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We report an x-ray diffractiofXRD) analysis of the structural transformation from single-wall carbon
nanotubegSWNTS to double-wall carbon nanotubé®WNTs) via Cgp-encapsulating SWNTs (g peapods
It was shown that the bundle structure of the starting SWNTSs retains on this process. The thermal expansion
coefficients of DWNTs hardly changed from the pristine SWNTs. The intertube spacing between inner and
outer tubes of DWNTs was obtained as 0t3601 nm. This spacing was shown to be determined by the
discreteness of the SWNT diameter under a turbostratic constraint between the inner and outer tubes of DWNT
at synthesis temperatures.
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Recently, interesting synthesis routes to double-wall carfind marked changes in the XRD profiles og,@ncapsula-
bon nanotubeDWNTs) were reported, in which single-wall tion: the10 peak around)~4.5 nni ! is strongly depressed,
carbon nanotubegSWNTSs encapsulating g moleculesthe  and its onset shifts to the higR-region. This is evidence of
so-called peapodisre converted into DWNTs by heatihgr ~ molecular encapsulation inside SWN#s? In addition, a
electron irradiatiorf. The obtained DWNTs would be the new peak appeared uponggencapsulation around
same bundle structures as the starting SWNT materials=6 nm 1, shown by an arrow, is due to a 1D array of,C
Therefore, in the light of recent developments in the synthemolecules inside SWNTs. That is, this peak is due to the
sis and purification technique of SWNYS the method may  so-called 1D G, crystal formed inside each SWNT. The ab-
be most useful for preparing well-defined DWNT bundles atsence of the corresponding peak in the DWNTs implies that
present, as compared with direct synthesis metfh8dow-  the G, peapods are almost fully converted into DWNTS.
ever, the structure of DWNT bundles prepared by Bandow’s To obtain further structural information, we performed de-
method has not yet been clarified in full detail. Here, we tailed simulations of the powder XRD patterns using a ho-
present a structural study of the conversion process from
pristine SWNTs to DWNTs through & peapods by means
of x-ray diffraction (XRD). Based on the present XRD stud-
ies, the synthesis mechanism of multishell type carbon nano-
tubes(MWNTS) is discussed.

The starting raw SWNTs were generated by the pulsed
laser vaporization of a carbon rod with Ni and Co catalysts in
a furnace operated at 1473 or 1523 Khe peapods, which
were prepared by a reaction of the purified uncapped SWNTs
with Cg vapor?® were converted into DWNTs by heating
for 10 h at 1523 K in vacuum, following Bandow’s
proceduré. Transmission electron microscopy confirmed a
high yield of the parallel-aligned carbon nanotube packed
into bundles with a triangular lattice. All the samples for the
XRD measurements were prepared from the same batch of
purified SWNT materials. The XRD data were collected us- I ]
ing synchrotron radiation with a wavelength of 0.100 nm at e S I
beam line BL0O2B2 of SPring-8 in Japan. Samples were
sealed in a quartz glass tube after being evacuated at Q (1/nm)
~800 K to remove adsorbed ga!§é_§_2 There is no prefer- FIG. 1. XRD profiles of(a) pristine empty SWNT bundlegb)
ent'al orientation Of SWNT axes InSIde the g|aSS XRD tubescso_peapod bund'esy and:) DWNT bund'es taken at room tem-

Figure 1 shows the typical powder XRD patterns of pris-perature. These samples were prepared from the same batch of pu-
tine SWNTs, G, peapods, and DWNTs. The observed peaksified SWNTs. An arrow shows the peak due to 1[3, €rystals
can be indexed on the basis of a two-dimensid@&l) tri-  formed inside SWNTsQ is given by (4 sing)/\, where\ is the
angular latticg consisting of 1D SWNTs. In the figure, we x-ray wavelength and @ the scattering angle.
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mogeneously charged shell model, in which the SWNTs and [T
fullerene molecules are assumed to be thin sheets of homo- I
geneous electron density within the carbon covalent net-
works. Within the framework of this model, useful structural
parameters such as the triangular lattice condtaamd tube
diameters R can be deduced. In the present paper, it will be
also clarified that the distribution of the “tube diameter av-
eraged within the bundle” is obtained from the simulation,
which was neglected in our previous simulatidh$?

The diffracted intensityl;(Q) due to theith bundle is
multiplied by the tube form factoF;(Q), the Bragg peak [\ (a
profile function P¢(Q), the Lorentz factol (Q), and the [ ™ L ]

Intensity (arb. units)

Observed

Simulated

number of equivalent reflectiorsg, 10 (®)
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1 FIG. 2. Observed and simulated XRD profiles of the pristine

) ] o ) SWNTs at room temperatur¢a) Distribution of SWNT diameter
wherep; is the electron density an@(i) is the amplitude of  ayeraged in the bundle was includet) The distribution of the
reciprocal lattice vector of théth bundle with the closest intertube gap averaged in the bundle was included.

packed 2D-triangular lattice. For an empty SWNT, form fac-

tor F(Q) is given by the zeroth-cylindrical Bessel function Gaussian distribution, the bundle thickness 18 nm, and the
Jo(RiQ). The intertube gap;, tube diameter B, and intertube gapg=0.32+0.01 nm. This intertube gag for
bundle thickness; were used as the fitting parameters. Themodel (a) is slightly larger than 0.380.01 nm for model
triangular lattice constant of thigh bundle is given bya;  (p), while the average tube radius hardly depends on the
=g;+2R;. For a case in which there is a distribution of ghove two models.
these parameters within a bundle, they must be “averaged” A recent UPS(ultraviolet photoemission spectroscopy
within the bundle. In the following, however, we just set experiment succeeded in observations of electronic density
those parameters to representative values for each bundlg states in essentially the same SWNTs as the present
because this distribution could not SubStantially affect th%amp'es’ from which a distribution of tube radiRsvas es-
simulated profile. The peak functid?s(Q) was assumed by  timated to have a FWHM of 0.10 nm assuming a Gaussian
a sum of Gaussian and Lorentzian functions, centere8, at djstribution!® This value is almost two times larger than the
with the same full width at half maximuitFWHM) given by present estimate. The difference should be ascribed to an
AQ=2mlt;. Here, we further assumed that all the bundlesinhomogeneity within the bundles, which was not included
have the same thickness=t for simplicity. Thus, the ob- in the present analysis, because the UPS density of states
served intensity is given by reflects all the tubes in the sample. Therefore, the distribution
of the tube radius within the bundles is roughly estimated as
_ _ 2 _ _ J0.72—0.06=0.08 nm in the present typical sample.
Q) Z I'(Q)OCLZ IFil Gz(i) (Pe@Neq)|- (2 In the case of g, peapodsF;(Q) is a sum of those for
the SWNT and G, molecules inside the SWNT. The saw-
For empty SWNTSs, the simulations were performed fortooth shape of the peak due to the 1D arrays gf @ol-
two extreme casesa) the gapg; was fixed, but a distribution ecules, i.e., the 1D £ crystals inside SWNTs, which is
of R; was involved; andb) the tube radiu®; was fixed but  shown by an arrow aroun®=6.5 nm ! in Fig. 1, is evi-
a distribution ofg; was involved. The XRD pattern giving dence of the lack of correlation among the 1B, €rystals in
the best agreement with the observed pattern is shown in Figlifferent SWNTSs. This is a characteristic in one-dimensional
2 for each model. From a comparison of the simulated proerystals, and an analogous 2D case has been well discussed
files with experimental XRD patterns, it is clear that modelin turbostratic graphite lacking an interlayer stacking
(a) is more favorable. In particular, the profile arou@ correlation** In such a case, the diffraction have two differ-
=8 nm!, which corresponds to the second node ofent origins; diffraction for the 2D-triangular lattice of
Jo(RiQ), is substantially improved. Modéb) failed in the ~ SWNTs encapsulating &g molecules where the charge den-
reproduction of the observed sharp dip arourfd sity of Csy molecules inside SWNTs is smeared along the
=8 nm *. Because th€ value forJo(RQ) =0 is inversely tube axis; and diffraction for a 1D array ofgCmolecules
proportional toR; , as already stressed in a previous paper, inside SWNTs. The simulated pattern is shown in Fi@),3
it should be noted that the shape and position of the dip givevhere the same values for the lattice constant and tube di-
us information about the average tube radiysand its dis- ameter as those in the pristine SWNTs were used. The good
tribution in the sample. agreement with the observed pattern implies that the tube
The most favorable parameters thus obtained are the folliameter and lattice constant are almost unchanged inghe C
lowing: the average tube radiusR;)=0.69+0.01 nm, its encapsulation. The best fit was obtained for the intgy-C
distribution 0.06 nm defined as the FWHM assuming adistance of 0.975 nm and the coherence length of 38 nm for
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L L L L L bundles at 300 K(solid lineg and 950 K (dotted line$. In the

- ®DWNTs e 034nm simulated profiles, the thermal expansion coefficient of the lattice
- d l —036 ] constant was assumed to be X207 % K~ and that of the SWNT

--------- 038 ] diameter was neglected. The large peaks ar@@rdl8.5(1/nm) in
p the observed profiles are due to impurity graphite.

filling should be 1/0.74, which explains the above estimated
value using 80% for the peapods. Therefore, we conclude
that the Gy molecules fully coalesce into DWNTs inside

Finally, we discuss the thermal expansion of DWNT

;I . . Simulated . | . bundles. The XRD profiles were taken in a temperature range
4 6 8 10 12 14 16 18 2 between 300 and 950 K. Examples of thelependence of
Q (1/nm) XRD profiles are shown in Fig. 4, where small but signifi-

cant changes can be found. From

the negligibly smalk-

FIG. 3. Observed and simulated XRD profiles ofgPeapod  pendence of the dip arour@=8 nm %, it is known that the
bundles(a) and DWNT bundlegb). The intertube spacind was  thermal expansion coefficient of the tube diameter is very
changed in simulation ofo). small, as in the case of SWNT bundiésAlternatively, the

observed change in the profile was solely explained by the
the 1D Gy crystals. A G filling of about 80% was also thermal expansion coefficient of the triangular lattice con-

obtained, assuming thatsCempty sites(defect$ are ran-  stant: (0.720.25)x10 % K1,
domly distributed in each SWNT. An alternative model in  The intertube spacing obtained

in the present DWNTSs is

which the empty SWNT bundles coexist with the fully occu- in good agreement with the previous estimate by Raman
pied SWNT bundles was also examined, but the fitting to theneasurementsn the same type of DWNTSs. This agreement
observed profiles was not better than the present model. may suggest a rather weak intertube interaction in DWNTs
Now we discuss the DWNTs. The simulations were per-because Raman spectra in DWNTs are possibly affected by
formed using parameters of the intertube spacing and thmtertube interactions. TEM analysis also showed an inter-
filling factor of inner tube. Here, the outer tube diameter, itstube spacing of 0.36 nm in MWNTSs prepared by a direct arc
distribution and the lattice constant were fixed to those valdischarge methot?. However, values of theoretical

é6,17

ues of the pristine SWNT bundles. Examples for the simu-calculation are quite different.

For example, Saito re-

lated profiles are shown in Fig(l® for the three intertube ported that the most stable intertube distance is around 0.342
distances, 0.34, 0.36, and 0.38 nm. The experimental profilasm, irrespective of the chirality pair for the inner and outer
are most successfully reproduced when the intertube distan¢ebes of DWNTSs'® The difference must include useful infor-
is 0.36-0.01 nm and the filling factor of the inner tubes mation on the conversion or synthesis process of DWNTSs.
60—65%. The good agreement of the experimental profile The simplest model for the conversion process is as fol-
with the simulated one implies that the lattice constant andows. (1) Cso molecules coalesce ingp?-carbon networks at
the outer tube diameter hardly change on the conversion pr@around 1500 K. Because three coordinate-carbon networks
cess from the pristine SWNT bundles througk, Peapods.  would be energetically favorable for the larger curvature, the
The estimated filling factor of 60—65% in the presentlargest diameter tubes tend to be formed inside the SWNTs.
“DWNT materials” simply implies that there are empty do- (2) However, these carbon networks must be spaced from the
mains of 35—40 % inside SWNTSs. This is due to the fact thabuter SWNTs at least by an interlayer distance, most likely
the carbon density of the inner tube in ideal DWNTs isthat of turbostratic graphit:!8At the synthesis temperature,
higher than that in the & peapods. The 1D arrays ofs¢ this spacing is estimated as 0.355 nm using the thermal ex-
molecules must shrink into DWNTs upon heating. In the casg@ansion coefficient of 27107 ° K~! and an intergraphite
of the present DWNTs with an outer diameter of 1.38 nm andlistance of 0.344 nm at 300 K3) Because the SWNT di-
an intertube spacing of 0.36 nm, the reduction factor of theameter cannot change continuously and is determined by the
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tube index f,m) with integersn andm, the diameter of the In conclusion, we studied detailed structural conversion
inner tube cannot be exactly adapted to the turbostratic inteR"0cess of SWNTs to DWNTs throughg§peapods. It was

layer spacing in generé‘f.Thus within the turbostratic con- found that the basic bundle structures are retained in this
straint, the largest possible tubes should be formed. process. It was strongly suggested that the intertube spacing

We calculated the intertube spacing for 27 pairs ofo! the resultant DWNTSs of 0.360.01 nm is primarily deter-
SWNTs in DWNTSs with outer diameters of around 1.38 nmmlned by the synthesis temperatures, and the inner and outer

under the above turbostratic constraint. The average intertul}gbes are loosely coupled to each other.

spacing was 0.361 nm and its standard deviation was 0.004 This work was supported in part by a Grant-in-Aid for
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