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Anisotropic Packing and One-Dimensional Fluctuations of Cg, Molecules in Carbon Nanotubes
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The confinement of a Cgy molecule encapsulated in a cylindrical nanotube depends on the tube radius.
In small tubes with radius Ry = 7 A, a fivefold axis of the molecule coincides with the tube axis. The
interaction between Cg, molecules in the nanotube is then described by a O,-rotor model on a 1D liquid
chain with coupling between orientational and displacive correlations. This coupling leads to chain
contraction. The structure factor of the 1D liquid is derived. In tubes with a larger radius the molecular
centers of mass are displaced off the tube axis. The distinction of two groups of peapods with on- and off-
axis molecules suggests an explanation of the apparent splitting of A, modes of Cg, in nanotubes

measured by resonant Raman scattering.
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The synthesis [1] of self-assembled chains of Cg, mole-
cules inside single-walled carbon nanotubes (SWCNTs),
peapods (Cgo)y @SWCNT, has opened the road for the
study of a unique class of nanoscopic hybrid materials
with unusual electronic [2] and structural properties.
Electron microscopy observations on sparsely filled tubes
[3] demonstrate the motion of molecules along the tube
axis and imply that the interaction between Cgy and the
surrounding tube is due to weak van der Waals forces. By
now it is possible to prepare peapods with high filling rate
of Cgq or other fullerene molecules, thereby obtaining 1D
molecular chains [4] inside the tube. A prototype of a 1D
chain without long-range order is the salt Hg;_sAsFg,
where chains of Hg cations are intercalated into channels
formed by the three-dimensional lattice of AsF, [5,6].
Similarly, in the 1D conductor tetraphenyldithiapyranyli-
dene iodide an organic matrix separates parallel channels
filled with Iy anions [7]. In both compounds coupling
between chains develops at 7. = 120 and 180 K, respec-
tively, leading to a 3D ordered state. On the other hand, we
expect that peapods (Cg)y @SWCNT will behave as 1D
molecular liquids down to much lower temperature (7).
We have formulated a theory which takes into account the
confinement of the C¢y molecules by the nanotube wall and
the displacive and orientational interactions between mole-
cules. Although long-range order is absent, displacive and
orientational correlations between Cg, molecules lead to
1D crystal-like behavior in small tubes. In larger tubes
(radius Ry =7 A) the 1D character is lost. The theory
suggests an explanation for resonance Raman results on
Cgo in SWCNT and makes further predictions to be tested
by experiments.

We start from one Cgy molecule with its center of mass
on the axis of an infinitely long tube. The tube is taken as a
cylinder with radius Ry, its wall is approximated by a
smooth surface density o of carbon atoms (for graphite,
o = 0.38 A™?). The axis of the tube coincides with the Z
axis of a space-fixed Cartesian system (X, Y, Z). We con-
sider a molecular-fixed system of axes (x, y, z) such that
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these axes coincide with twofold axes of the molecule.
When both systems coincide, the molecule is in standard
orientation [8]. With the center of the molecule as origin, a
point located at p on the tube has the cylindrical coordi-
nates (Ry, ®, Z). The molecule (symmetry I;,) is taken as a
skeleton of interaction centers (ICs) located at positions
{Fa,} on a sphere with radius d = 3.55 A. The centers,
labeled by composite indices A;, are of three types: 60
atomic ICs (i = 1), a set of 3 ICs on each of the 30 double
bonds (i = 2), and 60 single bond (i = 3) ICs [9]. They
interact with the C-surface density of the tube wall by
repulsive Born-Mayer and attractive van der Waals forces.
The strength of the interaction potentials u/(r) is similar to
the ones used for interactions between molecules in solid
Cgo [10]. Total-energy electronic structure calculations
[11] show that the interaction of the Cg, molecule with
the tube is not due to chemical bonds.

The total interaction potential of the molecule with the
nanotube, called nanotube field potential, reads

21 +oo AN S
VRY) = RS ]0 4P ] dazai(lp — 7y D). (1)
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Here, > A, stand for summations over ICs: A; = 1,...,60
(atoms), A, = 1,...,90 (double bond ICs), and A; =
1,...,60 (single bond ICs). For an arbitrary orientation
of the molecule, the positions 7, of the centers depend on
the Euler angles («, B, y) which specify the orientation of
the molecule with respect to the space-fixed system. The
appropriate variables (order parameters) to describe the
statics and dynamics of orientationally disordered molecu-
lar crystals are molecule and site symmetry adapted rotator
functions (SARFs) [12]. Here we construct cylindrical
SARFs
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They are linear combinations of Wigner’s functions
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D!, ,.(a, B, y) with cylindrical symmetry implying m = 0
in Eq. (2). Molecular symmetry is reflected in the structure
factors a;’(”'), [ =0,6, 10, with n even = [ [9]. Expanding
the potential in terms of SARFs, we get

V(Rr; B, y) = Z v(R)U(B, ), 3)
1=0,6,10,...
with coefficients
3
vi(R) = S vi(Ry)g) @)
i=1

where g! are molecular shape factors accounting for the
icosahedral distribution of ICs of each type [9]. Although it
is possible to evaluate Eq. (1) directly by performing the
required coordinate transformations (Euler rotations) fol-
lowed by numerical integration, the formulation in terms of
SARFs is necessary for the evaluation of scattering laws
and thermal expectation values [9]. A practical advantage
of Eq. (3) is its rapid convergence: a restriction to terms
[ = 12 considerably reduces the computation time for a
(B, v) plot of V(Rr; B, 7).

For a fixed set of interaction potential parameters, we
have plotted the potential V(Ry; B, y), for different tube
radii, in form of Mercator [13] maps as a function of the
angles 0 = B8 = 7w and 0 = y = 2. Figure 1 with Rt =
6.86 A corresponds to n = 10 for (n, n) armchair tubes.
Twelve equivalent potential minima—which determine
the most probable orientation of the molecule—are found.
The values (8 = 58°, ¥ = 0) correspond to the situation
where the molecule is rotated counterclockwise around the
Y axis, away from the standard orientation by an angle 8 =
arccos2/(10 + 2+/5)'/2. Then, the nanotube’s long axis
intersects the centers of two opposing pentagons (a fivefold
axis of Cg, coincides with the tube axis). The minima in
Fig. 1 correspond to the 12 pentagons on the Cgy molecule.
The 20 maxima correspond to the energetically unfavor-
able orientation when the tube axis intersects two opposing
hexagon faces (a threefold axis of Cgy coincides with the
tube axis). Increasing the nanotube radius but leaving the
center of mass of the molecule on the tube axis, we find that

FIG. 1. Mercator map of nanotube field potential V(Rt; B, ¥),
units K, Rt = 6.86 A. Energy measured from its minimum.

the Mercator maps change. For the (12, 12) tube with R =
8.24 A and for tubes with larger radii, we obtain a plot
where in comparison with Fig. 1 the positions of the
maxima and the minima are exchanged, a threefold axis
of the Cqy molecule coincides with the tube axis. In the
range 7 A < Ry < 8 A, we find an intermediate situation
where a twofold axis of the molecule coincides with the
tube axis. This orientation favors polymerization of Cg,
molecules [14]. However, more important than the change
of molecular orientation is the fact that, with increasing
radius the nanotube axis is no longer a locus of stability for
the center of mass of the molecule. In Fig. 2, we have
plotted the interaction potential V(Ry; A) of the Cqy mole-
cule with a fivefold axis parallel to the tube axis as a
function of the distance A of the center of mass of the
molecule from the tube axis. For the (11, 11) tube, Ry =
7.55 A, the potential difference between the maximum on
axis and the minimum off axis at A, = 1.1 A is = 5 X
10° K and an order of magnitude larger than any effect of
molecular orientation. The displacement of the molecular
center-of-mass position away from the nanotube axis for
larger tubes reflects the increasing importance of the at-
tractive parts of the van der Waals potential at the expense
of the repulsive parts. For C,@(12, 12) we obtain A, =
1.8 A, comparable to 1.6 A from first-principles calcula-
tions [15]. Our results of Fig. 2 are in qualitative agreement
with potential energy calculations where a homogeneous
distribution of C atoms on both the Cgy molecule and the
nanotube was assumed [16]. The large energy differences
(order eV) between minima of V(Ry) for Ry <7 A, A, =
0and Ry =7 A, A, # 0, respectively, suggests a classi-
fication of C¢y @ SWCNT peapods into two groups depend-
ing on the tube radius: small nanotubes with molecular
center-of-mass positions on axis and larger tubes, with off-
axis positions.

Resonance Raman scattering [17] measurements on
single-walled carbon nanotubes filled with Cg, molecules
exhibit an unexpected splitting of the totally symmetric
modes of the Cq, molecule. In particular, the pentagonal
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FIG. 2 (color online).
with A.

Variation of nanotube field potential
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pinch mode A,(2) “splits” into a doublet A,(2)" and A,(2)"
below room temperature. This mode, located at 1469 cm™!
in pristine Cg, can be used as a probe for structural and
electronic properties. We attribute the observed splitting of
the A, modes of the C¢y molecule to two distinct symmetry
breakings of the molecule resulting from the on- and off-
axis center-of-mass position for small and large nanotubes,
respectively. Experiments are carried out on C¢y @ SWCNT
with a dispersion of tube radii. This resolves the paradox
that there should be no splitting for the nondegenerate A,
modes. The present explanation is corroborated by the
experimental fact [17] that thinner tubes tend to yield
stronger A,(2)"" components. From Fig. 2 we see that the
nanotube field is larger in absolute value for the smaller
than for the larger peapods at their respective molecular
center-of-mass positions A,.

While in Cg, peapods, the dependence of the nanotube
field on molecular orientations leads only to weak energy
differences, it should be more important for more aniso-
tropic molecules such as Cy,. There a splitting of electron
diffraction peaks is interpreted in terms of two distinct
orientations of the C;, molecule [4]. We expect that the
corresponding distinct nanotube fields will also lead to a
splitting of A’ Raman peaks.

From Fig. 2 we conclude that the stable center-of-mass
positions of the C¢, molecules inside the (10, 10) nanotube
are located on the tube axis and hence form a 1D chain. The
1D character of a system of structureless Cg, molecules
inside a (10,10) nanotube has been confirmed by
Monte Carlo simulations [16]. In the following, we study
by analytical methods a 1D model of (Cgp)y @SWCNT
with small tube radii, i.e., with a fivefold axis of each
molecule in coincidence with the tube axis. Starting from
a model potential [9,10] between two Cg, molecules, we
formulate the interaction potential of a chain of N mole-
cules inside the nanotube by performing a double expan-
sion in displacive and angular variables. Minimizing the
zeroth-order term of the expansion in angular coordinates
with respect to displacements along the tube axis, we find
the average center-of-mass distance a = 10.211 A. The
next-order term is transformed into a O,-symmetry rotor
model:

N
VRR = % JS(n) - S(n — 1), 5)

n=2

where the rotational coordinate reads

S(n) = (cos[5¢(n)], sin[5¢(n)]), (6)

(n) being the rotation angle of the nth molecule about the
tube axis (Z) measured away from the X axis. The quantity
J stands for the rotational energy coupling between two
neighboring molecules at distance a. We find that J <0,
the rotational interaction between neighboring molecules
is attractive and maximum if both molecules have the same
orientation angle . Since Cgy has a center of inversion
symmetry, the same orientation of two nearest-neighbor

molecules implies that their neighboring faces are in stag-
gered orientation.

Within the rotor model, orientational correlations be-
tween distant molecules are given by thermal averages:

L(r) = (S(n) - S(n + 1) = (T, (M

where r is an integer and I'(1) = (S(n)-Stn — 1)) =
1,(j)/I,(j) is the nearest-neighbor correlation [18]. Here
j=JI/T and I,, I, are modified Bessel functions. For
finite 7, I'(1) < 1, and I'(r) tends to zero with increasing r;
i.e., there is no long-range orientational order. At T = 0,
I'(1) = 1, and perfect order appears.

We add translational (T) degrees of freedom of the chain
in form of an harmonic interaction potential

v =S - - -ah @

Here {(n) stands for the center-of-mass position of the nth
molecule on the Z axis of the tube and a is the average
separation between two neighboring molecules. The aver-
age spring constant f is obtained from the second deriva-
tive of the intermolecular van der Waals interaction with
respect to the displacements. A harmonic interaction po-
tential has been introduced previously [19] for an individ-
ual chain of Hg ions in Hg;_sAsFs. The mean square
deviation in the relative positions of neighboring molecules
reads ([{(n) = ¢{(n — 1) —aP) = o> = T/f.

The coupling of orientational and translational degrees
of freedom is obtained in the form

VRRT = 23" $(n) - §(n = D[¢(n) = £n = 1) — al, (9)

where A >0 is the rotation-rotation translation (RRT)
coupling derived from the intermolecular potential. In solid
Ceo» the VRRT coupling [20] leads to a contraction of the
cubic lattice at the structural phase transition. In the present
case the lattice contraction is obtained as

() = {(n = 1) = a) = =AL(D)/. (10)

We find J=-19K A=79 KA, and f=
18255 K A2, implying a room-temperature contraction
of —AI'(1)/f = —0.00014 A. The interaction VRRT jg
reminiscent of the spin-lattice interaction in compressible
magnets [21].

Since in the 1D model the second moment (/*(n))
diverges, there is no long-range crystalline order. The
vanishing of the Debye-Waller factor implies that there
are no ideal Bragg peaks. We apply concepts introduced for
the description of Hgs_sAsFg [6,19] and show that the
structure factor has characteristic resonances in reciprocal
space. The static structure factor of the center-of-mass
positions of the 1D chain is given by

|
— S (eial¢n =]
S(q) N;n,<e ! ) an
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FIG. 3 (color online).  Structure factor S(g), given by Eq. (12),

for T =300 K. For g5~ € Z,, S(g) reaches local maxima
1+Z(q)

1-Z(q) "

where the brackets denote a thermal average and where ¢ is
the wave vector transfer in Z direction. Taking into account
the interaction potentials VT and VRRT and retaining
short-range correlations, we find

1—2Z%(q)
1 + Z%(q) — 2Z(q) cos(gla — AT(1)/f])’

where Z(q) = exp(—q*0?/2) with o> = T/f. This ex-
pression of S(g) is an extension of previous results [6,19]
where only the displacive potential VT was considered.
Now, in the argument of the cosine function in Eq. (12), the
average lattice spacing a between molecules without ori-
entational correlations is replaced by the shorter length
a = a — AI'(1)/f, which includes orientational correla-
tions and decreases with decreasing 7. In Fig. 3 we have
plotted S(g) for T = 300 K. The function S(g) exhibits
narrow peaks which appear as streaks in the experimental
diffraction pattern [4].

We have shown that the chain of Cgy molecules in
SWCNT is a physical realization of the O,-rotor model.
The rotational interaction VRR and the coupling VRRT
between rotational and translational motion should be
relevant for the theoretical explanation of inelastic neutron
scattering experiments [22] on the dynamics of Cgy mole-
cules inside SWCNTs. The present analytical methods and
results can be extended to the study of Cgy encapsulated in
boron-nitride nanotubes [14,23].
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