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Ordered phases of fullerene molecules formed inside carbon nanotubes
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A simulated annealing method was used to study the minimum energy configurationg ofol@ecules
inside carbon nanotubes. Simulations for over 50 nanotubes with radii from 6.27 A to 13.57 A showed that ten
different phases exist in this size range. Both chiral and achiral phases were found. The achiral phases consist
of layers of stacked polygons rotated by an angle of 3&)/(2lative to each other, whekeis an integer. The
chiral phases consist of multistranded helices. Tubes of larger radii, each of,th)etype, were also studied;
these also exhibited helical and polygonal-layered phases. For tubes largé24tzd, Cgso molecules can be
at the tube center as well as at the wall. The effects of multiwalled versus single-walled tubes were shown to
be small. The phase structure is very sensitive to the tube radius and is different from that for the packing of
hard spheres.
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The filling of single-walled carbon nanotubes with mol- wherex is the distance of the molecule from the tube a&is,
ecules has received increasing attention since such fillin®, andC are constants determined from a least squares fit to
was first observed:*® The cylindrical constraint produces the numerical calculation, ardlis the difference between the
structures in the tube that differ substantially from those inradii of the nanotube and theg&molecule. The values of
the bulk. lodine, for example, forms helical chains insidethese constants for several nanotubes are shown in Table I.
single-walled carbon nanotubesSWNT's),’ Agg{[{x'x For tube radii less than 7.3 A, the potential has a minimum at

forms metastable one-dimensional wurzite crystalsnd  the center of the tube, while for larger radii the minimum is
one-dimensional potassium iodide forms crystals with latticespifted towards the wall.

spacings different than in the bufkAiso, a molecular dy- The number of g, molecules used in the simulations var-

namic simulation of water inside nanotubes showed the €Xad from 20 for narrow tubes up to over 100 for wide tubes
istence of a variety of phases that do not exist in the bulk y,o i jations, the molecules were confined to a nano-

1
ice: o :
In this paper, we present the first systematic study of thiube with given radius and length. The nanotube length was

phases of molecules of any kind inside nanotubes as a fun aken to be 2030 % greater t_han the length occupied by the
tion of nanotube radius. Previous theoretical investigations iFaMe number of g molecules in the lowest energy structure
this area have only considered a few nanotube types ctiserfound for the G, molecules inside a nanotube with a smaller
priori; here we systematically investigate all nanotubes witfadius. Two types of starting configurations were used: ran-
radii less than that of thé20,20 nanotube. Our goal is not dom and the structure obtained from the simulation for the
only to identify all phases, but also to make comparisongmaller nanotube radius. The starting temperature was cho-
with the packing of hard spheres into a cylinder to investi-sen to be 1000—-1500 K; our previous calculations show that
gate differences between the structures that maximize paclat these temperaturegdmolecules are quite mobile inside
ing efficiency and those that give minimum energy. nanotube$’?® To ensure that the obtained phases are inde-
To identify minimum energy configurations ofsg&mol-  pendent of boundary conditions we used both periodic and
ecules inside carbon nanotubes, we used the simulated aclosed end boundary conditions. This means that for each
nealing (SA) method'’ Two potential energy functions are nanotube radius at least four simulations were run. Typically,
required for this calculation: that for the interaction of two all these simulations yielded the same structure and energy
Cgo molecules, and that for the interaction of go@olecule  for a given nanotube radius. In all simulations we performed,
with the wall of an |nf|n|te|y |0ng tube. Both of these are van no external pressure was app“ed All together, the simula-

der Waals interactions and the calculation is greatly simplitjons were run for over 50 tubes in the radius range of 6.27 A
fied by using the surface-continuum approximation, whichy, 1357 A

has been very successful in many other stutfie€ The in- The resulting phases and their properties are listed in

teraction between two dg molecules is given by the Giri- - 156 || and displayed in Figs. 1 and 2. For the narrowest

falco potential® The potential function for the interaction 1< that can accommodate,@nolecules(radius 6.27 A,
between a g, molecule and a tube cannot be obtained ana-

lytically. However, the results of numerical calculation based TABLE I. Constants for nanotubeggmolecule interactions.
on Eq.(10) in Ref. 18 are well represented by the equation

Nanotube Radiugd) A (eV) B (eVA®) C(evVA’) d (A)

V(X)=A+B - ! ; +C( ! - (10,10 679 —279 2016 —139722 3.24
(x=d)*  (x+d) (x—d) (15,15 1018  —020 4176 —98422 6.63
L (20,20 1357 —005 3865 —87435 10.02
) 1) (2529 16.96 —002 3579 —79056 13.41
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TABLE Il. Phase behavior of g molecules inside nanotubes
for nanotubes with radius<13.57 A.

Radius(A) Phase Chirality Can be reduced
to single helix?
6.27-7.25 linear chain achiral
7.25-10.8 zigzag achiral N/A
10.8-11.15 double helix chiral yes
11.15-11.4  layers of 2 molecules achiral N/A
11.4-12.05 triple helix chiral yes
12.05-12.45 layers of 3 molecules  achiral N/A
12.45-13.0 layers of 2 molecules  achiral N/A
13.0-13.3 4-stranded helix chiral yes
13.3-13.5 4-stranded helix chiral no
13.5-14.05 layers of 4 molecules achiral N/A

Ref. 19, the molecules form a linear chain and they adopt a
zigzag structure when the radius is increased to 7.25 A. This
remains stable until the radius is increased to 10.8 A, at
which point a double-helix structure appears. The double he- FIG. 2. Phases of & molecules: the phase of three-molecule

lix can be algebraically described as a single helix. layers, the phase of two-molecule layers, two chiral phases of 4

For a radius of 11.15 A, the structure consists of tWO_strands and an achiral phase of 4 molecules. For nanotubes with
molecule layers. Further increases in radius show that chirdpdil 12.21 A 12.89 A, 13.23 A, 13.33 A, and 13.57 A, from left to
and achiral structures alternate except for the transition diont.

12.45 A. The reason for this exception is that at the tube

radius of 12.45 A it is energetically favorable to form an in the case of the achiral triplet configuration. This makes a
achiral structure consisting of two-molecule layers. This islarge contribution to the stability of the achiral layer struc-
similar to the phase observed for radii 11.15-11.4 A, withyre.

the interlayer distance decreased to 5 A, which gives 10 A \when the radius is increased to 13.0 A, a four-strand chi-
for the distance between two molecules in next-adjacent layra| phase forms that can be reduced to a single helix just as is
ers and each g molecule has six nearest neighbors, just aghe case for the double and triple helices formed at lower
tube radii. But when the radius is increased to 13.3 A, a new
four-strand helical structure forms that is not reducible to a
single helix. Figure 2 shows that the two four-strand phases
look very much alike. But the two structures differ in that for
the one, which cannot be reduced to a single helix, the mol-
ecules are arranged in groups of four and the nearest neigh-
bor distances within a group are different from the nearest
neighbor distances for molecules between groups. Such
phases have been observed for cylindrical packing of hard
balls2® Our results show that small changes in tube radii can
result in major differences in phase structure.

Calculations for tubes with radii larger than 13.5 A were
restricted to (,n) tubes withn=20 to 29. For tubes smaller
thann=24, all Gy molecules are at the same distance from
the tube axis, forming a cylindrical shell on the inside wall.
For (24,24 and larger tubes, the shell is large enough to
accommodate molecules at its center. These molecules form
an independent structure inside the fullerene shell. The struc-
tures formed by internal molecules are similar to those for
Cgo molecules inside tubes with small radiinear chain to
double heliy, but these structures show some deviations

FIG. 1. Phases of g molecules: the single chain phag0,10 ~ from ideal molecular positions. This is due to the potential
tube], the zigzag phas€(13,13 tube], double-helix phasétube  from the fullerene shell, which is not symmetric in either
with radius 10.96 A the phase of two-molecule layefsibe with  radial or axial directions. Also, end effects due to the finite
radius 11.33 A, and triple helix[(17,17 tube], from left to right. size of the shell affect the arrangement of internal molecules.
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TABLE lll. Phases of Gy molecules inside nanotubes. 1.5 . . ;
Type RadiugA)  Structure of Gy shell  Internal layer 1L — single wall i
(21,21 14.25 5-stranded helix i - Gouble wall
(22,22 14.93 pentagonal layers _ 051 — 10 walls 7
(23,23 15.61 6-stranded helix 5 T 1
(24,24 16.28 6-stranded helix linear chain E’o -
(25,25 16.96 hexagonal layers linear chain ;t:;
(26,26 17.64 7-stranded helix single helix - -
(27,27 18.31 heptagonal layer single helix
(28,28 19.00 8-stranded helix double helix -
(29,29 19.68 octagonal layers double helix L

L3 : ' g 10 o' iz

The structures and their properties for,if) tubes withn Distance from nanotube center [A]

=211o 29 are listed in Table Il and some of them are shown FIG. 4. Potential betweenggmolecule and a multiwalled nano-

in Fig. 3. tube as a function of distance from nanotube axis fdisihgle-wall

For large tubes, it is important to consider the effect ofyanotubg 2-, 3-, and 10-walled nanotubes. The smallest nanotube
multiwall nanotubes. It can be expected that adding nanotubg (26 2¢.

walls stabilizes the circular cross sectibrand makes the

nanotube more resistant to deformations due to internal getically(relative to a molecule at the inside wadinly for
fullerene molecules or interactions with other nanotubes in 4,24 and (25,29 tubes. In all cases changes to the

rope’* Our calculations of the energetics of multiwalled sys-f,jierene shell were limited to a small change of its radius.
tems show that adding concentric nanotubes increases the o, study sheds light on three important effects: the

binding energy of & to the nanotube wall by about 15%, preaking of chiral symmetry, the packing of hard spheres in a
while the position of the energy minimum changes only bycyjinder, and the formation of lattices on a cylindrical sur-
0.05 A for tubes larger tha20,20. Also, the second tube is face  Our simulations demonstrate that the existence of
the most important. Increasing the number of walls beyo”%hirality depends on the value of the tube radius.

two has essentially no effect on the nanotuhg-{btential. The packing of hard spheres into cylinders has been stud-
This is shown in Fig. 4 for a  molecule inside a multi- jeq py Pickettet al?® Their results(for spheres with diam-

walled nanotube with the smallest wall having a diameter okers equal to the separation between twg i@olecules at
a (26,26 nanotube. Simulations for multiwall tubes larger the minimum of the interactionis a first order approxima-

than (20,20 show that the cylindrical shell of molecules on tjon o the study presented here. For a range of tube radii up
the inside tube wall is affected only by a small increase in it that at which a three-molecule layer appears, Piekedl.
radius, and that a molecule at the tube center is favored efgentified nine phasegNote that our definition of phase dif-

fers somewhat from theirs. They labeled only six structures
in this range as phases, but also identified achiral configura-
tions of singlets, doublets, and triplets, which they did not
count as separate phage®ur simulations found only six
phases in this range. The origin of this difference is that, for
hard spheres, achiral states can exist only for single values of
the tube radius, while we find them stable over a range of
radii. Also, Pickettet al. find three chiral phases that cannot
be described as a single helix, while we find only one.

The origin of the differences of the SA results from hard
sphere packing is that the molecules need not maintain a
fixed distance between them so they can shift positions as
needed to minimize the energy. The hard sphere model can
be used to derive a simple rule for tube radii at which achiral
phases are expected to form. For a sphere of ragjus
spheres can be arranged on the surface of a cylinder if its

radiusr is given by
1 \/—2 2
* 1-coq2w/n)/’ 2

FIG. 3. Phases of § molecules insidg25,29 (left and top ~ For Gsg molecules in nanotubes, the sphere radius is just half
right) and (28,28 (middle and bottom rightnanotubes. the distance between molecules at their potential energy

r=R
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minimum. Also, to get the correct nanotube radius, one hagrowing leaves of plants or the structure of some bacteria
to add 1.49 A to the geometric radius of the tube because aind has been extensively studiéd®
the van der Waals repulsion between the molecule and the In conclusion, simulations of g molecules inside nano-
tube. The formula then gives tube radii of 11.5 A, 12.3 A, tubes show how the structure changes as a function of tube
and 13.6 A for achiral phases with layers of 2, 3, and 4radius. Both helical structures and layered structures were
molecules, respectively. Comparison with the values in Tablggynd. A comparison to the case of packing of hard spheres
Il shows that these values are correct for the 3- andpows substantial differences between the two cases. Be-
4-molecule layers, and is only a slight overestimate for the 2¢5se of the high binding energy of molecules to the tube
molecule layer. _ _ wall, no configurations resembling a three-dimensional close
The relation of the lattice on a cylinder to that on a planepacked bulk phase was found. In this study, we focused on
is straightforward since a cylinder can be formed by rollingthe structural properties only. But as one can imagine, other
up a plane. Indeed, unrolling the structures from the SA reproperties of fullerene-filled nanotubes also change with
sults gives close packed two-dimensional configurations, asnanging fullerene configuration. For example, the phonon
expected from pairwise potentla!s. Actually, small deviationsy,odes will be different for the linear and zigzag configura-
from close packing were found in several cases. The reasthns. As a result, thermal conductivity will be different in
for this is that wrapping a plane of close packed spheres intghe two configurations. Thus it should be possible to tune

a cylinder can only be done for a discrete set of radii,5roperties of filled nanotube materials by changing the radii
whereas there is no restriction on tube radius in our calculagf the host nanotubes.

tion.
Interestingly, packing hard spheres on cylindrical surfaces We gratefully appreciate support for M.H. through the
has its manifestation in several biological effects such afational Science Foundation Grant No. 98-02560.
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