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INTRODUCTION

or more than 400 years scientists

have studied sphere packing arrange-

ments in volumetric spaces."? The in-
sertion of spherical fullerenes into cylindri-
cal carbon nanotubes leads to the
formation of carbon nanopeapods.® Gravi-
tational forces are minimal and it is the
competition between surface forces and
mechanical structure that define the low-
est energy arrangements.*”” There is no co-
valent bonding between the fullerenes and
nanotube in a nanopeapod and the mini-
mum energy configuration is influenced by
the strong van der Waals forces between
the fullerenes and single-walled carbon
nanotubes (SWNTSs). In graphite, the van
der Waals separation between the stacked
graphene layers is 0.34 nm. This distance
typifies sp? carbon graphitic layers where in-
teractions between the  orbitals are
present. In order to achieve uniform 1D
packing of fullerenes inside SWNTs, the
separation between the fullerene and SWNT
should also be on the order of the gra-
phitic van der Waals separation. Since the
diameter of fullerenes ranges between ~0.7
nm (Cgp) to ~0.85 nm (Cg,), the diameter
range of nanotubes needs to be between
1.4 — 1.6 nm, if they are to pack tightly to
form a 1D chain.® This route enables the for-
mation of 1D spin chain systems by insert-
ing paramagnetic endohedral fullerenes
such as Sc@Cg,, Y@Cg, and La@Cg,, which
are of interest for spintronics and quantum
information processing applications.” How-
ever, when the diameter of the SWNT in-
creases beyond 1.6 nm it is not possible for
the fullerene to be located at the center of a
cylindrical SWNT and still be at the gra-
phitic van der Waals distance of 0.34 nm
from the sidewalls. This means that the
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ABSTRACT We show that when Y@Cg, metallofullerenes are inserted into single-walled carbon nanotubes

(SWNTSs) with large diameters of 2 nm, the minimum energy configuration is a double-helix chiral structure

extending over hundreds of nanometers. We demonstrate rotation of the double-helix fullerene chain within the

nanotube host that induces real time elastic distortions of the nanotube in a crank-shaft manner. Molecular

dynamics simulations, employing an atomic description of the confining SWNT and a reduced description of Y@Cg,,

reproduce the key experimental observations.
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structure of the composite system is likely
to change in the form of different packing
structures (i.e 2D zigzag) and/or distortion
of the atomic structure of the SWNT or
fullerenes. The insertion of Cg; into nano-
tubes with larger diameters has been
shown to result in different packing
phases o101

At the simplest level one might expect
the packing problem to map onto the
phase diagram for hard spheres confined
into cylinders.'> However, carbon nano-
tubes have one of the highest elastic modu-
lus of all known materials.’® The strong at-
tractive van der Waals forces between
carbon nanotubes lead to their tight bun-
dling and adhesion to surfaces.'*'> When
the diameter of SWNTs reaches above 2 nm
the cross-sectional shape of the nanotubes
can change.' Large diameter nanotubes
become distorted when placed on surfaces
in order to maximize the contact area in-
volving the surface forces' and when they
bundle together it can also lead to similar
distortions.” The diameter of a SWNT can
become large enough that the attractive
forces between its walls lead to its collapse
and the loss of the free space in the
interior.'®'” The implication is that map-
ping onto a rigid sphere/cylinder system
may be too simplistic.
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Figure 1. (i) Time-series (a) - (d) of HRTEM images showing a suspended carbon nanotube peapod containing Y@Cg, fullerenes
with double-helix chiral packing. Time between frames is 5 s. (ii) Atomic representation of the trigonal packing of Y@Cg, met-
allofullerenes in elliptically distorted (15,13) SWNT with (a) 3D perspective with major axis of SWNT perpendicular to HRTEM
viewing direction, indicated by arrow. (b) Top view of (a). (c) End view of (a). (d) 3D perspective with major axis of SWNT par-
allel to HRTEM viewing direction, indicated by arrow. (e) Top view of (d). (f) End view of (d).

Evidence for structural changes of carbon nano-
tubes when they are filled with material has been
limited.'®° This is due to the relatively small diameters
of the SWNTs used for filling (<1.6 nm), or the relatively
small areas studied, or the use of multiwalled carbon
nanotubes that are less susceptible to structural distor-
tions. In some cases, slight perturbation to the cross-
sectional profile of the nanotubes occurs when filled
with materials such as cobalt iodide.'®

To date there has been no investigation of the 2D
packing phases of metallofullerenes in carbon nanope-
apods. Although a large number of metallofullerenes
have been inserted into carbon nanotubes the ques-
tion arises as to whether they can adopt 2D packing like
Ceo. Metallofullerenes typically have charged cages (i.e
La3"@Cg,®") compared to Cyp and this may influence the
surface forces that govern the resulting structure
formed in the composite nanomaterial. The formation
of complex packing configurations of paramagnetic
metallofullerenes may lead to new behavior in the spin
dynamics and the transfer of spin information along
the chain length.?°
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RESULTS AND DISCUSSION

In order to investigate the intrinsic packing struc-
ture of paramagnetic metallofullerenes we used SWNTs
with diameters up to 2.4 nm and Y@Cg, for peapod fab-
rication. An important component of our work was to
take extra care to debundle the peapods by sonication
in 1,2-dichloroethane and evaporating the solvent rap-
idly when preparing TEM samples. This ensured long
isolated peapods were suspended in free space on a
lacey grid for analysis and eliminates any intertube
forces present in bundles that may lead to distortions.
Peapods with nanotube diameters between 1.35—1.7
nm showed typical 1D packing of fullerenes as previ-
ously reported.2® However, we found that peapods
formed in nanotubes with a diameter of ~2 nm ex-
hibit unique packing of the Y@Cg, that has, to our
knowledge, never been previously observed for metal-
lofullerenes. The packing is of trigonal form with a chiral
twist, resulting in double-helix structures. We found
that the diameter of the nanotube was distorted along
its length by the double-helix packing configuration of
the Y@Cg,.
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Figure 1(i)(a) shows a typical isolated peapod over
100 nm in length suspended over free space. This long
isolated suspended structure enables the intrinsic struc-
tural configuration of the peapod to be examined. The
use of 1,2-dicholoroethane was important to achieve
this as it enables debundling of the peapods without
using a surfactant, such as sodium dodecyl sulfate
(SDS), that attaches to the surface of the peapod and
prevents high quality images to be obtained of the
fullerenes inside. Surfactants wrapped around peapods
may also restrict the ability of the SWNT to distort. 2D
trigonal packing of the Y@Cg, is seen with a slight rota-
tional twist observed toward the right-hand side.

Figure 1(i)(b) shows the Y@Cg, peapod after 5 s of
electron beam irradiation and significant differences in
the packing structure are apparent. Three regions of
crossover in the double-helix chiral twist are seen and
indicated by arrows. These crossover regions also show
a reduction in the apparent nanotube diameter. This is
due to the distortion of the carbon nanotube cross sec-
tion by the 2D fullerene packing. The nanotube con-
forms to an elliptical shape that matches the trigonal
packing of the Y@Cg, and as the 2D fullerene chain
twists, so too does the projection of the elliptical cross-
section of the nanotubes. Figures 1(i)(c) and 1(i)(d) are
taken in 5 s intervals after figure 1(i)(b) and show the
double-helix Y@Cgq, packing rotates under electron
beam irradiation and induces elastic modifications to
the nanotube cross-sectional shape. The length scale of
the pitch of the twist in the fullerene chain is up to 50
nm in figure 1(i)(d), indicated by the bracket. This is ex-
traordinarily long compared to the 5 nm length scale of
pitch previously observed for Cg helical packing.

Line profiles that plot the gray scale intensity as a
function of distance were taken perpendicular to the
nanotubes axis. We measured the shortest cross-
sectional diameter to be 1.67 nm and the longest to
be 2.21 nm, giving rise to a difference of 0.54 nm be-
tween the two and corresponding to an eccentricity,
€=0.65. If we take the average of these two values to
be equal to the unperturbed diameter of the nanotubes
if it was not filled we get 1.94 nm. We measured the
chiral angle of the nanotubes by directly imaging the
atomic structure and performing a 2D FFT. Combining
the chiral angle and a diameter of 1.94 nm we index the
nanotube in figure 1 as (n,m) = (15, 13), which is semi-
conducting. Figure 1(ii) shows an atomic structural
model of the trigonal packing of the Y@Cg, in a (15,

13) SWNT with an induced elliptical distortion on the
same scale as observed in HRTEM analysis. Figures
1(ii)(a) - 1(ii)(c) show three different perspectives (3D,
top view, and end view) when the major axis is orien-
tated perpendicular to the HRTEM viewing direction. In
figures 1(ii)(d) - 1(ii)(f) the major axis is orientated paral-
lel to the HRTEM viewing direction. This illustrates the
difference in HRTEM projection for the two different ori-
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entations of the Y@Cg, packing and the concomitant
change in the diameter of the SWNT host.

The packing structure of the Y@Cg, in the SWNT
can be examined in detail when the major axis is per-
pendicular to the HRTEM viewing direction. Figures
2(i)(@) and 2(i)(c) examine the trigonal packing struc-
ture in detail and figures 2(i)(b) and 2(i)(d) the occasion-
ally observed square packing configuration. The den-
sity of fullerene packing is greater for trigonal packing
compared to the square packing. The average inter-
Y@Cg, distance is also larger for the square packing
compared to trigonal packing. The diameter of the
SWNT host for the square packing is also larger than
the diameter for trigonal packing. This highlights the
link between fullerene crystallization and nanotube
diameter.

Figure 2(ii) shows the time-dependent HRTEM im-
ages of the 2D packing of Y@Cg, in a peapod with 10 s
between frames. In figure 2(ii)(a) a defect in the crystal
lattice is seen, indicated by an arrow. Red shade is used
in figure 2(ii) to highlight holes within the crystal lat-
tice formed by the presence of defects. In figure 2(ii)(b)
the defect has been removed by adjustment of the po-
sition of fullerenes. In figure 2(ii)(c) a large hole is
formed, indicated by the red region and 10 s later, fig-
ure 2(ii)(d), a large group of seven Y@Cg, fullerenes have
propagated to the left, resulting in the movement of
the hole to a new position. In figure 2(ii)(e), reconfigura-
tion of the Y@Cg, leads to the hole being located prima-
rily in the bottom region. In figure 2(ii)(f) the hole has
moved toward the left and in figure 2(ii)(g) it has sepa-
rated into two smaller regions. Figure 2(ii)(g) shows that
the chain has twisted with concomitant change in
SWNT diameter, but the positioning of the holes re-
mains the same. This illustrates the freedom of Y@Cg,
fullerenes to move about within the 2D crystal structure
and to adjust their position. The presence of a small de-
fect or hole does not lead to the degradation of the
packing.

To further rationalize the experimental observa-
tions, molecular dynamics (MD) simulations are per-
formed using highly simplified descriptions of the inter-
atomic interactions. The carbon nanotubes are
modeled atomistically using a Tersoff-ll potential.?! In
order to greatly simplify the problem, the Y@Cg, units
are mapped onto sphere of diameter 10.2 A and their
interactions with each other and with the carbon atoms
comprising the SWNT are modeled with Lennard-Jones
(L)) potentials. As a result, the problem has been effec-
tively reduced to one of sphere packing within a flexible
cylinder.

In order to probe the underlying energy landscape,
energy minimization calculations are performed in
which the positions of both the LJ spheres and the car-
bon atoms comprising the SWNT are allowed to evolve
in time and in which the number of LJ spheres inside
the SWNT is varied (effectively controlling the number
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a=b=1.05+/-0.05 nm
a=60+/-5° =
SWNT = 2.35 +/-0.05 nm 1

a=b=11+-0.05nm
@=90+-5"
SWNT = 2.50 +/- 0.05 nm

Figure 2. (i) HRTEM images of (a) close-packed Y@Cg, and (b) square-packed Y@Cs,. (c) Schematic of Y@Cs, observed in HRTEM
images with trigonal packing. (d) Schematic of Y@Cg, observed in HRTEM images with square packing. (ii) Time-series of
HRTEM images showing the movement of lattice defect in the Y@Cg, packing (i.e hole). Shaded red-areas indicate newly

formed holes.

density per unit length along the SWNT major axis). Lo-
cal energy minima are located at a range of particle
densities corresponding to the stability fields of differ-
ent packing environments (as observed, for example,
for the packing of hard spheres into incompressible cyl-
inders'?). Figures 3(i) and 3(ii) show a molecular graph-
ics “snapshot” of a structure for one such local minima
corresponding to a pseudoclose-packed trigonal lattice

arrangement, shown both looking along the SWNT ma-
jor axis (figure 3(ii)) and perpendicular to this (figure
3(i)), highlighting the significant eccentricity (e = 0.68)
inherent in the structure of the energy-minimized
SWNT. This computed eccentricity is similar to the value
(e = 0.65) determined from HRTEM images in figure 1.
Molecular dynamics simulations are performed over
a range of temperatures at densities corresponding to
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Figure 3. Molecular graphics “snapshot” of an energy minimized trigonal lattice structure formed from the LJ spheres en-
cased in a (15, 15) SWNT viewed (i) perpendicular to the major axis and (ii) along the major axis. (iii) Molecular graphics “snap-
shot” of a trigonal LJ lattice evolving dynamically at T = 400K, highlighting the high correlation between the SWNT eccen-
tricity and the trigonal lattice orientation. The right-hand section shows the LJ lattice with the encasing SWNT cut away to
highlight the inherent rotational distortion along the major axis. (iv) The projection of the eccentricity and normal vectors
(upper and lower panels respectively) at T = 400 K (black lines) and T = 600 K (green lines) for a specified section of the SWNT
and a single trigonal lattice unit. The figures highlight both the significant rotations observed on the simulation time-
scales and the high correlation between these two vectors.

www.acsnano.org



the local energy minima. Figure 3(iii) shows a “snap-
shot” from a simulation run at 400 K. The integrity of
the trigonal lattice structure is retained over the simula-
tion time-scale with an associated rotation of the lat-
tice about the SWNT major axis. In order to quantify the
nature of this rotational motion two vector quantities
are monitored as a function of time. First, a vector N is
defined as normal to the plane containing three
spheres comprising a single trigonal unit. Second, the
SWNT is divided into 10 sections along the major axis
and a vector € is defined for each section pointing from
the center of mass of that section along the major ec-
centric axis and confined to a plane perpendicular to
the SWNT major axis. Figure 3(iv) shows the time evolu-
tion of these two vectors projected along a single Car-
tesian axis exemplified for a single trigonal unit con-
fined within a given SWNT section. Both the SWNT
eccentricity and trigonal lattice vectors are observed to
rotate over the simulation time-scale. As might be an-
ticipated for a simple activated process, the time-scales
of these rotations appear to decrease with increasing
temperature. In addition, there appears a clear correla-
tion between these two vectors. Indeed, the distribu-
tion of the dot product N.e calculated time-averaged us-
ing all of the trigonal units and over the whole length
of the SWNT shows a clear peak at zero, indicating that
these vectors are highly correlated normal to one an-
other, highlighting the strong correlation between the
rotation of the trigonal units and the eccentricity of the
confining SWNT. This suggests that the observations in

METHODS SUMMARY

FH-P-type single-walled carbon nanotubes were gener-
ously provided by Meijo nanocarbon. The SWNTs were
treated to high temperature annealing under dynamic
vacuum to remove catalyst particles and amorphous car-
bon. Y@Cg, metallofullerenes were produced using a custom-
built arc-discharge system and purified using HPLC. Pea-
pods were formed by dropping a solution of Y@Cg, in CS,
onto buckypaper and allowing to dry. The composite was
placed in a quartz tube, sealed under vacuum and heated
for 4 days at 470 °C to form peapods. The peapods were dis-
persed in 1,2-dichloroethane using sonication for 30 min. A
drop of the peapod solution was deposited onto a lacey car-
bon coated TEM grid sitting on filter paper and allowing to
dry. This ensured that the peapods were debundled and dis-
persed on the TEM grid. HRTEM was performed using Ox-
ford’s JEOL JEM-2200MCO field-emission transmission elec-
tron microscope, fitted with probe and image aberration
correctors and operated at an accelerating voltage of 80 kV.
Data was recorded using a Gatan Ultrascan 4k X 4k CCD
camera.

The carbon nanotube is modeled using a Tersoff-Il poten-
tial?' which reproduces key structural and dynamic properties.??
The Y@Cg, units are mapped onto spheres of diameter 10.2 A
and their interactions with each other and with the carbon at-
oms comprising the carbon nanotube are modeled using
Lennard-Jones potentials, requiring the specification of four pa-
rameters, the sphere—sphere and sphere-carbon well depths,
€qp (@B =5p,C), and the diameters o,g. The sphere—sphere inter-
actions are parametrized by reference to the approximate diam-
eter of Y@Cg, (0spsp- = 10.2 A) and by reference to a previous
fullerene potential which gives a useful approximate well depth,
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the HRTEM are due to the rotation of the 2D trigonal
fullerene crystal within the SWNT leading to its distor-
tion rather than the rotation of the entire structure with
respect to the viewing projection.

CONCLUSION

In nature, chirality in biomolecular structure is
readily found, such as in DNA. Our experimental re-
sults show that chiral twists are present in the ground
state configuration of nanoscale systems such as in car-
bon nanopeapods. The chirality of fullerene crystalliza-
tion is concomitant with the elliptical distortion of the
nanotubes and is generated by combining spherical
fullerenes with cylindrical nanotubes. It is the nano-
scopic surface interactions between these nanomateri-
als that lead to the complex 3D geometries. Our molec-
ular dynamics simulations suggest that the time-
dependent changes to the diameter of the nanopea-
pod captured with HRTEM is due to the chain of
fullerenes rotating within the nanotubes accompanied
by a localized elastic distortion to the nanotubes cross
section and not a rotation of the entire nanopeapod
structure. Allowing some inherent flexibility in the
nanotube’s structure, results in trigonal packing with el-
liptical SWNT cross-section. Since there is no covalent
bonding between the fullerenes and nanotubes, the
chiral chain of fullerenes is free to rotate within the nano-
tube. By supplying energy to the system, a chiral chain
of fullerenes can drive elastic distortions to the perpen-
dicular axis of a nanotube in a crank-shaft manner.

€spsp/ke= 3260 K. The carbon-sphere interactions are param-
etrized using standard mixing rules combined with an existing
carbon Lennard-Jones potential,? giving osoc = (1/2)(0'spsp+0cc)
and espc® = €spspecc, Where occ = 3.40 A and ecc/ks = 28 K respec-
tively. Molecular dynamics and energy minimization calcula-
tions are performed on systems containing between 1200 and
4800 carbon atoms (corresponding to between 20 and 80 unit
cells of a (15, 15) SWNT) and between 8 and 32 LJ spheres. A (15,
15) SWNT is chosen because it has a diameter close to that ob-
served experimentally coupled with a relatively short unit cell re-
peat length. The molecular dynamics calculations are performed
in the NVT ensemble at temperatures between 200 and 1000 K.
The initial velocities are sampled from a Gaussian distribution
and the temperature is maintained using Nosé-Hoover
thermostats.2*?*
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