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Ceo fullerenes confined inside single-walled carbon nanotubes form an archetypal one-dimensional system.
X-ray diffraction experiments, from room temperature to 1073 K, reveal an increasing melting phenomenon.
Detailed analysis of the sawtooth peak characteristic of the fullerene organization allows the quantitative
determination of fluctuations in intermolecular distances. The present results validate the predictions of

one-dimensional statistical models.
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I. INTRODUCTION

One-dimensional (1D) systems are not only curiosities in
nature, they are also of fundamental interest as they provide
physicists with models that are analytically solvable. Despite
their apparent simplicity, their ability to capture the essence
of the physics at stake in more complex systems has given 1D
systems a central role, and an extensive theoretical literature
exists on the subject.! The realization of real 1D atomic or
molecular arrangements in the 1970s and 1980s,”* making
it finally possible for an experimental study of theoretical
models, has led to considerable attention toward physics in
one dimension. This interest exceeds the domain of physics
and extends to biological structures such as DNA.>® However,
none of the existing 1D systems was stable at high temperature.
This is why the discovery of single-walled carbon nanotube
(SWNT) inclusion compounds has once again highlighted 1D
systems and their particular thermodynamics. A model 1D sys-
tem is indeed obtained when Cg fullerenes are encapsulated
inside SWNTs with diameters close to 1.4 nm, resulting in the
“peapods,”’ this system showing an exceptional stability (up
to ~1100 K before the fullerenes coalesce®). This stability led
to an important theoretical activity, since peapods offered the
possibility to study high-temperature 1D states experimentally.
However, for 1D systems, diffraction measurements, which
give access to their structural properties, are complicated by the
extension of the response in reciprocal space, especially when
single crystals are not available, as is the case for peapods.
We present here a quantitative analysis of the structural and
thermodynamical properties of Cgp fullerene chains for a
powderlike sample. It should be of interest for further analyses
of other 1D systems, of physical or biological relevance.

An elegant way of describing the evolution of the Cg chains
was provided by Girifalco and Hodak,”'? who applied classical
tools in statistical 1D physics—such as the Takashi-Giirsey
(TG) model—to this problem. This model, completed by
Monte Carlo simulations,'"*!? allows predictions of the stable
state as a function of temperature depending on the filling
ratio of the tubes by fullerenes. The outcome of these studies
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is that a progressive transformation of the chains occurs upon
heating. This transformation involves both the fragmentation
of the chains into smaller clusters, referred to as “clustering”
in the following, and the progressive loss of periodicity inside
one cluster due to thermal fluctuations. The clustering effect
is dominant for small filling ratios, but is limited by the
availability of voids inside the nanotubes. At high density, no
clustering is possible. However, the thermal fluctuations are
responsible for the strong increase of the liquidlike character
of the chains with temperature, even for complete filling.'° It
is this progressive melting of the Cg chains that caught our
interest as, to the best of our knowledge and despite numerous
theoretical studies, it had never been evidenced experimentally.
We used x-ray diffraction (XRD) to investigate this transition
because it is a nondestructive method allowing us to obtain
statistical information from large (mm?) samples. We will
show that the TG model provides a rather good description
of the progressive melting occurring in Cgy peapods with high
filling rate.

II. THEORETICAL MODEL

XRD measurements give access to the Cg longitudinal pair
correlation function G(z) in each SWNT, which, in the case of
an infinite chain of molecules, can be written as follows:>

G(z)=8(z) + Z (hm(z) + hi(=2)], 1)

m=1

the distribution of the mth neighbor A,,(z) being given by
the (m — 1) fold convolution product of the first-neighbor
distribution function A(z). This function was calculated by
Girifalco and Hodak'® using the TG model, in the limit of
a very large number of molecules N in the system. Using
their model and the intermolecular potential chosen in Refs. 9
and 10, we have calculated /(z) for various temperatures and
SWNT filling ratios 7. We performed a calculation of the pair
correlation function, following the method detailed in Ref. 10,
to obtain simulated diffraction diagrams for any filling rate
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FIG. 1. (Color online) Temperature evolution of the correlation
function and simulated diffraction diagrams. (a) First peak of the
correlation function G(z) as obtained from the TG model at 300
and 1100 K for a 0.97 filling rate (full lines). The vertical dotted
lines indicate the mean inter-Cg distances (L), and the empty dots
correspond to the fit of G(z) by a WHS model. (b) Simulated x-ray
diffraction diagrams using the parameters from the WHS model (full
lines). The inset shows the derivative of the simulated diffraction
diagram at 1100 K. Dotted lines correspond to simulation after
convolution of S(Q;) by a resolution Lorentzian function with a
FWHM of 1 x 1072 A~!,

and temperature of interest for a detailed comparison with our
experimental data. This allowed us to calculate parameters of
interest with respect to experiment, such as, for instance, the
B parameter, related to interfullerene correlations, discussed
in the following. The resulting G(z) functions are shown in
Fig. 1(a) for r = 0.97 at 300 and 1100 K. We found that the
form of these distribution functions can be reproduced by the
weak hard spheres model (WHS) described by Rosshirt et al.?
[empty dots in Fig. 1(a)], where the nearest-neighbor pair
correlation function is expressed as the convolution product
of that of a hard sphere liquid—with a shortest distance ¢ and
a characteristic width oy—with a Gaussian of width o»:

_a=2? _i-c

h(z) = die > 7 )

1 00
The mean intermolecular distance is calculated to be equal to
(L) =c+oi 3)

while the root mean square deviation is found to be equal to

) 2
oy +o0;5.
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Following the calculations presented in Ref. 3, one finds
that the structure factor S(Q,)—the Fourier transform of the
pair correlation function G(z)—of such an infinite chain is

1 —p?
1+ p2—2pcos(d)

where p and 6 originate from the Fourier transform of h(z)
expressed in the form H(Q.) = pe'®. For the WHS model,
H(Q) = " %2/ (1 —iQ.01).

Equation (4) is the well known structure factor expression
of a 1D liquid at finite temperature.>™ In infinite 1D systems,
and in particular in the case of Cg chains,'® the cumulative
thermal fluctuations are expected to prevent the establishment
of long-range order for any nonzero temperature. However,
to the best of our knowledge, before the present study no
experimental evidence was given for this liquidlike character;
x-ray and electron diffraction data'*!> were analyzed assuming
that Cgp molecules formed a 1D crystal, whose Bragg peaks
are Dirac functions.

To simulate the intensity scattered by a powder of liquid
Ceo chains, one has to integrate S(Q.) in Eq. (4) over all
the possible orientations of the scattering vector é Within
the homogeneous approximation, the form factor of the Cg
molecule can be written as F(Q) = 60 fc(Q) sinc(Qrc,,),
where rc, is the molecule radius and fc(Q) is the x-ray
scattering factor of a carbon atom. The scattered intensity is
then given by

S(Q.) = +278(6), “

1
1O« P [ sos s ©)

and is represented in Fig. 1(b) for infinite chains with the
distribution functions in Fig. 1(a).

The simulated XRD diagrams present an asymmetric
sawtooth peak characteristic of a powder of 1D chains.'>!6
The position of the inflection point Q on the left side of the
peak is linked to the mean inter-Cgg distance by Q1 = 27 /(L).

We will introduce here the quantity g = jzg:i, I(Q;) being
the slope of the sawtooth peak at Q; and Zy(Ql) its intensity
[see Fig. 1(b) and its inset]. This B parameter is an indicator
of the correlation length of the chains, since it is found to
be proportional to (02 + 07)~1.?? Therefore, any change in
the thermodynamic state of the confined chains will result in a
modification of the two parameters O and . The evolution of
0 and B, respectively, linked to the average inter-Cg distance
and to the correlation length, is used to characterize the
melting of the chains—Iloss of periodicity. A careful analysis
of the experimental data and a comparison with the theoretical
predictions will thus allow us to determine the thermodynamic
state of the chains.

III. EXPERIMENTAL

We have prepared Cgp peapods samples in the form of
buckypapers, according to Ref. 17. The samples were further
pressed into pellets to increase their 2D anisotropy. The XRD
measurements were performed on two different synchrotron
beamlines: DIFFABS at synchrotron SOLEIL, using a Biihler
oven under 10~% mbar vacuum, and ID11 at the ESRF, using
a Linkam oven under 5 mbar N,. The x rays’ incoming
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FIG. 2. (Color online) X-ray diffraction diagrams of peapods at
320 and 1073 K. Bundle peaks are indexed with (kk). The rising
step of the asymmetric peak characteristic of the 1D chains of Cg is
highlighted in gray. The inset shows the evolution of the derivative
of the diffraction diagram within the shaded area (symbols) and its
fit (lines) by a Gumbel function (4 e =C/Be=<"""" with p =
2.4464) and a linear background (dashed lines). Its maximum position
is Q; and its maximum value gives the slope 1/(Q1).

wavelengths were 1.409 and 0.3439 A, respectively. The
resolution was ~1 x 10=2 A~! [full width at half-maximum
(FWHM)] on both diffractometers. The results obtained with
four different samples following the temperature ramp shown
in the inset to Fig. 3(a) are reproducible and are discussed
as one. The patterns were collected on area detectors, and
azimuthal integrations were performed on angular sections
(~20°) where the signal from the chains was maximal. Typical
XRD diagrams measured at room temperature and 1073 K are
shown in Fig. 2. They contain the sawtooth peak at 0.64 A~!,
characteristic of the 1D ordering of the fullerenes inside the
tubes. In addition, the diagrams feature peaks characteristic
of the organization of the peapods in hexagonal bundles,
and indexed (hk) in the reciprocal hexagonal lattice. Detailed
simulations of the diffraction diagrams following the method
described in Ref. 15 show that the filling rate is 90%. We should
stress that it is a mean filling rate over the whole sample,
since empty tubes (badly opened) or portions of tubes, not
accessible to fullerenes due to some defects, for instance, do
contribute to its determination. The true filling rate inside well
opened nanotubes is thus higher than 90%. Compared to the
case of a powder, the 2D anisotropy allows maximization of
the intensity of the sawtooth peak with respect to that of the
bundles.'®?3 To follow the evolution of Q; and B, each XRD
diagram is treated the same way: the derivative of the data in
the neighborhood of the rising step is calculated and its local
maximum is found by a fit (see the inset in Fig. 2).

IV. RESULTS AND DISCUSSION

The temperature evolution of Q; and B is shown in

Fig. 3, together with the thermal expansion coefficient a(T") =
é %, where (L) = % One should note here that this
thermal expansion coefficient is different from the one shown
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FIG. 3. (Color online) (a) Temperature evolution of the inflection
point position Q; measured following ramp 1 (empty stars, ID11
measurements; full gray stars, DIFFABS measurements) from 300 to
1073 K, as well as during ramps 2 and 3 (ID11 measurements). The
inset shows the temperature cycle used for the measurements on ID11
as well as the correspondence of plotting symbols with the different
ramps. (b) Thermal expansion coefficient «(7") for ramps 1 (stars)
and 2 and 3 (triangles), compared to that of reference bulk Cg (full
circles) and to the ones calculated for filling rates of 0.5, 0.9, and
0.97 (lines). (c) Temperature evolution of the 8 parameter, compared
to the one calculated for filling rates of 0.5, 0.9, and 0.97 (lines).

in Fig. 14 in Ref. 10, which corresponds to the calculated
thermal expansion inside one cluster. Indeed, the Q; value
gives access to the mean interfullerene distance in the whole
chain. We thus calculated, for comparison to experiment, a
thermal expansion coefficient from the fit of the pair correlation
function [Eq. (4) gives the mean interfullerene distance in the
whole chain]. We will refer to the first ramp up, the ramp
down, and the second ramp up as ramps 1, 2, and 3, respectively
[inset to Fig. 3(a)]. During ramp 1 from room temperature up to
1073 K, both @ and § show a two-step decrease characterized
by rather weak evolutions below ~650 K (slopes of the curves),
and a more pronounced decrease at higher temperatures. When
cooling from 1073 to 350 K and heating again, the evolution
of the parameters follows a different path: in contrast to
what was observed for the first heating ramp, the temperature
dependences of O and § are increased below ~650 K (larger
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slopes of the curves). Both parameters superimpose for ramps
2 and 3. The value of Q; at 350 K is smaller after ramp 2 than
at the beginning of ramp 1, corresponding to a 0.6% expansion
of the lattice parameter. This irreversibility shows that some
relaxation processes have occurred during ramp 1.

Let us first discuss the reversible ramps 2 and 3. The
experimental thermal expansion coefficient curve in Fig. 3(b)
has a rounded step shape with « evolving from 1.7 x 1075 K~!
at 350 K to about 0.1 x 10~> K~! at high temperature. The
higher calculated value of « (3.2 x 10~ K~!) indicates that
the actual inter-Cg potential is harder than the one used
for the calculations.!® Therefore, these calculations will be
used as a guide to understand the data but do not allow
fully quantitative comparisons. The initial value of « is
comparable to that of bulk Cep (Ref. 19) in its temperature
range of stability. The high density of our peapods prevents any
chain breaking, which reflects the similarity of the interaction
potential between Cgp molecules in these two systems. This
behavior of a dense chain is well described by the TG model:
in the calculated curves in Fig. 3(b), a similar evolution of
o, with a decrease below 600 K, is observed for very high
filling rates—the best agreement between experiment and
simulations being achieved for t = 0.97. For lower filling rates
(r = 0.5 or 0.9), the usual behavior of the thermal expansion
observed for solid Cg (i.e., decreasing with T) is competing
with the formation of clusters in the chains—which tends to
increase the average inter-Cg distances. The result is a thermal
expansion coefficient «(7T) that is constant (or increasing,
for 7 < 0.7) with temperature. The progressive vanishing
of o variation observed experimentally in our peapods at
temperatures above 700 K—where bulk Cgy no longer exists
as a solid—can be attributed to the longitudinal confinement
of the chains in the nanotubes: the chain expansion is restricted
by the nanotube longitudinal expansion, which is very small
[eswNT o 5 x 107 K~! at 1000 K (Ref. 20)].

The calculated B(T) curves are drawn in Fig. 3(c) for
T =0.5, 0.9, and 0.97. They were simulated from Eq. (5),
taking into account also the convolution with the experimental
resolution function, which leads to smaller absolute values
of B, as is illustrated in Fig. 1(b). The decrease of 8 with
increasing temperatures corresponds to the increase of the root

mean square deviation /o + oj—decrease of correlation

length—and is a direct illustration of the increasing melting
phenomenon predicted in Ref. 10. A good agreement with
experiments, for ramps 2 and 3, is found for T = 0.97, with a

PHYSICAL REVIEW B 86, 045446 (2012)

firstrapid decrease followed by a slower one. This corroborates
our previous conclusions, based on «(7") behavior, of a very
high effective filling rate of the studied peapods.

The data obtained during ramp 1 cannot be interpreted
based on the same picture. Both the very low thermal expansion
and weak B variation below 650 K suggest that an extra
“pressure” is present inside the nanotubes,”! making the chains
more resilient to the melting. Above 650 K, the internal
pressure is progressively released and thermal equilibrium is
reached. Further experimental investigations are required to
unambiguously determine the origin of this extra pressure,
hypothesized as the origin of the nonreversible behavior
reported here.

V. CONCLUSION

A careful analysis of XRD data demonstrates the pro-
gressive melting occurring in a dense 1D chain of Cgy
molecules confined inside carbon nanotubes upon heating.
It is characterized by a progressive increase of fluctuations
in intermolecular distances, inducing a decrease of the slope
of the sawtooth diffraction peak from fullerenes. This study
of the progressive increase in cumulative fluctuations—
characteristic of a 1D system—was only possible thanks to
the exceptional temperature stability of the peapods, contrary
to other known 1D systems.”™ The experimental data are
well interpreted in light of the 1D Takashi-Giirsey model
described in Ref. 10. Our results thus provide the experimental
confirmation of theoretical predictions obtained in dense 1D
systems. To achieve a full validation of these models, one
would need to investigate the case of peapods with low filling
rates (lower than 0.7). The observation of clustering in that
case would translate in a constant or increasing Cg lattice
thermal expansion with temperature.
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