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Abstract
A new set of C–C interball force constant was developed in order to reproduce the low
wavenumber density of states measured by neutron scattering and the Raman spectra of the C60

dimer and C60 polymer chain. The nonresonant Raman spectra of the C60 dimer and C60

polymer confined inside a (10, 10) single-walled carbon nanotube were calculated in the
framework of the bond-polarization theory by using the spectral moments method. The main
changes of the Raman spectrum as a function of the organization of the C60 molecules inside the
nanotubes were identified. We found that the radial breathing modes of a (10, 10) single-walled
carbon nanotube are more sensitive on the structure of the C60 molecules than the G-modes.
These predictions are useful to interpret the experimental Raman spectrum of fullerene peapods.

1. Introduction

The new forms of carbon, such as fullerene and single
wall carbon nanotube (SWCNT), have attracted considerable
interest due to some of their extraordinary properties [1]. A
few years ago, it was experimentally shown that fullerenes
can be inserted into SWCNTs, forming the so-called peapod-
like structure and first electron microscopy images of peapods
have revealed the one-dimensional character of the C60

chain inside the carbon nanotube [2]. In agreement with
calculations [3–5], it was found experimentally that the center-
to-center distance between two C60 in peapods (0.98 nm) was
smaller than in three-dimensional crystals (1.0 nm) but larger
than in polymeric fullerenes (typically around 0.95 nm) [6–8].
Theoretically, it was found that the structure of the C60 chain
inside the nanotube also depends on the diameter of the
SWCNT [9–11].

On the other hand, the successful synthesis under high
pressure and high temperature treatments (HPHTT) of a solid
phase of C60 dimer (D), polymerized C60 structures including a
crystalline one-dimensional orthorhombic (O) phase, and two-
dimensional tetragonal (T) and rhombohedral (R) solids has
allowed the investigation of phonons of these new compounds

3 Author to whom any correspondence should be addressed.

by Raman, infrared and neutron spectroscopies [12–16].
Theoretical works [17–19] have investigated the dimerization
of C60 molecules. It was established that the bonding
between two C60 molecules occurs by a [2 + 2] cyclo-addition
reaction which leads to dimer, trimer . . . polymer phases
in which C60 molecules are bounded by a four membered
square ring [20–22]. In recent years, a variety of theoretical
methods have been applied to calculate the intra- and interball
modes of C60 dimer, trimer and polymer chains: ab initio
calculations [24], tight binding Hamiltonian models [25] and
the force constants model [26]. In the last model, introduced
by Schober et al, the intraball C–C interactions are calculated
using a force field proposed by Jishi et al [27]. The covalent
interball bonds were modeled by a longitudinal and two
angular force constants. These force constants were fitted
in order to reproduce the experimental low wavenumber (0–
200 cm−1) density of states (DOS) derived from inelastic
neutron scattering measurements performed on the dimer
and polymer phases of RbC60 [26]. In the present work,
modifications of the Schober force constants will be done in
order to fit both the density of states and Raman-active modes
of C60 dimer and polymer phases.

Raman spectroscopy has been demonstrated to be a
key technique to characterize carbon-based nanostructures.
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Group theory analysis applied to the C60 molecule shows
that the totally symmetric irreducible representation Ag (non-
degenerate first-order Raman-active modes) is realized twice,
Hg (five-fold degenerate first-order Raman-active modes)
occurs eight times, and T1u (zero frequency mode and four
three-fold degenerate infrared-active modes) occurs five times.
A first Raman experiment on peapods has been performed at
helium temperature to avoid a possible photopolymerization
of C60 molecules under laser irradiation [28]. A Raman-
active mode located at 90 cm−1, close to the interball C60

dimer mode, was observed. As follows, Pfeiffer et al [29]
have performed a detailed Raman investigation on peapods
organized in bundles, and focused on the dependence of the
C60 modes with temperature and excitation energy. The
temperature dependencies of the Ag(1) and Ag(2) modes of
C60 have been measured at different excitation energies. At
90 K, both the Ag(1) mode, around 497 cm−1 in C60, and
the Ag(2) mode, around 1469 cm−1 in C60, are split in two
components, downshifted and upshifted with respect to the
position of the corresponding modes in the crystalline phase of
C60. The splitting of the Ag(2) mode is rather surprising and it
was understood as the spectroscopic fingerprint of the different
mobilities of C60 molecules inside the nanotubes [29].

In our first work, [30], and its complete version [11]
focused on C60 monomer peapods (with linear and zigzag
phases) only, we have studied the different possible
configurations of C60 monomers inside single wall carbon
nanotubes and found that the C60 molecules adopt a linear
configuration for diameters below 1.45 nm and a zigzag
configuration for diameters between 1.45 and 2.20 nm.
The nonresonant Raman spectra of these phases have been
calculated. Our results are in part in qualitative agreement
with the experimental ones. In particular, a splitting of the
Ag(1) mode of C60 was predicted by calculations. By contrast,
no splitting of the Ag(2) mode was calculated, suggesting
that the experimental splitting could be the signature of the
presence of C60 oligomers inside the nanotube. Concerning
the modes of SWCNTs encasing C60 molecules, it has been
reported experimentally that [31, 32]: (i) for SWCNTs in
the diameter range 1.45–1.76 nm, the radial breathing-like
mode (RBLM) was downshifted compared to the RBM of
empty SWCNTs, and (ii) for smaller diameters, two RBLM
components, upshifted and downshifted with regards to the
position of the RBM of the empty tube, were measured. We
have suggested that the presence of two radial breathing-like
modes could be related either to a low C60 filling factor or to
the presence of zigzag C60 chains inside the nanotubes [11].

In this paper, in order to complete our study about the
vibrations of C60 molecules confined inside carbon nanotubes,
we investigate the effect of dimerization and polymerization
of C60 molecules on the Raman spectra of C60 peapods.
Indeed, C60s covalently bonded with [2 + 2] cyclo-addition
was identified in peapod samples. We report the structure
and the force constants model of the isolated C60 polymer
chain. The C–C intraball force constants were fitted in order
to obtain a good description of the phonon in the C60 dimer
and polymer measured by inelastic neutron scattering and
Raman spectroscopy. This approach is very fast and gives a

good fit to experimental vibrational spectra. Depending on
the nanotube diameter, different configurations of dimerized
and polymerized C60 molecules confined inside SWCNT can
certainly exist [11]. However, since the synthesized peapod
diameters are around a (10, 10) nanotube, we restrict our study
by considering only a typical linear chain of C60 dimers and
a C60 polymer chain confined inside a (10, 10) SWCNT. In
order to improve the comparison between the calculations and
experimental data, linear and zigzag chains of C60 dimer and
polymer inside carbon nanotubes with different diameters are
under study. After a brief description of the force constants
and computational model (section 2), the Raman spectra of C60

dimer and C60 polymer chains either free or confined inside a
(10, 10) SWCNT are reported and discussed (section 3).

2. Models and methods

2.1. Structure and dynamics of C60 dimer and C60 polymer
chains

The geometry of the C60 dimer molecule can be obtained by
joining two C60 molecules by parallel double bonds. Other
orientations and relative connections between molecules would
be possible in principle, but previous calculations have shown
that they are energetically unfavorable with respect to [2 + 2]
cyclo-addition [17, 24, 34]. The geometry optimization of
the [2 + 2] dimerized C60 molecule was performed using
a molecular mechanics method (MM2 force) [33]. The
optimized structures of the C60 dimer, trimer and infinite
polymer chains are shown in figure 1. We found that the
length between the carbon atoms participating in the [2 + 2]
cyclo-addition change: the intrafullerene bond lengths shift
from 0.139 to 0.15 nm for double bonds and from 0.142 to
0.153 nm for single bonds. On the other hand, the length of the
interfullerene bonds are close to 0.153 nm. The formation of
intermolecular bonds reduces the symmetry of individual C60

from Ih to D2h.
To calculate the phonon modes of the C60 dimer and

C60 polymer, Schober et al [26] used the force constants of
Jishi [27], which well describe the C–C interactions in C60

(intraball). In this model, each atom is assumed to be a point
mass, and to be connected with springs to its first-, second-, and
third-nearest neighbors. Two springs, with spring constants sp

and sh, are used to model the stretching of the pentagonal and
hexagonal covalent bonds, respectively. The force constants of
the springs connecting an atom to its second- and third-nearest
neighbor are denoted by s2 and s3, respectively. The bending
of the pentagonal and hexagonal angles are modeled by springs
with spring constants ap and ah, respectively. In addition,
the bending of the angles between the spring connecting an
atom to its first-nearest neighbor and the spring connecting
it to its second- and third-nearest neighbors are modeled by
spring constants b and c, respectively. The potential energy
of the molecule is the sum of the stretching and bending
contributions.

Let us for example, consider three atoms labeled i , j ,
and k, where j is a second-nearest neighbor of i . Upon
giving arbitrary displacements to these three atoms, the
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Figure 1. Geometries for two structures of C60: the dimer and infinite polymer chain.

Table 1. Force constant parameters for intrafullerene bonds (D0
model). D1 and P models represent interfullerene dimer and polymer
force constants respectively. The bond-stretching force constants are
expressed in (mdyn Å

−1
), whereas the angle-bending force are

expressed in (mdyn rad−2).

Model Stretching Value Bending Value

D0 sp 3.95 ap 1.0
sh 2.30 bh 0.25
s2 1.21 b 0.095
s3 −1.05 c 0.235

K1 0.36
D Kstr 2.1 K2 0.34

K1 0.8
P Kstr 4.0 K2 0.7

contribution to the potential energy of the stretching of the
spring connecting i to k is given by

V ik
s = 1

2 s2(�rik)
2, (1)

where �rik is the change in distance between atoms i and k.
On the other hand, the contribution to the potential energy due
to the bending of the angle (ij, ik) is given by

Vb(ij, ik) = 1
2 b(�θ)2, (2)

�θ is the change in the angle (ij, ik) due to the displacements
given to atoms i , j and k.

The values of the bond-stretching and angle-bending force
constants used to obtain the best fit to the experimental Raman
data are given in table 1.

Concerning the interball bonds, they were modeled by a
stretching force constant Kstr for the interball C–C bond and
two angle-bending force constants: K1 is related to the angle
spanned by interball C–C bond and the (6, 6) bond, K2 to the
angles spanned by the interball C–C bond and the (5, 6) bond.
These three parameters were fitted to optimize the description
of the low wavenumber part of the vibrational-density-of-states

(DOS) measured by neutron scattering in RbC60 dimer and
RbC60 polymeric phases. These force constants (D1 and P1 for
dimer and polymer respectively) are given in table 2 of [26].

It was experimentally found that the Ag(2) mode shifts
from 1469 cm−1 in the pristine solid phase of C60 to 1459 cm−1

in the photopolymerized state [45]. Using the force constants
of Schober and in order to reproduce the low wavenumber
region of the DOS and Raman spectra of the C60 dimer and
C60 polymer, a modification of the force constants describing
the C–C intraball interactions (D0 model) as well as the C–
C interball interactions (D model for the dimer and the P
model for the polymer) has been performed. Our adjusted
force constants are given in table 1. We use the same
units as the Born–von Karman force constants of Jishi for
the bond-stretching (mdyn Å

−1
), and the angle-bending force

(mdyn rad−2).

2.2. Structure and dynamics of C60 peapods

A carbon peapod consists of C60 molecules trapped inside
a single wall carbon nanotube host. In this study, we
consider peapods in which the encapsulated C60 molecules are
covalently bonded by [2 + 2] cyclo-addition reaction. The
SWCNT C–C intratube interactions are described using a force
constant model introduced by Saito et al [35]. Previously,
we used the same model to calculate the nonresonant
Raman spectra of single wall carbon nanotubes of different
lengths [36].

The C–C interaction between carbon atoms belonging
to non-bonded fullerenes, and between fullerenes and the
surrounding nanotube, are represented by the Lennard-Jones
potential, ULJ = 4ε[(σ/R)12 − (σ/R)6]. The values of the
Lennard-Jones parameters were chosen as ε = 2.964 meV
and σ = 0.3407 nm. These values have recently been found
to describe correctly the van der Waals contribution to the
C60 bulk cohesive energy [37]. To derive the elements of the
dynamical matrix, we used a van der Waals cut-off radius of
0.74 nm.
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Figure 2. Comparison between lattice dynamical calculations and the experimental [42] density of states for C60 monomer (curve a), dimer
(curve b) and infinite 1D polymer (curve c).

The optimal dimer–dimer gap was calculated by
minimization of the Lennard-Jones inter-dimers and dimer–
nanotube interactions. In order to obtain the optimal
configuration of the C60 dimer and polymer inside the
nanotubes, an energy minimization was performed using the
same procedure described in our previous calculations [11].
We found that the nearest separation between the inserted
C60 oligomers (dimer, polymer) and the nanotube wall is
around van der Waals distance (∼0.3 nm) whereas the van
der Waals interball separation between two adjacent C60

oligomers is around 1.0 nm. This value is in good agreement
with the 0.97 nm interball separation measured by electron
diffraction [38] and 0.95 nm from high-resolution transmission
electron microscopy (TEM) data [39]. Calculations of the
Raman spectra, before and after energy minimization, with
respect to the relative Euler angles describing the orientation of
C60 molecules, do not show significant difference in the mode
frequencies.

2.3. Methods

The intensities of the Raman lines were calculated within
the empirical nonresonant bond polarizability model [40].
Raman spectra are calculated using direct diagonalization of
the dynamical matrix for small samples (few hundreds atoms)
and the spectral moments method (SMM) [36, 41] for larger
ones. For small samples, and as expected, both approaches
lead exactly to the same position and intensity for the different
modes.

3. Results and discussion

In this section, we are first interested in the vibrational density
of states (VDOS) and Raman spectra of the free C60 dimer

and C60 polymer. In the following, we report the results of
the calculated Raman spectra for an isolated SWCNT filled
with a chain of C60 dimers and a C60 polymer chain. In all
our calculations, we consider the Z direction as the nanotube
axis direction and the direction of elongation of the C60 dimer
and C60 polymer chain. We mainly discuss the polarized
Z Z Raman spectra for which the polarization direction of the
incident and scattered light are along the Z direction.

3.1. Density of states of C60 dimer and C60 polymer chains

The profile of the density of states (DOS) calculated by
using our new set of force constant values is displayed in
figure 2 in the low wavenumber range (0–300 cm−1). The
comparison with the experimental DOS [42, 26] shows that
the main vibration bands are well reproduced by our model.
Upon dimerization and polymerization of C60 molecules, one
of the most significant change of the density of states is
the appearance in the low wavenumber range of new modes
which were assigned to the intramolecular mixing of the zero-
energy translational and rotational modes of individual balls.
No such vibrational mode is measured and calculated in the
50–200 cm−1 wavenumber range for a chain formed by C60

monomers bonded by van der Waals interactions [27]. In dimer
and polymer DOS spectra, the latter region is characterized
by libration around axes perpendicular to the chain direction
produced by the four-fold ring distortion and translation due
to the C60 displacements along the chain direction. The
broadening of the Hg(1) band is related to the splitting of this
mode due to dimerization and polymerization. The observed
discrepancies between theory and experiments around the Hg
mode at 275 cm−1 could be associated to the presence of
different fullerene structures in the investigated samples in
comparison with calculations for the isolated C60 monomer
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Figure 3. The calculated polarized Z Z Raman spectra of C60 monomer, C60 dimer, and infinite C60 polymer chains. Spectra are displayed in
the low (left) and high (right) frequency regions.

(figure 2(a)). In addition, the resolution of the neutron
experiment decreases with the energy transfer. In consequence,
an experimental broadening of the high frequency peaks is
expected. The experimental data are in relatively good
agreement with the sum of the broadened calculated peaks.
The significant difference in the line shape of the dimer and
polymer between 100 and 200 cm−1, which is well reproduced
by our calculations, is a good test to validate our approach. The
very low wavenumber region is dominated by a band (around
25 cm−1) attributed to a torsion mode where the balls are
twisted around the chain axis. The shortness of the expected
peak, assigned to the C60 libration and located around 25 cm−1,
when compared to experimental data (figure 2(c)), could be
understood in terms of environment effects: the presence of
different polymeric phases where each ball is bound to two
(one-dimensional orthorhombic phase), four (two-dimensional
tetragonal phase) and six (rhombohedral phase) neighbors in
the studied samples. Librations are expected to be more
dependent of the environment than intra-C60 modes.

3.2. Raman-active modes of C60 dimer and C60 polymer
chains

Using our modified bond force constants together with
the bond-charge polarizability parameters of Snoke and
Cardona [44], we have investigated the Raman-active modes
of C60 dimer and polymer chains. The calculated polarized
Z Z Raman spectra for the C60 dimer and C60 polymer are
shown in figure 3. Calculated spectra are displayed in the
0–800 cm−1 (figure 3(a)) and 800–1600 cm−1 (figure 3(b))
ranges respectively. From C60 spectra, one recognizes the eight
Hg(1), . . . , Hg(8) and the two Ag(1) and Ag(2) Raman-active
modes of the C60 monomer. In table 2, we present measured

Table 2. Measured and calculated frequencies (in cm−1) for the
Raman-active modes C60.

Experimental Assignment This work/Ref. [23]

491 Ag(1) 493/537
1468 Ag(2) 1468/1680

265 Hg(1) 270/249
434 Hg(2) 443/413
711 Hg(3) 715/681
773 Hg(4) 790/845

1100 Hg(5) 1104/1209
1255 Hg(6) 1219/1453
1427 Hg(7) 1423/1624
1575 Hg(8) 1582/1726

and calculated frequencies for the Raman-active modes of C60

in comparison with the results in [23]. We note that our
calculated frequencies of the Raman-active modes agree well
with the experimental data of [49].

The C60 dimer and polymer belong to the D2h point group
and all of the first-order Raman-active modes belong to the
even-parity irreducible representations Ag, B1g, B2g and B3g.
In the 200–600 and 1400–1600 cm−1 ranges, the new resolved
features in the dimer and polymer spectra are assigned to
modes derived primarily from Ag and Hg parent symmetries.
As noted above, our calculations (figures 3 and 4) concern the
Z Z polarized spectra (Z direction parallel to chain direction)
and in accordance with polarizability tensor components (zz
component equal to zero for B symmetry in D2h group), all the
Raman lines are full-symmetric Ag modes.

Concerning the low wavenumber modes range, below
200 cm−1, no mode is expected in free C60 (figure 3(a),
bottom). By contrast, in the C60 dimer, three interball modes

5
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Figure 4. The calculated Z Z polarized Raman spectra of infinite peapods: (C60)1@(10, 10) (curve b), (C60)2@(10, 10) (curve c) and
(C60)∞@(10, 10) (curve d). The calculated Raman spectrum of the empty SWCNT is displayed (curve a).

are calculated at 106, 99, and 82 cm−1 (123, 111 and 69 cm−1

and figure 8 patterns in [24]). The most Raman active of
the three modes is the one at 82 cm−1 (figure 3(a), middle).
Since this vibrational mode is the lowest wavenumber mode
of the Ag representation, one can attribute this mode to the
one observed approximately at 96 cm−1 [43] for a C60 dimer.
This same mode is calculated at 69 cm−1 and 89 cm−1

by ab initio [24] and density-functional-based nonorthogonal
tight-bending (DF-TB) approaches [46] respectively. The
calculated pattern for this mode shows that it is the analog
of the stretching mode in a diatomic molecule (figure 8(a))
in [24]. The Raman spectrum of the C60 polymer chain features
five peaks at 77, 88, 100, 122 and 135 cm−1. The most Raman
active is the one at 122 cm−1 (figure 3(a), top). The calculated
patterns of these Raman-active modes obtained in this work are
analogous to that reported in [24] (figure 9). Experimentally,
the Raman spectrum of photopolymerized C60 shows a new
Raman-active mode at 118 cm−1 [45, 48], which is in a good
agreement with the Raman-active mode calculated at 122 cm−1

for a C60 polymer chain.
The Hg(1) mode, calculated at 270 cm−1 in C60

(figure 3(a) bottom), splits in the C60 dimer (figure 3(a) middle)
and C60 polymer (figure 3(a), top). Three modes at 265,
272 and 301 cm−1 in the C60 dimer and four modes at 242,
270, 280 and 348 cm−1 in the C60 polymer are calculated.
Experiments [45] show a peak at 270 cm−1 for pure C60, and
peaks at 259, 271 and 300 cm−1 for the photopolymerized
material, in qualitative agreement with our predictions.

No shift of the Ag(1) mode, located at 493 cm−1 in
C60, was measured experimentally in the C60 dimer and C60

polymer. In agreement with experiment, no shift of the Ag(1)

mode is calculated in the C60 dimer (494.0 ± 1.7 cm−1). By
contrast, a downshift of about 5 cm−1 is predicted in the C60

polymer. This latter behavior has been reported by others
using first-principles density-functional techniques [24] and it
can be related to the coupling between different modes, in this
region, for the C60 polymer. In the dimer spectrum, the five-
fold degenerate Hg(2) mode, located at 443 cm−1 in C60, splits
and causes new peaks (located at 421, 439, 524 and 548 cm−1)
in the vicinity of the Ag(1) mode (figure 3). The same behavior
is obtained in the C60 polymer with new peaks around the
Ag(1) (489 cm−1): 427, 449, 473, 535, 543 cm−1. Let us note
that the Hg(3) mode located at 715 cm−1 is not affected by
dimerization but splits after polymerization (706, 715 cm−1).
After dimerization and polymerization, in the vicinity of the
Hg(4) mode located at 790 cm−1 in C60, the Raman spectra
show new peaks (770, 787 and 795 cm−1 for the dimer and
768, 780, 788, 791, 801 and 810 cm−1 for the polymer). These
new peaks can be attributed to a C60 deformation induced by
[2 + 2] bonding in dimer and polymer structures.

In figure 3(b), we compare the 800–1600 cm−1 region of
the calculated Raman spectra of C60 monomer, C60 dimer, and
C60 polymer chains. Of particular interest is the calculated shift
of the Ag(2) mode. As shown in figure 3(b), this mode shifts
from 1468 cm−1 in C60 (figure 3(b), bottom) to 1458 cm−1

in the C60 dimer (figure 3(b), middle) and to 1439 cm−1 in
the C60 polymer chain (figure 3(b), top). The values of the
shifts are close to those found by ab initio calculations [24].
The calculated 10 cm−1 shift from the C60 monomer to C60

dimer agrees well with the observed shift of 10 cm−1 from
the pristine C60 solid phase to the C60 photopolymerized
state [45, 47]. These shifts are mainly related to the
local geometry changes of the individual balls rather than
by vibrations coming from the interball interactions. The
calculated five-fold degenerate modes, in the high wavenumber
range, downshift after dimerization (from 1104 to 1096, 1219

6
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to 1211, 1403 to 1395 and 1582 to 1578 cm−1 for Hg(5), Hg(6),
Hg(7) and Hg(8), respectively) and split after polymerization.
Experimentally, a downshift of about 6 cm−1 was measured
for the Hg(8) mode [45], which is in agreement with the
calculated effect obtained for the Hg(8) dimer mode (from
1582 to 1578 cm−1: 4.0 ± 1.7 cm−1).

3.3. Raman spectra of a linear chain of C60 dimers and a
linear polymerized chain of C60 encapsulated inside a (10, 10)
SWCNT

Based on the agreement between experiment and calculations
for the C60 dimer and C60 polymer, we use the same set of force
constants to calculate the Raman spectrum of a linear chain
of C60 dimers and a C60 polymer chain encapsulated inside a
SWCNT.

Recently we have studied the different possible configu-
rations of C60 monomers inside single wall carbon nanotubes
and found that the C60 molecules adopt a linear configuration
for diameters below 1.45 nm and a zigzag configuration for
diameters between 1.45 and 2.20 nm [11]. Depending on
the nanotube diameter, different configurations of dimerized
and polymerized C60 molecules confined inside SWCNT can
certainly exist. However, in this work we restrict our study
by considering only a linear chain of C60 dimers and a C60

polymer chain confined inside a (10, 10) SWCNT. Indeed,
because the diameter of (10, 10) SWCNT fits the diameter
of a C60 molecule, a linear chain is the most probable
configuration [11]. Finally, we deal with completely filled
nanotubes.

In figure 4 are compared the polarized Z Z Raman
spectrum of (10, 10) SWCNT with those of three kinds of
nanopeapods: (i) a linear chain of C60 monomers confined
into a (10, 10) SWCNT and called in the following as
(C60)1@(10, 10), (ii) a linear chain of C60 dimers confined
into a (10, 10) SWCNT (as (C60)2@(10, 10)), and (iii) a
linear polymer chain of C60 molecules confined into a (10, 10)
SWCNT (as (C60)∞@(10, 10)).

The well-known radial breathing mode (RBM) of a (10,
10) SWCNT, located at 165 cm−1, exhibits an upshift when
the nanotube is filled (figure 4 left): it is located at 169 cm−1

in (C60)1@(10, 10), at 170 cm−1 in (C60)2@(10, 10) and
172 cm−1 in (C60)∞@(10, 10). We note that the interball–tube
interactions affect the RBM mode patterns and the eigenvector
of this mode shows an hexagonal SWCNT deformation. By
contrast, the position of the high frequency G-mode slightly
depends on the filling of the nanotube. It is located at
1586 cm−1 either in (10, 10) SWCNT or in the three
nanopeapods (figure 4 right).

More significant are the changes of the modes of C60

molecules when they are confined inside a (10, 10) SWCNT.
In the low wavenumber range, the interball mode located at
82 cm−1 for a free C60 dimer (figure 3 middle) is upshifted to
103 cm−1 in (C60)2@(10, 10) (figure 4 left). By contrast, the
intraball mode located at 122 cm−1 for a free polymeric chain
of C60 molecules (figure 3 top) is downshifted to 115 cm−1

in (C60)∞@ (10, 10) SWCNT (figure 4 left). The frequency
and the vibration pattern of these modes are determined

by the competitions between the ball–nanotube and intraball
interactions.

As we have mentioned before, the single Hg(1) mode,
located at 270 cm−1 in the C60 monomer, splits into three and
four components in the C60 dimer and C60 polymer respectively
(figure 3). As these different C60 structures are confined inside
the (10, 10) nanotube, all these components split and shift,
leading to the observation of a multipeak band dominated by
a mode located around 291, 319 and 354 cm−1 in monomer,
dimer and polymer peapods, respectively. This behavior is
due to the lower symmetry of the environment introduced by
polymerization and the chain–nanotube interaction effects.

In the range of the Ag(1) mode (figure 3, bottom), three
main components are calculated at: (449, 497, 510), (440,
496, 532) and (464, 493, 538) cm−1 for (C60)1@(10, 10),
(C60)2@(10, 10) and (C60)∞@(10, 10), respectively. The
position of the highest component, non-Raman active in free
C60 (figure 3 bottom), is upshifted by about to 12 (28) cm−1

from the monomer to dimer (polymer) peapods. The lowest
component located around the Hg(2) mode (∼443 cm−1 in
free C60) downshifts (upshifts) by about 9 (15) cm−1 from the
monomer to dimer (polymer) peapods. As for isolated chains,
the Ag(1) mode frequency is not affected after dimerization,
and a downshift of about 4 cm−1 is calculated in the
polymerized peapod. The calculated shifts from the isolated
to encapsulated chains arise from the dispersion introduced in
modes by the van der Waals C60–nanotube interactions.

Finally, concerning the high wavenumber range, we show
that the Ag(2) mode of the free C60, C60 dimer and C60

polymer is not affected (an upshift of about 1 cm−1) when
they are confined into a (10, 10) SWCNT. They are located
at 1469 cm−1, 1459 cm−1 and 1440 cm−1 in (C60)1@(10, 10),
(C60)2@(10, 10) and (C60)∞@(10, 10), respectively.

These predictions can be compared with the experimental
data available on peapods. Raman spectra of C60 molecules
confined into SWCNTs having diameters between 1.36 and
of 1.47 nm have been reported in [28]. For the investigated
samples, comparison between experiment and calculation
suggest the presence of C60 oligomers confined inside the
nanotubes. The measured Raman spectra show a mode around
90 cm−1. From our calculations, this mode can be assigned
to the stretching mode between bonded fullerenes in the
C60 dimer or C60 polymer confined inside the SWCNT. No
such mode is predicted in (C60)1@(10, 10). Calculations
predict a significant downshift of the free C60 Ag(2) mode
either in the free or confined C60 dimers and C60 polymer.
From figure 5(a) in [28], the Raman spectrum of the
studied sample is dominated by a large band centered around
1467 cm−1, which is close to the position of the Ag(2)
mode in free C60. Additionally, one can observe weak
Raman-active mode intensities in the range of the predicted
Ag(2) mode for the C60 dimer (1459 cm−1) and C60 polymer
(1440 cm−1). These Ag(2) mode intensity ratios can be
understood in terms of symmetry considerations in individual
C60 in comparison with C60 oligomers. Our calculations within
the nonresonant polarizability model confirm this intensity
behavior qualitatively.

On the other hand, Pfeiffer et al have performed a detailed
Raman investigation on peapods organized in bundles [29].
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The mean diameter of the SWCNTs are 1.31, 1.34 and 1.40 nm,
which are consistent with the presence of linear peapods [11].
These authors found two components in the Ag(2) mode range
of C60. These components are downshifted (1466 cm−1) and
upshifted (1472 cm−1) with respect to the position of the
Ag(2) mode in C60 (1469 cm−1). Such a splitting of the
Ag(2) mode is not predicted as well in the present work as
in previous studies [11]. From this study, a downshift of the
Ag(2) mode can be produced by a C60 polymerization whereas
an upshift could be a consequence of the confinement of C60

oligomer inside SWCNT. So, the mode at 1466 cm−1 could be
assigned as the signature of C60 oligomers in the sample under
consideration. The analysis of the measured Raman spectra,
in the low wavenumber range (not available), is required to
confirm this suggestion. The new mode at 1472 cm−1, which
exhibits a slight upshift with respect to its position in C60, could
be assigned as the signature of the presence of unbounded C60

inside the nanotube. Consequently, the peapod sample used in
the Pfeiffer et al experiments could be viewed as a mixing of
C60 oligomers and C60 molecules confined into the nanotube.

4. Conclusion

In this paper, vibrations in the C60 dimer and C60 polymer,
either free or confined inside SWCNTs, have been reported
and discussed. A new set of C–C interball force constants
have been adjusted in order to reproduce the low wavenumber
density of states measured by neutron scattering and the Raman
spectra of C60 dimer and C60 polymer chains. Using these
force constants, the polarized nonresonant Raman spectra of
linear chains of C60 monomers, C60 dimers and C60 polymers
confined inside a (10, 10) SWCNT were calculated. Shifts of
the modes of C60 and those of SWCNT were predicted under
encapsulation. The most significant changes of the Raman
spectrum occur in the low wavenumber range, where the inter-
C60 modes and radial breathing mode of SWCNT are Raman
active. These predictions are compared with experimental
results suggesting that the Raman spectra of peapods reported
in literature are sample dependent and the C60 oligomer seems
to be present in the majority of the samples investigated.
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