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The low frequency excitations of Cgo chains inserted inside single-walled carbon nanotubes
(SWNTs) have been studied by inelastic neutron scattering (INS) on a high quality sample of
peapods. The comparison of the neutron-derived generalized phonon density of states (GDOS) of
the peapods sample with that of a raw SWNTs allows the vibrational properties of the Cgo chains
encapsulated in the hollow core of the SWNTs to be probed. Lattice dynamical models are used to
calculate the GDOS of chains of monomers, dimers and polymers inserted into SWNTs, which are
compared to the experimental data. The presence of strong interactions between Cgo cages inside
the nanotube is clearly demonstrated by an excess of mode density in the frequency range around
10 meV. However, the presence of a quasi-elastic signal indicates that some of the Cgo’s undergo
rotational motion. This suggests that peapods are made from a mixture of Cgop monomers and Cgo

n-mer (dimer, trimer ... polymer) structures.

PACS numbers: 61.12.-q, 61.46.+w, 61.48.4-c, 63.22.4+m, 78.67.Ch

The insertion of Cgp in single-walled carbon nan-
otubes (SWNTs) has recently attracted considerable
attention because of the predicted superconducting
properties upon glkaline metal dopinzﬁ Electron
microscopy imagesli of these so-called ’peapods’ have
revealed the one-dimensional character of the Cgg chains
inside the carbon ngnotubes. Raman investigations
have been performedH, and it was found that a photo-
polymerization of the Cgo under a 488 nm laser excitation
wavelength occurs. The latter observation suggests that
Cgo are spinning inside the hollow core of the tubes at
room temperature. Raman spectra have therefore been
recorded at helium temperature to derive the peapods
response before polymerization. The spectra were found
to be stable, indicating that no photopolymerization
occured during the measurements. However, a mode
located at ~ 90 cm~! was observed at low temperature,
the frequency of which is close to the dumbell-like
mode of a E dimer (96 cm ~!). X-Ray! EIE (XRD)
and electron ED dlffractlon measurements at room
temperature have stated that the inter-Cgg distance
ranges from 9.5 to 9.8 A in highly filled samples. This
distance is consistent with van der Waals interactimas
between fullerenes as indicated by recent calculationsH.
However, the XRD derived thermal expansion of the
Cgo chains was found to be much smaller than the one
of the 3D-crystalline phasel, and comparable to the
in-plane dilation for graphite. All these results show
that the precise nature of the Cgg-Cgp bond in peapods
is ambiguous: pure structural data suggests a van
der Waals (VDW) character while methods involving

dynamical properties (thermal expansion, vibrations)
reveal a much stronger, polymer-like bond nature. This
ambiguity led the Cgg chains to be described as a loosely
bonded polymer structure. In this letter, we present the
results of an INS study performed on a peapods powder.
The results will be discussed_based on previous_INS
investigations on both SWNTSH and polymeric CgoH. In
addition, we present lattice dynamics calculations of the
GDOS of different possible structures for encapsulated
Cgo chains.

A 900 mg peapods sample was specially prepared for the
INS expegiment using the sublimation method reported
elsewhereEl The characterization of this sample was
performed by X-Ray and neutron diffraction on a small
part and on the totality of the sample, respectively.
No differences between the patterns were found which
indicates a good homogeneity of the sample. The powder
is found to contain rather large bundles of at least 20-30
tubes with a very narrow diameter distribution centered
around 13.5 A | a filling rate of roughly 80% and a 9.8
A inter-Cgo distancel. A 300 mg raw SWNT sample
used as reference for this INS study was also synthe-
sized by the arc-discharge method. The XRD derived
structural parameters of this sample are similar to those
of the peapods sample e.g. the bundle parameters
(tube diameter, number of tubes and diameter distribu-
tion) can be considered to be equivalent for both samples.

Inelastic neutron scattering is the ideal experimental
technique for measuring the frequency range where inter-
Cgo interactions dominate the spectrum. This technique



has been succesfully used to study the cﬁr mics of several
phases of pure and alkaline-doped Cgg They allowed
lattice dynamical nEodels to be developed and force con-
stants to be refinedd. In particular, it was found that the
inter-molecular modes region (below 8 meV) of the 3D-
crystalline state of Cgg GDOS is clearly separated from
the intra-molecular modes region (above 30 meV) by a
~22 meV gap. The dimer and polymer phases of Cgg ob-
tained upon alkaline doping or under high temperature
and high pressure conditions are characterizegﬂb@ a pro-
gressive filling of the gap region of the GDO . This
region provides therefore a useful tool to probe the Cgg
bonding scheme.
The peapod sample and the reference nanotube sample
have been studied using the IN6 Time Of Flight (TOF)
spectrometer at the Institut Laue Langevin (Grenoble)
which has high flux and good resolution for measuring the
GDOS in the [0-50 meV] energy range. A neutron wave-
length of 4.12 A was used and the measurements were
performed at 300 K and 480 K giving reasonable inten-
sity in the neutron energy gain (anti-Stokes) spectrum.
Raw TOF data were treated using the usual procedure
to obtain the S (Q, w) scattering law. From this quantity,
both the imaginary part of the generalized susceptibility
I End the generalized density of states G(w) can
be derwed Both quantities are known to be appropri-
ate functions when studying dynamically induced disor-
der and vibrations. Finally, the GDOS of the SWNTs
was subtracted from that of the peapods after a proper
normalization was performed, in order to get the GDOS
of Cgo ch ains inserted inside the SWNTs. The normal-
ization accounts for incomplete tube filling and difference
in total vibrational mode number from both speciesﬁ
Figure 1 shows w™!y”(w) measured at 300K and 480 K
for the peapod and the nanotube samples. To obtain
reasonable statistics the data have been summed over all
angles. For harmonic phonons, the curves should overlap
at all temperatures for each sample, as Debye-Waller and
multi-phonon corrections compensate each other. The
nanotube sample clearly shows such harmonic behaviour.
In contrast w™!y”(w) for the peapod sample at 480K is
inferior to w™1x”(w) at 300 K. This relative excess of in-
tensity at low temperature is a typical signature of re-
laxation motion giving rise to a quasi-elastic signal that
doesn’t follow the bose statistics. Phonon softening due
to anharmonicity would show the opposite trend and thus
cannot account for the observed temperature evolution.
The assignment of part of the low-frequency spectrum to
relaxation motion in the peapod sample is further rein-
forced by the general shape of the signal. It shows the
typical form observed for Cgg in the plastic phase if de-
termined under identical experimental conditions. The
complete study of this quasi-elastic contribution (as Q,
and T dependence) cannot be performed due to its weak
intensity and the limited @-range. However, isotropi-
cally rotating Cgo molecules or short n-mers (dimers or
trimers) rotating about the tube axis are likely to be re-
sponsible for this quasi-elastic signal.

The normalized GDOS of the peapods, SWNTs and in-
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FIG. 1: Susceptibility of the peapods (squares) and of the
nanotubes samples (triangles) measured at 300 K (open sym-
bols) and 480 K (filled symbols).

serted Cgp at 480 K are shown in Figure 2a. The GDOS
of inserted Cgg does not go below zero at any frequency
and this confirms the hypothesis of a weak coupling be-
tween the vibrational modes of the tube and those of the
Ceo in the lgw energy range. Recent lattice dynamics
calculationstd have shown that the coupling between the
radial breathing modes (RBM) of the two constitutive
tubes of a (5,5)@(10,10) double-walled carbon nanotube
(DWNT) is weak. According to the similar transverse
dimensions of a peapod and a (5,5)@(10,10) DWNT, the
non-observation of any coupling in the peapods spectrum
is therefore not surprising. The general shape of the
GDOS of the inserted Cgo chains displays two regions
separated by a gap around 20 meV. The low energy range
is reported on the top of Figure 3. The GDOS in this
range features a peak at 4 meV, a shoulder at ~ 1.8 meV
and a large unresolved band around 10 meV. Concerning
the energy range above the gap, a rather intense peak is
clearly observed around 33 meV which is characteristic
of the Hy (1) intramolecular mode of the Cgo balls.
The calculations of the GDOS were eﬁ ormed assumi

a force field model for both intratub£ and 1ntra—C60ﬁ
interactions. Three Cgy packings were considered in this
study: a monomer chain (M model), a dimer chain (D
model) and a polymer chain (P model). All calculations
were performed at 0 K. In particular, free rotations are
frozen at this temperature for the monomer model. In
the case of the dimer and of the polymer chains, a [242]
cycloaddition covalent bonding scheme between the car-
bon caﬁes was assumed, as described in Schober et al.
modelsH. It consists in the opening of two double-bonds
belonging to adjacent, oriented Cgo’s and the shifting of
the 4 carbon atoms participating in the cycloaddition
giving two C-C interfullerene single bonds of 1.58 A and
two C-C intrafullerene single bonds of 1.56 A . The force
constant values used to describe the bonds in the neigh-
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FIG. 2: a) Generalized density of states (GDOS) of the pea-
pod sample (top curve), of the reference SWNT sample (mid-
dle curve) and of inserted Cgo chains (bottom curve) result-
ing from the substraction of the GDOS of SWNTs from the
GDOS of peapods after adequate normalization. All mea-
surements were performed at 480 K. Lines are guides to the
eyes resulting in a three points smoothing of the data. b)
Calculated GDOS of a chain of Cgg monomers inserted into a
SWNT. This line is the result of the substraction of the GDOS
calculated for empty nanotubes from the GDOS calculated for
the whole peapods.

bourhood of the cycloaddition are given in Table I of
reference 15. The van der Waals (VDW) interactions
between a Cgp and the tube, and between adjacent Cgg
in the same tube (for the monomer model exclusively)
were taken into account using a Lennard-Jones potential,
U(R)=C12/R2-C¢/RE, with parameters C15=22500 eV
A2 and Cg=15.4 eV AS. These parameter values have
recently been found to correctly describe the interaction
between Cgy and graphene, and to reproduce the VDW
contribution to the Cgg bulk cohesive energy reasonably
welld, Each numerical GDOS was convoluted with the
energy-transfer dependent resolution function of the IN6
time-of-flight spectrometer and the same procedure as
the one used in the experimental data treatment was
used to calculate the GDOS of the whole peapod and
derive the GDOS of the inserted Cgp chain. The result-
ing GDOS calculated for these three structures are shown
in Figure 3 and compared to the experimental GDOS ob-
tained in the same energy range.

The profile of the GDOS calculated for the M model
is displayed in Figure 2b in an enlarged scale. A large
gap from 6 meV to 30 meV separates the intermolecular
modes below 6 meV from the intramolecular modes above
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FIG. 3: Lattice dynamical calculations of the GDOS of chains
of a) monomers (M model), b) dimers (D model) and c) poly-
mers (P model). The open squares are the experimental
GDOS of the inserted Cgo chain. The line on the experi-
mental spectrum is a guide to the eyes. The star indicates
the position of the mode observed by Raman spectroscopy at
low temperature.

30 meV. The lowest energy intramolecular mode Hgy(1)
is furthermore clearly visible around 33 meV. In the low
energy range (see Figure 3a), the GDOS profile consists
in two peaks located at 1.7 meV and 3.5 meV. The first
peak is related to the Cgg librations while the second peak
involves translational vibrations of Cgg. The comparison
between the experimental GDOS and that calculated for
the M model shows many differences. First, the absence
of the sharp librational peak at 1.7 meV can be under-
stood if Cgp monomers undergo free rotations. In such
a case no libration modes are expected. Second, the gap
in the calculated spectrum is too large, especially at the
lower energies where additional contributions are clearly
observed in the region from 8 to 14 meV. This lack of
agreement leads us to consider other structures for the
Cgo chains.

The GDOS calculated for the D model shows important
modifications compared to the M model. In the energy
range below 6 meV, the two sharp peaks in the monomer
spectrum are replaced by a broad peak centered around
3 meV. In the D model, the cylindrical geometry of the
Ci29 dimers implies that the librational modes in trans-
verse and longitudinal directions in the tube environment
are no longer equivalent so the sharp structure of the
libration peak is lost. The frequencies of the transla-



tion modes are shifted to slightly lower energy due to
the larger mass of the Cio9 dimer. Consequently, li-
brations and translations of the dimer are included into
the unique large peak centered around 3 meV. In the re-
gion between 8 and 30 meV, two additional peaks located
around 9 and 14 meV appear. According to our calcula-
tions, these peaks are attributed to the Einstein dumbbell
mode of the C19¢ dimer and to libration-like modes where
the balls undergo small amplitude rotations perpendicu-
lar to the dimer axis, respectively. When the GDOS of
the polymer structure is considered, a hardening of the
first peak, which shifts to 4 meV, and the increase of the
intensities of the modes between 8 and 20 meV relative
to the first peak are observed. For this totally polymer-
ized state, the libration of the balls around the chain axis
is harder than in the dimer state and contributes to fill
the gap. Also, the dumbbell like mode becomes a trans-
lational mode having a strong dispersion along the tube
axis, giving rise to a broad component in the GDOS in
the gap region.

From Figure 3, it is obvious that none of the models
perfectly matches the experimental GDOS. This is not
surprising given the simplicity of the models and the fact
that the measurements were performed at high tempera-
ture. A more sophisticated model should include the dif-
fusive (rotations and translations) motions of the balls as
well as disorder effects. However, several important con-
clusions can be drawn from the comparison between the
data and the models. A chain formed by Cgg monomers
in VDW’s interaction does not have vibrational modes
in the 6-15 meV energy range. This is at variance with
the experiment. The GDOS calculated for dimer and for
polymer chains demonstrate that inter-fullerene modes in
polymeric structures fill the 6-15 meV energy range. This
suggests that at least some of the Cgp balls are covalently

bonded. Long Cgp polymers in the nanotube would not
be in agreement with the average inter-fullerene distance
determined by diffraction (9.8 A > 9.2 A) and the pres-
ence of a quasi-elastic signal. However a mixed model of
monomers and dimers would be compatible with the 9.6
A inter-fullerene distance. In particular, the modes in the
experimental GDOS involved in the large feature around
11 meV include the inter-Cgy Raman active stretching
bond mode that is calculated at ~9.5 meV jn our model
and which has been observed at ~ 11 meVH (located by
the star in Figure 3). Since no radiation-induced poly-
merization can be achieved using neutrons, our observa-
tions indicate that dimer-like structures are formed inside
the nanotubes during the synthesis.

In summary, the GDOS of Cgp chains inserted inside
SWNT has been extracted from the measurement of the
GDOS of a peapod sample and of an empty SWNT sam-
ple by inelastic neutron scattering. The experimental
GDOS is discussed in the light of lattice dynamics cal-
culations performed on three different models for the
Cgo organization inside the tubes. In particular, intense
modes on the low-energy side of the gap separating the in-
termolecular from the intramolecular modes suggest the
existence of strong bonds, such as valence interactions
between part of the monomers. The latter observation
and the presence of a dynamical disorder induced quasi-
elastic signal lead us to propose that peapods are filled
with a mix of monomer and n-mer (dimer, trimer ... poly-
mer) structures, the relative proportion of which is still
to be determined.
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