 10) single-walled boron nitride nano-
tubes (SWNT) arranged in a hexagonally close packed
4 % 4 bundle, with periodic boundary conditions and pres-
sure applied along all three mutually perpendicular direc-
tions. The tubes were ten unit cells long (2.3 nm). The MD
simulations were carried out using the standard velocity
Verlet algorithm to integrate the equations of motion. The
bundles were initially equilibrated at atmospheric pres-
sure and subsequently subjected to stepwise monotonically
increasing hydrostatic pressure increments, allowing the
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unit cell volume to equilibrate for at least 10 ps at each
step. The simulation time step was 1 fs. Information about
the structural transition was obtained by measuring the unit
cell volume after equilibration at each hydrostatic pressure
step. The charges on the boron and nitrogen atoms were
determined by a quantum mechanical calculation done on
Jaguar."? Three unit cells of a (10, 10) boron nitride SWNT
was optimized using STO-3G basis sets for the B and the
N atoms. A mulliken population analysis was then per-
formed for the system. The average charges on the B and
N atoms belonging to the middle unit cell were found to
be 0.6767¢ (B atom) and —0.6767¢ (N atom), where ¢ is
the charge on a proton. We performed MD simulations
with these values of charge as well as with zero charge
on the atoms. The latter was done to ascertain the role of
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Raman spectra of h-BN at various pressures, with two spectra at returned (R) pressures. The pressure dependent frequency (w) and linewidth
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charges on the atoms on the irreversible pressure-induced
transformation.

4. RESULTS AND DISCUSSION

Hexagonal boron nitride has an intralayer vibrational mode
at ~1368 cm™'. The effect of pressure on this mode has
been followed up to 21 GPa. This Raman mode initially
hardens with increasing pressure and shows a drastic drop
in frequency at about 13 GPa, beyond which it again
hardens with pressure (Fig. 1). This sudden change in
frequency indicates a phase transition corroborated by
the phase transition from hexagonal to wurtzite phase
seen by X-ray diffraction'®'* and first principle DFT
calculations." The transition of boron nitride is completely
reversible with a small hysteresis of about 1 GPa.
Multi-walled boron nitride nanotubes with outer diam-
eters distributed over 20-50 nm were studied up to 16 GPa
by Raman spectroscopy. The spectra at different pressures
are very similar to those of h-BN. With increasing pressure
the intensity of the £,, tangential mode decreases and van-
ishes completely after about 12 GPa.'® Interestingly, the
mode does not recover on decompression (Fig. 2). This
is in sharp contrast with the pressure behavior of multi-
walled carbon nanotubes which show reversibility even
after decompressing from 20 GPa’ and h-BN which shows
a reversible phase transition at 13 GPa. Due to strong ionic
nature, the boron-nitrogen bonds are partially polarized
and hence the polarized bonds on a curvature make boron
nitride nanotubes sp>*® hybridized."” Under high pressure
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when these multi-walled nanotubes collapse, the atoms
with finite charge on the diametrically opposite walls of
the individual tubes will have electrostatic interactions.
This may be strong enough to hold the tubes in a col-
lapsed state. We believe this may be the reason why boron
nitride nanotubes get irreversibly transformed under pres-
sure in our experiment, in contrast to carbon nanotubes.
To explore the effect of charge on the pressure behav-
ior of nanotubes, we have chosen to perform our initial
molecular dynamical simulations on single-walled boron
nitride nanotubes. Simulations on multi-walled nanotubes
are more time intensive and will be performed at a later
stage. Our preliminary results show an irreversible col-
lapse of the tubes under some simulation conditions and
reversibility under others.

For comparison purposes, we first performed molecular
dynamics (MD) on a bundle of uncharged boron nitride
nanotubes. To study the structural transition, we have plot-
ted the reduced volume (V/V,), where V, is the unit cell
volume at atmospheric pressure, as a function of pres-
sure as shown in Figure 3(a). The boron nitride SWNT
equilibrated at atmospheric pressure has nearly circular
cross sections. It is clear that the SWNT bundle undergoes
a spontaneous structural transition at a critical pressure
(p.). Unless otherwise specified, p, refers to the structural
change pressure on the loading curve. Up to the criti-
cal pressure, the tube cross sections remain nearly cir-
cular with slight deformations from the ¢ircular shape.
When the applied hydrostatic pressure exceeds p.. the tube
cross sections assume an elliptical shape. Further increase
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Fig. 2. Raman spectra of boron nitride multi-walled nanotubes at various pressures with the return pressure spectrum at the top panel. Pressure

dependent frequency (w) and linewidth (I') are also shown.
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(10, 10) Boron nitride SWNT without any charge
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Fig. 3. Reduced volume (V/V,) as a function of applied hydrostatic
pressure for boron nitride SWNT without charge (a) and with charge
(b). The loading (solid symbols) and unloading (open symbols) show
hysterises and reversibility in (a) and irreversibility in (b).

in pressure results in a dumbbell shape. Upon pressure
release, the tubes undergo a reverse transformation from
the collapsed to the inflated state. The loading and unload-
ing curves show a ~30% hysteresis in the case of the
uncharged bundle. The hexagonally close packed lattice is
also completely restored on decompression. The uncharged
boron nitride bundle behaves very similar to the carbon
nanotube bundles.’

We now study the behavior of the boron nitride bundle
with polar nature of the bonds under hydrostatic pressure.
The electrostatic component of the interaction potential
energy is computed using two different methods; the sim-
ple cutoff method (cutoff of 8 A) and the accurate par-
ticle mesh Ewald (PME) method. Figures 4 and 5 show
the nearly circular cross sections of the tubes equilibrated
at atmospheric pressure studied using the cutoff and the
PME methods, respectively. On plotting the reduced vol-
ume versus pressure for the bundle studied in the cutoff
method, as shown in Figure 3(b). we once again observe
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Fig. 4. Simulation of a 4 x4 bundle of (10,10) boron nitride SWNT
with charge (using the cutoff method). The panels show the nearly cir-
cular tube cross sections at atmospheric pressure before collapse (a), the
dumbbell shaped cross sections at 9.0 GPa after collapse (b), and the
collapsed structure that remains even after complete decompression (c).

A~
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Fig. 5. Simulation of a 4 x4 bundle of (10, 10) boron nitride SWNT
with charge (using the PME method). The panels show the nearly cir-
cular tbe cross sections at atmospheric pressure before collapse (a). the
dumbbell shaped cross sections at 10.0 GPa after collapse (b). and the
re-inflated structure after complete decompression (c).
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a clear structural transition at a well-defined critical pres-
sure, although the p. obtained in this case (8.3 GPa) is
much higher that obtained (3.5 GPa) in the uncharged
case. Figure 4(b) shows the bundle cross section after col-
lapse. On decompression, unlike in the uncharged case,
the tubes in the bundle do not recover and continue to
remain collapsed even al atmospheric pressure, as shown
in Figure 4(c). The bundle studied using the more accu-
rate PME method, however, does not show an irreversible
behavior and the collapsed tubes return to their orig-
inal circular cross-section on decompression, as shown
in Figures 5(b) and (c). These simulations indicate that
charge on the atoms does play a crucial role in determin-
ing the reversibility of boron nitride nanotubes. However,
the contrasting results of the simulations performed using
the cutolf and the PME methods point out that our under-
standing is rudimentary and more work needs to be done
in this direction.

5. CONCLUSION

Our high pressure Raman spectroscopic experiments on
hexagonal boron nitride and boron nitride multi-walled
nanotubes suggest that h-BN undergoes a reversible phase
transition to wurtzite phase at about 13 GPa and the nano-
tubes get irreversibly collapsed at ~12 GPa. Our molec-
ular dynamics simulations on boron nitride single-walled
nanotubes suggest that the polar nature of the B-N bonds
may be responsible for the irreversibility of the pressure-
induced transformations.
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