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ABSTRACT

The growth of double-walled carbon nanotubes from peapods was studied. The transformation was monitored by the decrease of fullerene
Raman lines, the growth of inner tube Raman lines, and the development of X-ray diffraction patterns. A visual check of the growth process
by HRTEM provided additional information. From the difference in time constants for the bleaching of fullerene Raman lines and for the
growth of nanotube Raman lines, the existence of an intermediate phase was concluded that was eventually observed in X-ray diffraction and
HRTEM. Time constants for the growth of large diameter inner tubes were up to a factor two larger than for small diameter inner tubes. The
results fully support the fullerene coalescence growth model triggered by Stone -Wales transformations.

Double-wall carbon nanotubes (DWCNTSs) can be grown SWCNTs and the fullerenes (or other species) within the
either directly, e.g., in a CVD proce$xr by annealing tubes, and HRTEM allows visualization of the individual
single-wall carbon nanotubes (SWCNTs) encapsulating tubes and materials inside.
carbon-rich precursor molecules. The most prominent ex-
ample for the latter are DWCNTs grown fromg@Cpeapods,
i.e., SWCNTSs filled with (Go) fullerenes? The particular
advantage of DWCNTs produced from filled SWCNTSs is
the growth of the inner tubes in a highly shielded environ-
ment? and, in the case of peapods, without any additional i R )
catalyst. This opens the possibility for a detailed study of thg d|amet§r distribution in macroscopic samﬁlé?-'n'r a
carbon nanotube growth in a clean room of about 1.4 nm Unique assignment of an RBM peak to a specific tube
width. Additionally, by employing3C enriched precursors, chirality (m,n), the optlcal transition energies of the tubes
one can selectively isotope-label the inner tubes. In this way, have also to be considered. Several groups recorded Raman
NMR studies on nanotubes without other interfering carbon Maps-i.e., contour plots of the RBM intensity vs frequency
phases became possibfe. and excitation energyof individual SWCNTSs dispersed in
Several factors influence the growth rate, the volume SDS?°A similar Raman map of buckypaper DWCNTSs was
fraction, and the diameter distribution of the inner tubes: (i) reported recently from our grodf.In this map, a specific
the diameter distribution of the outer SWCNT§ij) the inner tube gives rise to a whole cluster of peaks. The clusters
diameter range, which can be filled with the precursor, (iii) originate from the fact that one and the same inner tube type
the precursor itself, (iv) the filling ratio, and (v) annealing can grow in several different outer tube types. The inner
time and temperature. Here, we report a detailed Ramantube—outer tube interaction depends on the diameter differ-
scattering, X-ray diffraction (XRD), and high-resolution ence of the two concentric shells. The larger the interaction,

transmission electron microscopy (HRTEM) analysis for the the further the inner tube RBM shifts to higher frequenéies.
growth process of the inner tubes off@SWCNTSs based

DWCNTSs. These methods provide complementary structural
information: Raman is sensitive to the vibrational modes
of specific resonance-selected SWCNTSs and fullerenes, XRD
gives information on the periodic arrangement of the

One of the significant features in the Raman spectra of
SWCNTs is the response from the radial breathing mode
(RBM), which is usually observed between 100 and
250 cnt?. The frequency of this mode is roughly proportional
to the inverse tube diameter and is often used to determine

XRD gives information on the periodic arrangement of
SWCNTs within macroscopic samples. From the position
and intensity of the peaks in the XRD pattern, one obtains
the arrangement of bundled tubes in a 2D hexagonal lattice,
the mean tube diameter, and the van der Waals distance

* Corresponding author. E-mail: rudolf.pfeiffer@univie.ac.at. Tele- between the tubesPeapods feature additional peaks due to
ph?ﬁeﬁi\fe‘ﬁiétﬁ& 51378 the 1D chain formed by the encaged fullerenes. The intensity

*AIST. ' of the peaks is modulated by the form factor, which is
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different for empty SWCNTs, SWCNTs filled with fullerenes, A2y

and DWCNTSs. This enables the determination of the amount 300.0' '
of filling. 2 i

The most direct information on peapods and DWCNTs 600 !
|

comes from HRTEM images. From these images, the 45.0' :

distances between fullerenes inside SWCNTs and the wall- W

to-wall distance of DWCNTSs can be determined and, as it 5 M
15.0 ;

W

will be shown below, transient phases can be seen.

The growth of the inner tubes from fullerenes was studied
previously by analyzing the inner tubes RBM Raman
response after various heating stép$.However, no atten-
tion was paid to the fine structure of the inner tube RBM
clusters. Also, the decay of the fullerene precursors was not
studied simultaneously, even though this is a crucial indicator
for the transformation process. Similarly, to the best of our
knowledge, XRD studies were reported so far only for empty 1400'14110'14120'14'30'14140' 14150l 14150' 14170' 14130' 14190' 1500
SWCNTSs, Gopeapods, and completely transformed DWCKTSs.
A study for the transient state is missing although it will
reveal details of the growth mechanism. As a consequenceFigure 1. The 488 nm Raman spectra of theyGangential
of the completely different starting conditions (metal catalyst m?r']ee‘;‘fi'gr ‘t’iir?g‘;i‘;’t‘si ;“5‘:%5;::‘1 i":‘lteioinKni:?n”uczgga*[lesoé‘éttignwrgcr’ge-
triggered growth on th? one side and preformed cage normalizgd to the G mode of tr?e semiconductiﬁg out%r SWCNTs
structures on the other side), the growth mechanism in the 5t 1594 ¢t
peapod systems can be expected to be strongly different
compared to conventional growth. patterns, and HRTEM images were recorded on the same

In this Letter, we focus on the decay of the encapsulated Sample after each transformation step.
Csofullerenes and their transformation into DWCNTS. After ~ The strongest and most prominent Raman modesfsC
the expulsion of some ¢ molecules from the tubes in the the so-callediy(2) or pentagonal-pinch mode at 1468<¢m
first minutes, the fullerene Raman signal disappears almostVhen the fullerenes are encapsulated into SWCNTS with
a factor five faster than the XRD signal from the 1D chain diameters=1.4 nm (as is the case here), #g2) mode splits

formed from the fullerenes within the SWCNTs. From this, N© a StrongA(2) componenlt7 at 1465 cm and a weak
the existence of an intermediate solid phase is concluded.As(2)” componentat 1473 cm” Both components are best

The growth dynamics of the inner tubes depends primarily observed for 488 nm e>_<C|tat|0n. To st_udy the decay of the
on their diameter, where the growth of the thin inner tubes encage(_j g;)fullerene_s with transformation, we recorded t_he
coincides well with the 1D chain decay. The thicker inner tfinggntlal mode region of peapods heat treated for various
tubes grow a factor two more slowly. In the coalescence time intervals (see Figure ,1)' The spectrum of thg untreated
model, a large number of Ston&ales transformations peapods shoyvsgst.rowg(zl) mode. After an annealing time
required to reach the final tube diameter can be madeOf orlmly 015 min, |ts.|ntens.|ty IS a!ready reduced. For anger
responsible for the time delay observed for the larger heating times, the intensity continues to decrease until after

diameter tubes. Additionally, at least for the thinner inner 15.0 min exposure it can hardly be observed any more. A

. similar behavior is found for the weakey(7) (around
tubes, the early growth stages depend on the diameter 1 ” . .

. . 1425 cn1t) and A¢(2)" modes. The increasing background
difference between inner and outer tubes.

) . ] _ above 1480 cmt is due to the G-modes of the growing inner
The starting material for our peapods were highly purified yhes. Fitting an exponential decay through the intensities
SWCNTs (mean diameter 1.39 nm,= 0.1 nm) prepared  of the Gy, modes as a function of transformation time yields
by laser ablation. These tubes were filled witk illerenes 5 half-lifetime of the fullerenes of 2.9(5) min. No shift or
as described previousl.For each transformation experi- broadening of theAy(2) mode, and no new lines from
ment, a new piece of the so-prepared peapod buckypapemqossible reaction products other than inner tubes could be
was used. The Raman spectra were recorded at 80 K in agpserved.
180" backscattering geometry with a Dilor Xy triple mono-  |n the XRD patterns of peapods (see Figure 2, spectrum
chromator spectrometer in normal resolution or, if required, 0.0), the (10), (11), (21), (22), and (31) peaks reflect the
in high resolution. Because Raman intensities by themselvesarrangement of the bundled SWCNTs in a hexagonal
are not a good measure for the tube growth due to cross2D lattice. The intrinsically asymmetric (001) peak at
section problems, only intensities relative to final intensities g~ 6.6 nnT! (and also the (002) peak) originates from the
are considered. These values are not only cross sectionlD chains of encapsulated fullerenes. Figure 2a shows the
independent but also independent from the abundance andievelopment of the peapod XRD patterns after thermal
provide direct insight into the growth dynamics. Structural treatment at 1250C for different exposure times. All patterns
characterization by X-ray diffraction was performed at room were normalized to the amplitude of the graphite peak.
temperature with Cu Kradiation. Raman spectra, XRD Figure 2b is a simulation of the experimental results using

Intensity (arb. u.)

Raman shift (cm™)
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Figure 2. (a) Room-temperature XRD patterns ofpeapods transformed to DWCNTSs at 123D for various transformation times in

min and (b) the corresponding simulated patterns as described in the text. All patterns were normalized to the amplitude of the graphite
peak. Bundle peaks are indicated by dashed lines, 1D chain peaks are indicated by thiclod@shlines, and the graphite peak is
indicated by a dotted line. The positions of the vertical lines are identical in (a) and (b).

the model of Cambedouzou et’8[This model takes empty  originate only from metallic species resonating Witf. A
tubes, filled tubes, and, in the later stage of transformation, close inspection of the spectra reveals that the first weak
also DWCNTSs into account. In contrast to ref 18, we used RBM peaks of the (7,2) and (8,3) inner tubes can be observed
Gaussian distributions with increasing half-width (for distor- already after 2 and 5 min, respectively. After 25 min, there
tion correction) for the lattice term for simplicity. This is is almost no further change in the (7,2) intensity, but the
justified by the high cristallinity of the tubes, as demonstrated (8,3) intensity continues to increase by a factor of about
from the large number of observed peaks. The calculated3 until after the 60 min treatment, where saturation is
patterns nearly perfectly match the experimental data. Two reached.

main features are visible: the increase of the first bundle  To evaluate the growth dynamics in more detail, we plot
peak (10) atg ~ 4.4 nnt* and the decrease of the (001) the RBM intensities of these two tubes as a function of
chain peak with increasing time of thermal treatment. The transformation time in Figure 4. To simplify the plot, we
(10) peak is small but not negligible at the beginning. show only the growth of the whole cluster and not that of
Immediately after starting the transformation, the intensity each individual peak. From the figure, the growth of the (7,2)
of this peak increases suddenly to more than 50% of its final tube starts much earlier than the growth of the (8,3) tube
value. The intensity decrease of the (001) chain peak wasgnd it also saturates much earlier.

fitted with an exponential decay resulting in a half-lifetime The growth behavior was fitted with a Gompertz-like
of 14(2) min, which is almost five times the value for the function, namely

decay of the pentagonal pinch mode of the fullerenes. This

result strongly indicates that the periodicity of an intermediate

reaction product remains the same as the periodicity of the | = Al — 1]

Cso molecules for a much longer time than the pristing C

shape. where A, B, and C are phenomenological constants. The
The growth of the inner tubes was in detail monitored by maximum intensity { — o) is A(€® — 1). Half of this

the relative intensity increase of the inner tube RBM clusters. maximum is reached at the tinfg,, = — 1/CIn[1 + 1/BIn

Figure 3 depicts as an example the growth of the clusters of2/(e® + 1)]. This growth half-time of the (7,2) tube is about
tube families 2n + n = 19 (between 280 and 320 ct) 16 min, which is in very good agreement with the half-
and Zn + n = 16 (around 365 cmt). For the used laser, lifetime of the 1D chain decay obtained from the XRD
the largest contributions originate respectively from the (8,3) measurements. The (8,3) inner tubes grow slower and reach
tube with a diameter of about 0.77 nm and from the (7,2) half of their maximum volume fraction only after about
tube with a diameter of about 0.64 nm, both resonating with 38 min. The maximum growth rate is reached at the time
E>,- The intensities were normalized to the outer tube t = (In B)/C, which is about 12 min for the (7,2) and 31 min
RBMs around 180 cmi, which—for an excitation energy  for the (8,3) tube. Hence most of the (8,3) growth occurs
of 1.83 eV and the diameter distribution in our sample  after half of the starting fullerene material was lost according
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Figure 3. The 676 nm Raman spectra of the outer and inner tubes RBM region measured at 80 K in normal resolution mode. Annealing
times at 1250C are given in min. All spectra were normalized to the outer tube RBMs around 180 Between 280 and 320 crh one
can see the RBMs of mainly the (8,3) inner tubes, and around 36%, @me can observe the cluster of the (7,2) inner tubes.
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Figure 4. RBM intensity of the (7,2) and (8,3) inner tubes as a 1%_60 065 0.70 075 0.80

function of transformation time. The intensities for each tube were

normalized to the corresponding maxima of the fit curves. The

dotted and dashed lines show the exponential decays of ghe C

Raman signal and the XRD 1D chain peak, respectivEly.are

the corresponding halftimes. Note the break in the time axis between
70 and 290 min.

Inner tube diameter (nm)

Figure 5. Growth timeT,;, as a function of inner tube diameter.
The dotted line marks the diameter of the (5,5) tube. The dashed
curve is a guide for the eye. The tube diamef@msere calculated
with eq 2 in ref 19.

to the XRD analysis. Even more interesting, the growth of  Because the &fullerenes decay much faster than the inner
both tube types continues long after the fullerene moleculestubes emerge, we looked for intermediate phases into which
are either destroyed or expelled from the tubes according toCgy might be transformed. The frequencies of the tangential
the Raman analysis. modes decrease with decreasing tube diani&fEnus, it is
Using different lasers for the Raman excitation, the growth reasonable to expect the tangential phonon modes of such
dynamics of several inner tubes was recorded. Figure 5phases between thg(2) mode of Gy and the G mode of
compares thé&;; times of all evaluated tubes. According to the outer tubes. Figure 6 shows this spectral region. Because
the coalescence model, the (5,5) tuiwving the same  of their low frequencies, the solid lines at 1504 and
diameter as g—should grow fastest. However, because the 1526 cnt?in part (a) indicate the metaIIiA&o (M) G mode
resonance for this tube is in the UV, we could not detect it. components of the (7,4) and (8,2) and the (8,5) and (9,3)
Nevertheless, the figure unambiguously shows that tubes withmetallic inner tubes, respectivelyBecause of the strongly
diameters close to (5,5) grow most rapidly and the growth nonlinear background, fitting the intensities of these lines is
time increases with increasing diameter. For very small tubes, difficult. Nevertheless, one can safely say that the lower
the growth time increases again. frequency mode emerges earlier than the higher one. Because
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Figure 7. High-resolution Raman spectra of the (6,4) inner tube
Figure 6. Spectral region of the tangential Raman modes measured RBM cluster recorded with 590 nm at 80 K after 2 min (dashed)
with 488 nm in normal resolution at 80 K. Part (a) shows the LO and 300 min (solid) annealing at 1250. The different outer tubes
G-mode components of the metallic tubes and part (b) shows thein which the (6,4) inner tube was grown are indicated by their
LO components of the semiconducting tubes. Solid lines indicate chiralities?* The top scale indicates the outer tube diameter.
inner tube G mode components with the following assignment: 1,
A° (M) of (7,4) and (8,2); 2AT° (M) of (8,5) and (9,3); and 3,
A° (S) of (5,4) and (7,3). The dashed line in (a) indicates a
spread-out response of a possible intermediate phase, while the
dashed line in (b) indicates possitA&® (M) components of small
diameter metallic inner tubes.

the former is associated with smaller diameter tubes than
the latter, this is in agreement with the RBM results. Around
1494 cnr?, the lower A° (M) mode exhibits a broad
shoulder (indicated by the dashed line), which after the
10 min transformation has about the same intensity as the
1504 cnm* mode. However, after longer transformations, this
mode does not increase any further. Thus, we conclude that
this mode is nba G mode component but rather a fingerprint

of an intermediate phase. In Figure 6b, the solid line at
1581 cmtindicates theA&o (S) component of the (5,4) and
(7,3) semiconducting inner tub&s® The dashed line at
1565 cn1! can be assigned to tm{o (M) components of

the small diameter metallic inner tubes.

Additional information on the growth dynamics is obtained
from the RBM cluster of a particular inner tube type. The
most significant variation was found in the cluster of the
(6,4) inner tubes, which can be studied with a 590 nm
(2.10 eV) excitation. Figure 7 compares the high-resolution Figure 8. Selected HRTEM images of peapods transformed at
spectra of this cluster after the 2 and 300 min heat treatmentséé?ccl):acr I%f\t\(la; i(r?éiia’?é”rhgbgullgtg“p'eaa”pdogcs) ggtgﬁégg?ewﬁﬁt:si?gn J
The spectra were scalgd to equal mtensﬂy for the 346'cm DWCNTS, respectively.
modes. Interestingly, in the small diameter outer tubes
(diameter<1.34 nm), there is no indication for a dependence This indicates that the high perfection (long phonon lifetimes)
of the growth process of the (6,4) inner tube on the outer of the inner tubekis already established from the beginning
tube type. However, the relative volume fraction of the (6,4) of the growth.
tube in the large diameter outer tubes (diamet&r34 nm) Figure 8 shows three examples of HRTEM images of the
is larger after the 2 min than after the 300 min treatment. peapods transformed at 128Q after 5, 15, and 25 min.
Thus, in the beginning, the (6,4) tubes grow faster in the After 5 min, there are only a few DWCNTs and still a
larger tubes, but later on, the growth in the larger tubes is considerable number of pristingds. However, coalescence
reduced although not completely inhibited. Additionally, has already started to a certain degree (white arrows), which
there is practically no difference in the RBM linewidths removes the € units from resonance in Raman. After 15
between the 2 and 300 min transformed samples (the RBMsmin, the concentration of DWCNTs (black arrows) has
in the 676 nm spectra show also no change in line width). clearly increased and, in addition, we see many fullerenes
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in the process of coalescence (intermediate phase). All thesehe results of molecular dynamics simulations of the trans-
tubes are out of resonance due to the shift in electronic formation proces€ and with the TEM analysis discussed
structure. Thus, the Raman signal is fully lost but a below. Thus, a major decomposition of the fullerenes into
quasiperiodic structure is retained. After 25 min, the DWCNTs smaller units (e.g., § from which the inner tubes are built
dominate clearly even though there are still some fullerenescan be ruled out. This conclusion is backed up by a recent
left. Most of them seem to be, however, already in the Raman and theoretical analysis using differ& enrich-
process of clustering together and therefore not observed inment levels of the fullerené8.In that paper, the lack of any
Raman. diffusion of the C atoms inside the SWCNTs during the inner
The XRD data can be explained as follows: The small tube growth process was demonstrated.
intensity of the (10) peak in the starting material indicates = Because the & molecules decay much faster than the
that a small amount of the SWCNTSs is not filled. The sudden inner tubes grow, the majority of the latter cannot be formed
increase of this peak after starting the heating process is aby direct coalescence of pristine fullerenes. There needs to
consequence of expulsion ofdmolecules from a part of  be some intermediate phase. This character of the coalescence
the filled tubes. It is very probable that in particular the large process is clearly seen from the HRTEM results. After 5
filled tubes are depleted, as the increase in the (10) peak ismin annealing, mostly pristine peapods dominate, but the
accompanied by a shift of the position of this peak to smaller transient phase is already seen. After 15 min, the transient
g-values, i.e., larger tube diameters, both with the same half-phase dominates, although one can still find some peapods.
time of 1.0(4) min. The observed delay of the loss of 1D Finally, most of the tubes are in a DWCNT phase after 25
chain periodicity is a fingerprint for initial reaction products min. Also, the shoulder to the emerging inner tube G modes
with the same or almost the same periodicity as the at 1494 cmt s a fingerprint of an intermediate phase.
fullerenes. The model calculation in Figure 2b starts with  The formation times of the inner tubes depend strongly
nearly 10% empty tubes and 90% filled tubes for the peapodson the diameter. From the coalescence matiét,one would
before heat treatment. To match the experimental results,expect that the first coalescence step is the formation of (5,5)
after 2 min exposure, the amount of empty tubes had to betubes from which all other inner tube types are formed by
increased to about 55% and was then kept constant at thiSurther Stone-Wales bond rotation$. Thus, inner tubes with
value. The decrease of the (001) chain peak starts at aboutliameters close to that of the (5,5) tube should grow fastest
5 min and is modeled by a decreasing amount of filled tubes, as it was observed. For example, the (7,2) needs to shrink
accompanied by a gradual increase of the amount of in diameter by about 5%, whereas the (8,3) needs to increase
DWCNTSs. After 45 min, this process is nearly completed in diameter by about 13% (see Figure 5). In addition to
resulting in 55% empty SWCNTs and 45% DWCNTSs. For diameter, the tube growth can be influenced by the formation
the long time annealing, a broad background at12 nn1* of the tube cap# In the case of fullerene coalescence, the
was added, which is possibly due to the emergence of somecaps are preformed for a (5,5) tube and have to be modified
fractions of carbon, maybe amorphous, of the size of for other tube types. Especially for tubes with a smaller
approximately 0.5 nm. A fine adjustment of the van der diameter than (5,5), the isolated pentagon rule for the caps
Waals radii improved the results: for the CNTs and for the can no longer be fulfilled.
fullerenes, the values were 0.325 and 0.31 nm, respectively. The volume fraction of especially the (8,3) tube increases
Both values are smaller than the lattice distance in single- py a factor of almost 8.6 between the 15 and 60 min
crystal graphite of 0.336 nm. This means the introduction transformations. At these times, more than half of the 1D
of the curvature of the carbon nanophase causes a decreasghain and definitely all pristine & were already destroyed.
of the van der Waals distance. However, in the same time, the volume fractions of the (6,5)
The above results provide the following picture: When and (6,4) tubes increase by a factor of 4.5 and 2.7,
peapods (with mean diameters of 1.4 nm) are heated torespectively, and the intensity of the (7,2) increases only by
temperatures around 128G, within only 2 min, a noticeable  a factor of 2.1. Considering additionally the growth curves
fraction of fullerenes is expelled from the tubes, which causesin Figure 4, one can say that in the first phase mainly the
the rapid decrease of th%(2) Raman mode and the rapid small diameter inner tubes grow and in the second phase
increase of the (10) XRD peak. Since there is almost no mainly the large diameter inner tubes grow. Although there
intensity decrease of the (001) chain peak in the first 5 min, are slight changes within the clusters of specific tubes, we
the fullerenes have to be depleted from the large diametercould not observe that the whole cluster of a small diameter
tubes, where they form a zigzag pattern instead of a 1D inner tube decreased while the cluster of a larger diameter
chain?26 After about 2 min, no more fullerenes escape from inner tube increased. Thus we can rule out that small inner
the tubes and the remaining fullerenes are transformed intotubes are transformed into large inner tubes during the second
inner tubes. growth phase.

The 1D chain peak is remarkably robust with respect to  The above discussion of the inner tube growth is in strong
position and width and remains observable for a rather long contrast to a recently identified growth process of inner tubes
time during transformation. Hence the periodicity within the from ferrocene (FeG) encapsulates. In this case, the inner
tubes is retained even when the geometry and electronictubes grow already at 600C within 1 h3% The RBM
structure of the fullerenes is already considerably modulatedfrequencies of g and FeCpbased inner tubes are identical,
such that the Raman signal vanishes. This is consistent withhowever, the intensity distribution and thus the volume
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fractions of specific innerouter tube pairs are different (even

when the same SWCNTSs starting material is used). In the

case of FeCp a direct coalescence of the precursor
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Pimenta, M. A.Phys. Re. Lett. 2004 93, 147406.
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molecules into inner tubes can be ruled out. Rather, the (10) Pfeiffer, R.; Simon, F.; Kuzmany, H.; Popov, V. Rhys. Re. B

presence of Fe inside the SWCNTSs leads to a catalytic growth

that is completely different from the growth from peapods.

In summary, we have studied the growth process of the 12)

inner tubes of G peapods based DWCNTs with Raman
spectroscopy, XRD, and HRTEM. We showed that the C

molecules decay almost a factor 5 faster than the 1D chain
that is formed by these molecules. The small diameter inner (1,
tubes grow in about the same time in which the 1D chain

2005 72, 161404(R).
(11) Pfeiffer, R.; Kramberger, C.; Simon, F.; Kuzmany, H.; Popov, V.
N.; Kataura, H.Eur. Phys. J. B2004 42, 345.
Simon, F.; Kuzmany, H.; Rauf, H.; Pichler, T.; Bernardi, J.; Peterlik,
H.; Korecz, L.; Flp, F.; Jmossy, A.Chem. Phys. Let2004 383
362.
(13) Bandow, S.; Hiraoka, T.; Yumura, T.; Hirahara, K.; Shinohara, H.;
lijima, S. Chem. Phys. Let004 384, 320.
Kramberger, C.; Waske, A.; Biedermann, K.; Pichler, T.; Gemming,
T.; Buchner, B.; Kataura, HChem. Phys. Let2005 407, 254.

decays, but the large diameter inner tubes grow about a factor (15) Abe, M.; Kataura, H.; Kira, H.; Kodama, T.; Suzuki, S.; Achiba, Y ;

2 slower. The discrepancy between the time constant for the
decay of the fullerenes and the growth of the inner tubes (45
gives evidence for the existence of an intermediate phase.
From the XRD data, this phase is solid and has basically

the periodicity of the starting peapod system.
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