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Diameter selective reaction processes of single-wall carbon nanotubes
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A method is presented which allows the study of diameter selective reactions in single-wall carbon nano-
tubes with an unprecedented accuracy. It is based on the transformation of fullerene peapods into double-wall
carbon nanotubes and the study of the resulting diameter distribution of the inner nanotubes with Raman
spectroscopy. This yields a spectral resolution increase of about 40 for the modes of different tubes. The
method is demonstrated for the diameter selective healing of nanotube defects and yield;frppebd
samples. The growth of very small diameter inner tubes frop@apods is demonstrated, which challenges
the models of inner nanotube formation. An anomalous absence of middiameter inner tubes is explained by the
suppressed amount of,g£peapods in the transition region between standing and lyigg@nfigurations.
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I. INTRODUCTION outer tube reactions. This possibility originates from the cor-
Nanostructures based on carbon nanotbbase been in relation between inner and outer tube abundances and from

the forefront of nanomaterial research in the past decaddhe robustness of this correlation against the different types
However, there still remains a number of open questions be?f SWCNTs used for the inner tube growth. Due to the larger
fore one of the most promising candidates, namely sing|eSpeCtl'a| splitting and narrower linewidths of the inner tube
wall carbon nanotube§SWCNTS, will have wide-spread ap- radial breathing mode’sthe inner tube diameter distribution
plications. The major obstacle is the large number ofcan be characterized with a spectral resolution that is about
electronically different nanotubes produced with varying di-40 times larger as compared to the analysis of the outer
ameters and chiraliti€sDirected growth or separation ef- tubes. Thus, the analysis of the inner tubes allows the char-
forts are hindered by the lack of accurate chiral vector idenacterization of diameter selective reactions in the starting
tification methods in bulk samples. In addition, little is material with an unprecedented accuracy. The method is
known about chirality and diameter sensitive reactionsdemonstrated on the diameter selective healing of the
Band-gap fluorescence was successfully applied to assigpWCNT openings. A dramatic exception in the equivalency
chiral indices to semiconducting SWCNYsSimilarly, as-  0f the Gy and G, grown tubes is also presented for tte
signment of small diameter nanotubes to chiral vectors was®0.67 nm inner nanotubes for which the corresponding
performed in double-wall carbon nanotub@WCNTs) us-  outer tubes are on the border between lying and standjpg C
ing Raman spectroscofly.DWCNTs are SWCNTSs contain- configurations.
ing a coaxial, smaller diameter CNT. The material is pro-
duced from fullerenes encapsulated in SWCHNEapod®
by a high-temperature treatmeniThe growth process in
such systems is of fundamental interest, since it proceeds Cgy and G, based DWCNTs(60-DWCNT and 70-
without catalytic particle support. DWCNT, respectively were prepared from two arc-
The growth process of DWCNTs from fullerene peapodsdischarge grown commercial SWCN{ISWCNT-N1 and N2
is not yet understood. Computer simulations have suggestécom Nanocarblab, Russiaand two laser ablation grown
that Go@ SWCNT based DWCNTs are formed by Stone-tubes. From the latter, one was commer¢&8IVCNT-R from
Wales transformations from (g dimer precursors at high Tubes@Rice, Houston, T)Xand the other was laboratory-
temperature by cycloadditidt® The free rotation of g  prepared(SWCNT-L). The SWCNT-N1,N2 materials were
molecules is a prerequisite for the dimer formation as it enpurified to 50% by the manufacturer. SWCNT-R and
ables the molecules to have facing double bonds. The ellipSWCNT-L materials were purified following Ref. 12. Peapod
soidal shaped & were found to be present in both standing samples were prepared by annealing SWCNT with i€ a
or lying configurations, i.e., with the longer,gaxis perpen- quartz tube following Ref. 12 and were transformed to
dicular or parallel to the tube axi&:!! DWCNT at high temperature following Ref. 7. The diameter
At first glance, the above-mentioned assignment by Radistributions of the SWCNT materials were determined from
man spectroscopy of the inner tubes in DWCNTSs is not apRaman spectroscopy giving dy;=1.50 nmg;=0.10 nm,
plicable to study properties of the outer tubes. However, wely,=1.45 nmgy»,=0.10 nm, dg=1.35 nmgr=0.09 nm,
show in this paper that the assignment of chiralities to theand d, =1.39 nm g =0.09 nm for the mean diameters and
inner tubes of DWCNTs is a new and so far unique tool forthe variances of the distributions, respectively. The results
a diameter selective or even chirality selective analysis of thelescribed here were observed for all samples. Multifre-

Il. EXPERIMENTAL DETAILS
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DWCNT-R DWCNT-N1 butions follow a Gaussian function with a mean diameter
0.72 nm smaller than those of the outer tdesd with the
same variance as the outer tubes. We used the empirical con-
stants from Ref. 5 for the RBM mode Raman shift versus

JL inner tube diameter expression. The corresponding Gaussian

n diameter distribution of inner tubes is shown for the
DWCNT-L sample in Fig. 1. We observe a good agreement
between the experimental and simulated patterns for the

x4 DWCNT-R sample. A somewhat less accurate agreement is

JJ\IM observed for the DWCNT-N1,N2 samples, which may be
related to the different growth method: arc discharge for the
latter, as compared to laser ablation for the R and L samples.

DWONTL DWCNT-N2 The observed agreement has important consequences for the
understanding of the inner tube properties. As a result of the
photoselectivity of the Raman experiment, it proves that the
electronic structure of the inner tubes is identical in the dif-
ferent starting SWCNT materials.

The RBM frequencies of neighboring inner tubes are on
the average four times more separated from each other than
those of the outer onésln addition, the outer tube RBMs
have a typical full width at half maximuntFWHM) of
5-10 cm? (Ref. 15 as compared to the FWHM of the inner
tube RBMs of 0.5 cmt (Ref. 4). As a result, the available
spectral resolution is at least 40 times larger when the RBMs

250 300 350 400 250 300 350 400 of the inner tubes are investigated. This allows us to study

Raman shift (cm”) chirality or at least diameter selective reactions of the outer

FIG. 1. As measured Raman spectra of the inner nanotubéUbes by analyzing the inner tube response.

RBMs for four 60-DWCNT sampledower curves in each quarer In Fig. 2, we show the Raima'n SpeCtra of the 60-

at A\=647 nm laser excitation. The upper spectra are smart scaleE?WC_NT'NZ heat-treated at 800 . C in dynamic vacuum for

from the lower left spectrum. The Gaussian diameter distribution i*0 Min prior to the & encapsulation and DWCNT transfor-
shown for the DWCNT-L sample. mation as compared to an untreated sample. The spectra are
normalized by the amplitude of the corresponding outer
. tubes. The weaker response at higher Raman shifted lines,
quency Raman spectroscopy was performed on a Dilor *Ye., inner tubes with smaller diameters, is apparent in Fig
triple axis spectrometer in the 1.64—2.54 €R65—488 nm 2b) dis sh titatively in Fi ('® h It '
energy range and in a Bruker FT-Raman spectrometer for thg(- and 15 shown quantitatively 1 Hg.1@. “ne resut 1s

i h | lu- vidence for an annealing induced closing of the outer tubes

1.'16 ev(1064 n[r) eXC|tat|qn at 90 K. The spectral resolu with small diameters, which prevents thg,@ncapsulation.

tion was 1-2 e’ dgpendmg on the Iase.r wavelength. Ra'It relates to the higher reactivity for healing of openings in

man shifts were calibrated against a series of spectral caly || giameter SWCNTSs, which provide the host for the nar-

bration lamps. rower inner tubes. To exclude other effects, such as coales-
cence observed at similar temperatures under intensive elec-

Il EXPERIMENTAL RESULTS AND DISCUSSION tron radiatiqnl,6 we checked that the full inner tube signal

can be obtained for samples subject to a 30-min-long 500 °C
In Fig. 1, we compare Raman spectra of the differentoxidation treatment in aifreopening after the vacuum an-
60-DWCNT materials for the 647 nm excitation. The spectranealing. Although the overall healing effect and the more
are representative for excitations with other laser energiegpid closing of smaller nanotubes has been long anticipated,
and represent the response from the radial breathing mode our knowledge this is the first example when it is observed

(RBM) of inner tubes. The RBMs of all the observable innerwith an individual tube sensitivity. The technique allows a

tubes, including the split componeritgan be found at the quantitative determination of the healing speed of the differ-

same position in all DWCNT samples within the £0.5¢m ent SWCNTs.

experimental precision of our measurement for the whole Figure 3 compares the Raman spectra of 60- and 70-

laser energy range studied here. This proves that vibration@WCNT-R for some representative laser energies. The

modes of DWCNT samples are robust against the startinRBMs of all the observable inner tubes, including the split
material. components, can be found at the same position for all the

As the four samples have different diameter distributions60-DWCNT and 70-DWCNT samples within our experimen-

the overall Raman patterns look different. However, scalingal precision. This reinforces the previous finding that the

the patterns with the ratio of the distribution functidssnart  inner tube formation is robust against the starting SWCNT
scaling allows us to generate the overall pattern for all sys-material or fullerene. The spectra shown in Fig. 3 are pair-
tems, starting from, e.g., DWCNT-L in the bottom-left corner wise normalized by the intensity of a selected inner tube
of Fig. 1. It was assumed that the inner tube diameter distrifrom the 300—340 ciit spectral range.
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FIG. 3. Comparison of the Raman spectra of 60-DWCNT-R
‘ ‘ ‘ (lower spectraand 70-DWCNT-R(upper spectnafor A=515, 647,

250 300 . 3?0 400 755, and 1064 nm, respectively. Solid arrows indicate(#h® and

Raman shift (cm™) (5,3 nanotubes in the 755 nm spectra and(thg) nanotube on the

— — ‘ T ‘ T 1064 spectra. Dashed arrows mark the vicinity of the 362+3'cm
1.8 1.7 1.6 1.5 1.4 1.3 5pectra| range.

Outer tube diameter (nm
(o) C,o peapods in the lying configuration. The diameters of the

FIG. 2. Raman spectra of untreated tultes tubes heated at above-mentioned and arrow-indicated tubes in Fig. 3 are all
800 °C prior to filling (b), and ratio of the inner tube signal inten- Well below this value. Thus, the smallest observed inner
sity for the heat treatefl;eaed @nd the untreated materiédh) (c).  tubes for the 70-DWCNT are made nominally from lying,C
The lowest scale shows the diameters of the corresponding outgreapod molecules.
tubes. The above result has important implications on the theo-

retical models of the inner tube formation. It has been sug-

The observation of the very small inner tubes, with Ra-gested that the route to inner tube growth is the formation of
man shifts ranging up to 450 ctfor 70-DWCNTs, is im-  cycloadditionally bonded precursorggCdimers®® Once the
portant. The smallest observable inner tubes for 60-SWCNWimers are formed, Stone-Wales transformations proceed un-
were found to b&the (7,0), (5,3), (4,4), and(6,1) with diam- til the completely formed inner tubes are developed. As cy-
eters of 0.553, 0.553, 0.547, and 0.519 nm, respectivly. cloaddition needs facing parallel double bonds, the lying C
indicated by solid arrows in Fig. 3, we clearly observe themolecules are geometrically hindered to establish this reac-
(7,0, (5,3, and(4,4) for the 70-DWCNT-R sample with in- tion due to the facing pentagoAd.herefore, a different pro-
tensities similar to those in 60-DWCNT. The identification of cess must be anticipated for the formation of very small di-
the (6,1 tube is less certain as it appears with very smallameter inner tubes. This means the theory of inner tube
intensity already for the 60-DWCNT sample in a previousformation requires revision. As an alternative possibility for
report* Using the experimentally determined 0.72 nm innerthe formation of inner tubes, a complete decay of the
and outer tube diameter different®the cutoff of the inner  fullerenes into, e.g., Cunits may take place. In this case, the
tube distribution at thg6,1) tube for 60-DWCNT can be particular geometry of the given fullerene does not play a
related to the smallest outer tube withy,of ¢, ~1.239 nm  role.
where Gg can enter. This value is in reasonable agreement In what follows, an anomalous behavior observed for 70-
with theoretical estimates wheréc, ~1.2 nm was DWCNTS with doyter~ deritica IS discussed. The dashed ar-
found for the smallest tube diameter wherg, @eapod for-  rows in Fig. 3 mark the vicinity of the 363+3 cthRaman
mation is energetically favored-1° Similarly, the energetics ~shifted RBMs which were previously identified to originate
of the G, encapsulation was calculated andl, from the (5,5 metallic (d=0.68 nm and the(8,1) semicon-
~1.35 nm was found for the SWCNT diameter, which sepaducting (d=0.671 nm inner tubes along with their split
rates the standing and lying configuratidA8ased on this component$:® For the 647 nm excitation, an unusual and
value, inner tubes witd<0.63 nm can only be formed from unexpected behavior is observed. Within the Raman shift
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8 discuss two possible origins of the missing inner tuk@s:
; . inability to form inner tubes from peapods filled with mixed
lying and standing &, configurations(ii) inability of C;, to
6 enter into SWCNTSs Withtl e~ dgriticarr CONCeErning the first
& _ case, SWCNTs withtly e~ deriticar €N be filled with mixed
959 lying and standing &, molecules, which makes a cycloaddi-
24 = tion reaction difficult. However, we have shown that inner
'<: 3 tubes are also formed from lying;gmolecules alone, which
§ 3 ¥ disfavors the idea that the precursor dimer is indeed neces-
& r sary for the inner tube formation. Thus, it is argued that the
-2 . ' absence of inner tubes whel, e~ deritical IS rather caused
N LY A by the absence of 45 molecules for peapods with this diam-
S el . eter.
0 A mechanism involving impurities or side-wall defects
250 300 350 400 450 500 can explain the following observation: for the critical outer
Raman shift (cm) tube diameter, one can expect that for a perfect tube the lying

) ) ) ) configuration is preferred. However, when side-wall defects
_FIG. 4. Nor_mallzed intensity ratios of the Raman RBM mo_desOr impurities are present, a,;gmay change its configuration
of inner tubes in 60-, and 70-DWCNT-R materials at all laser I|nesto a standing geometry that would immobilize it, thus pre-
studied. The data are sliding averaged as explained in the text. Tq?enting other G, from entering the tube Alternativ,ely ag

dashed curve is a guide to the eye. molecule entering at the critical diameter may get trapped at
range indicated by the dashed arrows, some inner tube RBR tube defect as, e.g., a bend or kink and thus prevents further
components are significantly weaker for the 70-DWCNTTilling. The diameter selective filling may provide a way to
samples as compared to the 60-DWCNT samples. This igiass-separate the unfilled and fillegy@eapod tubes. Inter-
consistent with the results of the 755 and 1064 nm excitaestingly, the outer tubes which remain unfilled are close to
tions where weaker RBM modes are observed for the 70the well studied 10,10 tube.
DWCNT-R sample. The spectra recorded for 515 nm excita-
tion did not exhibit a relevant signal in the Raman shift
region under discussidhiThe same anomalous behavior was
observed for 70-DWCNT samples prepared from other In conclusion, DWCNT formation from peapods enables
SWCNT materials. the study of diameter selective phenomena in SWCNT ma-
To quantify this effect, we compared the intensity ratio ofterials. The method provides a new and accurate tool for the
the inner tube RBMs in 60- and 70-DWCNTSs for all mea- characterization of controlled nanotube growth and the ef-
sured laser lines and for all observed tubes. Voigtian linedects of subsequent treatments or diameter selective separa-
were fitted to the observed spectra with a Gaussian widthion. The diameter selective closing of tube openings was
determined by the spectrometer response to the elasticallybserved for the first time. Comparison o§y3C;, peapod
scattered light and with a Lorentzian linewidth of the corre-based DWCNTs proves that the inner tube formation is a
sponding RBM mode. As discussed above, we chose a paconservative process against the starting SWCNT or
ticular tube in the 300—340 crhspectral range to normalize fullerene material. The presence of very small inner nano-
the observed inner tube RBM intensities before dividing thetubes in 70-DWCNT presents a challenge to the current the-
so-obtained values for the 60- and 70-DWCNTs by eactoretical models. The absence of middiameter inner tubes in
other. Data points were collected for the RBM from each70-DWCNT is explained by the absence of;@eapods for
tube for excitations with eight different lasers and smoothedhe corresponding nanotube diameter due to the borderline
with three-point sliding averaging. This procedure reducedetween the lying and standingonfigurations.
the noise of the intensity ratio and makes a data point more
rellabl_e when the same tube is ob_ser\_/ed at different laser ACKNOWLEDGMENTS
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the intensity ratio is clearly observed in the 363+37¢m Support from the FWF No. 14893, the EU NANOTEMP
spectral range. This spectral range corresponds to inner tub8N2-2001-00580 and PATONN MEIF-CT-2003-501099
with dipper=0.67 nm andl, =~ 1.39 nm. As the latter value grants, the Hungarian State Grant No. OTKA F46361, and
is close to the critical diameter, it is tempting to associate thérom the Industrial Technology Research Grant Program in
anomaly with the competition between the two configura-03 from the NEDO of Japan is acknowledged. A K. ac-
tions. In this case, the critical diameter to allow for standingknowledges support from the AMFK Foundation in the
C,oencapsulates is refined by the experiment to 1.39 nm. W&amework of the Zoltan Magyary programme.

IV. CONCLUSIONS
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