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Abstract 

Although fullerenes were discovered nearly 35 years ago, scientists still struggle to isolate “single 

molecule” tubular fullerenes larger than C90. In similar fashion, there is a paucity of reports for pristine 

single-walled carbon nanotubes (SWNTs). In spite of Herculean efforts, the isolation and properties of 

pristine members of these carbonaceous classes remain largely unfulfilled. For example, the low 

abundance of spherical and tubular higher fullerenes in electric-arc extracts (<0.01–0.5%) and multiplicity 

of structural isomers remain a major challenge. Recently, a new isolation protocol for highly 

tubular fullerenes, also called fullertubes, was reported. Herein, we describe spectroscopic 

characterization including 13C NMR, XPS, and Raman results for purified [5,5] fullertube family members, 

D5h-C90 and D5d-C100. In addition, DFT computational HOMO–LUMO gaps, polarizability indices, and 

electron density maps were also obtained. The Raman and 13C NMR results are consistent with 

semiconducting and metallic properties for D5h-C90 and D5d-C100, respectively. Our report suggests that 

short [5,5] fullertubes with aspect ratios of only ∼1.5–2 are metallic and could exhibit unique electronic 

properties. 

 

 

Introduction 

Publications are ubiquitous for C60 and C70 fullerenes; yet only a few studies exist for pristine samples of 

higher fullerenes (e.g., C90 and higher). Reasons for this paucity of reports include: (1) typical yields less 

than 0.5%, (2) low solvent solubility, (3) inefficient separation methods, and (4) occurrence of only trace 

amounts of pristine and isomerically pure samples. Because the number of possible structural isomers 

increases with cage size, the complexity of fullerene extracts increases as well. While, Ih-C60 and D5h-
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C70 each have one structural isomer that obeys the isolated pentagon (IPR) rule, there are 46 and 450 

candidate IPR structural isomers for C90 and C100, respectively.(1) If only HPLC is used for separation, the 

co-elution of fullerenes and their structural isomers is often a very difficult obstacle to overcome. For 

example, multiple isomers of C90 have been chromatographically isolated(2−5) and their structures have 

been determined by X-ray crystallography.(3−5) The similarity of retention times among various 

C90 isomers on various HPLC columns is problematic. In the work of Xu et al.,(2) three unique stationary 

phases were needed. Their initial fullerene and metallofullerenes mixture first used a PYE column, then a 

Buckyprep column, and finally a Buckyprep-M column to resolve and isolate C90 isomers I and II. 

Subsequently, three structural isomers of C90 were isolated using a three-stage HPLC process of 

Buckyprep-M, Buckyprep, and PBB columns by Yang et al.(3,4) Their crystallographic analysis provided 

purified C90 samples of C1(30)-C90, C1(32)-C90, and the D5h(1)-C90 tubular isomer.(3−5) Further, the process 

of growing suitable crystals for X-ray structural analysis can be a time process. 

Simultaneous to the progress toward obtaining pristine higher fullerenes, a similar goal but different 

approach has been explored in carbon nanotube (CNT) chemistry. Since the independent discovery of 

single-walled carbon nanotubes (SWNTs) by Iijima and Bethune in 1991, a (n,m) indices descriptor has 

been employed to describe the length and circular vector for the hexagon sheet before roll-up as a single-

wall carbon nanotube (SWNT).(6,7) Specifically, most zigzag SWNTs (n > 0, m = 0) are semiconducting, but 

armchair SWNTs (n = m) are expected to exhibit metallic behavior. In 1992, DFT studies by Mintmire and 

colleagues reported that a [5,5] nanotube would have room temperature metallic character and carrier 

mobility along the tubular axis comparable to metals.(8) Moreover, in contrast with normal metallic wires, 

it is reported that armchair nanotubes exhibit an effective disorder that increases with the CNT’s diameter 

and should result in exceptional ballistic transport properties for large diameter (n = m) CNTs.(9) The 

methods for generating CNTs from graphite invariably produce mixtures of zigzag and armchair tubes of 

varying chirality, diameters and lengths. Hence, their separation has proven to be virtually impossible on 

a practical scale. An alternative strategy is an organic synthesis approach that employs an end-cap 

template or short CNT that can be elongated by successive annulated ring growth toward longer CNTs. 

Scott and co-workers have elegantly described the preparation of a pristine and well characterized 

hemispherical C50H10 that serves as a template for a [5,5] SWCNT.(10) In a similar approach Fasel, 

Amsharov, and co-workers have reported the templated synthesis of [6,6] CNTs from a 90 carbon 

polyarene moiety prepared on a Pt(111) surface.(11) With further elaboration, either of these approaches 

would allow preparation of elongated [n = m] SWCNTs that could serve as thin highly conductive 

nanowires for numerous optoelectronic applications. Although equally synthetically challenging, an 

alternative approach involves the synthesis of carbon nanobelts (CNBs). In 2017, Itami and co-workers 

reported the synthesis of an armchair [6,6] CNB for the first time.(12,13) In 2019, the group of Miao 

reported the synthesis of armchair [12,12] and chiral [18,12] CNBs.(14) More recently, the Itami group 

has reported a zigzag [18,0] CNB.(15) 

Results and Discussion 

[5,5] Fullertube Series 

Recently, Stevenson and co-workers reported a new strategy for the chemical isolation of a tubular 

fullerene series. These represent members of a [5,5] fullertube family with half-C60 end-caps and belts of 

10 carbon atoms as illustrated for fullertubes, D5h-C90 and D5d-C100 in Figure 1.(16) 
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Figure 1. [5,5] SWNT, D5h(1)-C90 and D5d(1)-C100 Fullertubes: D5h and D5d fullerenes, but with end-caps 

removed, they are single-walled carbon nanotubes (SWNTs). 

 

These tubular carbon allotropes can be selectively separated.(16) Insertion of an odd number of five-

hexagon torus rings (D5h-C90 and D5h-C100) requires rotation of the upper cap by π/10.(17) This symmetry 

difference is readily observable in the DFT surface electrostatic maps and is especially prominent in the 

middle of the D5d versus D5h examples. All molecules described below were fully optimized utilizing the 

DFT B3LYP/6-31G* level as implemented in Gaussian09 with experimental and physical characterization 

details provided in the SI. The Fowler and Manolopoulos spiral program shows the subtle alteration in the 

spiral assembly in the Schlegel projections of D5h(1)-C90 and D5d(1)-C100 (Figure 2).(1) Spiral stripes show 

the same (blue) and difference (red) parts of the spiral assembly. As illustrated in Figure 3a, an amino 

propanol procedure permits a sample enriched in C90 and C100 fullertubes (see SI). Aliquots were removed 

from the reaction mixture at 30 min and 5 h (Figure 3b). HPLC analysis (PYE column, SES Research) shows 

a reduction of spheroidal fullerenes (C60, C70) and an increase in the percent abundance of C90 and 

C100 fullertubes. Fractions corresponding to the D5h(1)-C90 peak (11 min) and D5d(1)-C100 (19.2 min) were 

collected. These data indicate that high purity samples (99.5+ %) for both D5h(1)-C90 and D5d(1)-C100 can be 

readily obtained. 

 

Figure 2. [5,5] Single-walled nanotube series. Schlegel projections of spiral program for (a) left, D5h(1)-C90; 

right, D5d(1)-C100 and (b) DFT electrostatic potential maps for D5h(1)-C70, D5h(1)-C90, D5d(1)-C100, and D5d(1)-

C120 (not isolated), (0.001 ebohr–3). 
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Figure 3. (a) Selective amino propanol chemical reaction to isolate the C90 to C100 fullertube series. (b) 

HPLC traces of the original soot extract and the HPLC trace of the extract after the selective aminopropanol 

chemical reaction for 0.5 h, 5 h, with HPLC collected (after 48 h) and purified D5h(1)-C90 and D5d(1)-

C100 fullertubes. 

 

In several previous studies, the HOMO–LUMO gap has been employed to predict the stability and relative 

abundance of fullerenes and metallofullerenes.(18,19) The DFT predicted HOMO–LUMO gaps for the 

D5h and D5d series C60 to C120 are shown in Figure 4. In contrast, smaller HOMO–LUMO gaps for D5d-

C80 (1.04 eV) and D5h-C110 (0.74 eV) are consistent with their corresponding absence in the mass spectrum 

and chromatographic trace (Figure 3) even though they are members of this 5-fold C70-C120 series (see SI). 

Shinohara and co-workers previously isolated the lower abundance D5d(1)-C80 isomer (2 mg) and also 

D2(2)-C80 (5 mg) in quantities that are consistent with the low HOMO–LUMO gaps.(20) In contrast, the 

prominent members of the series D5h-C70, D5h-C90, and D5d-C100 have HOMO–LUMO gaps above 1.0 eV. It 

is clear that the new chemical reaction protocol separates from a myriad of possible isomers only 

fullertube isomers of high symmetry. 
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Figure 4. (a) Bond polarizability indices (Ξ) relative to molecular polarizability (dotted blue line), D5h-C70, 

D5h-C90, D5d-C100, and D5d-C120. (b) D5d and D5h Fullerene DFT HOMO–LUMO Gaps. From left to right: D5h-C70, 

D5h-C90, D5d-C100, and D5d-C120. Solid line drawn as a guide to the eye. 

 

[5,5] Fullertube Depressed Chemical Reactivity 

Of particular relevance to this chemical isolation protocol is the lower chemical reactivity of pristine 

tubular, D5h(1)-C90 and D5d(1)-C100 toward amination with amino propanol. In earlier reported DFT studies 

for the amination of [5,5] and [10,0] end-cap nanotube carbons with methylamine, both 6,6 bonds 

pyracylene and 6,5 pentagon carbons exhibit exothermic reaction energies in [5,5] and [10,0] 

nanotubes.(21) It was also established that methylamine reactivity is not significant at pentagon ring 

bonds. Later studies clearly show that the monoaddition of methylamine occurs specifically at 6,6 C–C 

junction (a-b bond, Figure 4) of the pyracylene unit in C60, and the [5,5] end-caps of C120 are significantly 

more energetically favorable in comparison with the addition to other 6,6 and 5,6 C–C 

junctions.(22) Sabirov has shown that a polarization model is useful for understanding the modes of ozone 

and diazomethane addition to higher fullerenes, D5h-C70, D2-C76, and C2v-C78, which have inequivalent 

double bonds.(23,24) This polarizability model predicts the same 6,6 C–C junction as found for the earlier 

amination studies as illustrated in Figure 4. 

The Sabirov approach considers the fullerene molecule as a polarizable ellipsoid in a polar coordinate 

system (origin is at the center of mass of the molecule) and assigns each reaction center a point (different 

carbon atom) belonging to the polarizability ellipsoid and characterized by the polarizability ξ which is in 
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the direction of the reaction center. The polarizability index Ξ was determined as the average between 

two adjacent sites (bond). (1) (2) 

As illustrated in Figure 4, a specific 6,6 C–C junction (a-b) exhibits a much larger polarizability index than 

any other carbon bond for the end-caps of D5h(1)-C70, D5h(1)-C90, and D5d(1)-C100. Although a second 5,6 C–

C bond (b-c) slightly exceeds the Sabirov criteria for low reactivity (Ξ < αav), the earlier DFT amination 

studies and the significantly greater reactivity predicted by the polarizability index for the a-b bond 

suggest a greater reactivity for the a-b bond. The polarizability index predicts a high chemical reactivity 

for only one type of 6,6 bond (10 bonds total) in the end-cap of these [5,5] tubular fullerenes. The trend 

for the series D5h(1)-C70, D5h(1)-C90, and D5d(1)-C100 is an increasing number of nonreactive bonds (Ξ < αav) 

relative to the more reactive 6,6 bonds, and the reaction rate should decrease with increasing tube length. 

In addition, lower symmetry ellipsoidal and spherical isomers for C90 and C100 should exhibit a higher 

reactivity toward amination. 

D5h(1)-C90 and D5d(1)-C100 Physical Characterization 

UV–vis 

The UV–vis experimental spectra were obtained for isolated D5h(1)-C90 and D5d(1)-C100 fullertube species 

and compared to published spectra (see SI).(16) The D5h(1)-C90 UV–vis spectrum was also previously 

published by Yang et al.(4) In that work, three C90 isomers were characterized by UV–vis with 

corresponding X-ray crystal structures.(4) We have compared DFT calculations that predict the major 

features of the UV–vis D5h(1)-C90 and D5d(1)-C100 (see SI). When dissolved in carbon disulfide, the D5d(1)-

C100 has peak maxima at 410 nm, 661 nm, and a large peak at 574 nm that dominates the predicted UV–

vis spectrum. It should be noted that C60 also has peaks at 540, 560, and 600 nm consistent with the 

complementary purplish color of Ih-C60 and D5d(1)-C100 (see SI).(16,25) 

13C NMR 

The X-ray single crystal structure has been obtained for D5d(1)-C100, but the 13C NMR spectra for this sample 

have not been reported.(12) The 13C NMR chemical shift is an important parameter to define the diameter 

of semiconductor and metallic SWNTs.(26) The 13C NMR spectra for the isolated C90 and C100 fullerenes are 

shown in Figure 5a and consists of only 6 observed lines. The C90 isomer has 4 pyracylene 6,6,5 carbon 

sites that range in chemical shifts from 153.6 to 133.7 ppm for the end-capped carbons to the belt 

carbons. The poor S/N ratio limits the predicted intensity ratios with the aberrant intensity peak at 153.6 

ppm, but the other 6,6,5 peaks are in qualitative agreement. The 6,6,6 junction belt carbons exhibit 13C 

NMR chemical shifts of 132.2 and 128.5 ppm with the expected intensities of 10 and 20, respectively. In 

addition, the DFT computational results for D5d(1)-C90 are in agreement with the experimental data and 

all predicted values are within ∼2.5 ppm. 
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Figure 5. DFT computational NMR shifts vs experimental chemical shifts for (a) D5h(1)-C90
13C 150 MHz (14.1 

T) NMR spectrum, in carbon disulfide, Cr(acac)3 added, and (b) D5d(1)-C100, 13C 200 MHz (18.8 T) NMR 

spectrum in o-d4-dichlorobenzene, Cr(acac)3 added, and 77 h of scan time. 

 

Consistent with the experimental 13C NMR spectrum, the IPR allowed C100 fullerenes have only 3 high 

symmetry IPR isomers with fewer than 10 spectral lines, D5d(1)-C100 (2 × 10, 4 × 20), T(321)-C100, (1 × 4, 8 × 

12), and D5(450)-C100 (10 × 10). The isolated C100 sample was limited by poor solubility in most solvents, 

but a 13C 200 MHz (18.8 T) NMR spectrum was obtained in o-d4-dichlorobenzene and required 77 h of scan 

time (Figure 5b). The C100 isomer has 4 pyracylene 6,6,5 carbon sites that range in chemical shifts from 

153.2 to 138.0 ppm for the end-capped carbons to the belt carbons with correct intensity ratios of 10, 10, 

20, 20, and 20, respectively. The DFT 6,6,6 junction belt carbons have predicted 13C NMR chemical shifts 

of 124.9 and 126.8 ppm, but only a peak at 124.4 was observable in agreement with the most shielded 

carbon. The “missing” 13C NMR signal for the D5d(1)-C100 sample is most likely concealed under the 

intense o-d4-dichlorobenzene solvent lines. It should be noted that the 13C NMR experimental and 

computational data are consistent for the D5d(1)-C100 isomer with 5 out of the predicted 6 13C NMR 

experimental peaks within 0.5–1.2 ppm of the DFT computational values, and the 6,6,5 carbon sites have 

the predicted intensity ratios (10, 10, 20, and 20) for this isomer. The first belt carbon attached to the end-

cap for D5h(1)-C90 has a shift of 128.5 ppm which is 4 ppm higher than the same carbon site for D5d(1)-

C100 (124.4 ppm). This is in excellent agreement with the results by Engtrakul and co-workers who 

observed 13C chemical shifts for metallic SWCNTs shifted to lower frequency by 3–4 ppm relative to 

semiconducting SWCNTs with similar diameters (0.77 and 0.82 nm).(26) 

XPS 

The XPS spectra for the D5h(1)-C90 and D5d(1)-C100 samples are shown (Figure 6a,b). The carbon 1s XPS 

spectra for the tubular fullertubes D5h(1)-C90 and D5d(1)-C100 are positioned at binding energies of ∼285.0 
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eV and fwhm of 1.15 and 1.00 eV, respectively. Of particular interest, there is no evidence of asymmetry 

in the C 1s peaks for either D5h(1)-C90 and D5d(1)-C100. The C 1s XPS spectrum reported for long metallic 

SWNTs with larger diameters (dt ∼ 1.5 nm) are shifted to lower energy in the C 1s band and a smaller 

fwhm (284.4 and 0.77 eV). Their study has shown that the carbon 1s peak is significantly shifted for silver 

chloride filled metallic nanotubes and broadening is usually observed when charge is introduced into a 

SWCNT.(27) In addition, although the XPS spectrum for the D5h(1)-C90 sample exhibits evidence for a trace 

amount of oxygen, (small O 1s peak ∼530 eV), there is no evidence of any significant C–O bond formation 

which would lead to a side peak for C 1s peak at ∼286 eV (Figure 6b). The influence of elevated 

temperatures (300 °C) were also explored for the D5d(1)-C100 sample (Figure 6c), but the C 1s peak remains 

symmetric with a binding energy and fwhm of 285.1 and 1.00 eV. The elevated temperature (300 °C) XPS 

spectrum for the valence band for the D5d(1)-C100 sample is shown in the SI. 

 

Figure 6. (a) Survey XPS spectra for D5h(1)-C90 and D5d(1)-C100 on Au surface. (b) Expanded C 1s XPS Spectra 

of D5h(1)-C90 and D5d(1)-C100. (c) 300 °C C 1s XPS of D5d(1)-C100. 

 

EPR 

The X-band EPR data (0.33T) was also obtained for solid C60, D5h(1)-C70, D5h(1)-C90, and D5d(1)-C100 (SI). An 

asymmetric peak (nondegassed) was obtained for all samples with nearly equivalent g factors of 2.000 ± 

0.006. These results are consistent with the report by Reed and co-workers of the presence of a fullerene 

epoxide, (e.g., C60O) in many fullerene samples exposed to O2 with a g factor of 2.0026.(28) However, no 

significant difference in the EPR spectra was observed for these samples with no apparent evidence of 

itinerant electrons associated with a higher g factor (g = 2.07).(29) 

Raman 

As previously noted, the electronic properties of SWCNTs critically depend on their structure, which is 

characterized by the chiral index (n,m) that denotes a vectorial orientation of the rolled-up hexagonal 

carbon lattice. On the basis of previous studies, SWNTs with n = m are predicted to be metallic and exhibit 

properties characteristic of highly conductive thin nanowires.(8,9) However, for the case of 
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[5,5] fullertubes, additional factors are important when assessing the electronic properties, such as the 

tube length, closed end-caps, and small diameter (dt = 0.69 nm).(30−34) The two Raman features most 

commonly employed to characterize SWNTs are the G-band at ∼1580–1600 cm–1, a vibrational mode 

common to all sp2 carbons and the radial breathing mode (RBM) which is a characteristic mode exclusive 

for all SWCNTs. The Raman spectral data for D5h(1)-C90 and D5d(1)-C100 and expansions of the G band and 

RBM are shown in Figure 7a,b. The RBM features correspond to the coherent vibration of carbon atoms 

in the radial direction, and characterized as a “breathing” mode. For the RBM region, there are several 

peaks in this region for these [5,5] fullertubes, therein confirming a classification as SWNTs. Although a 

RBM mode can usually predict the nanotube diameter for isolated SWNTs, this simple linear relationship 

does not hold for small nanotubes because of significant lattice distortions of nanotubes with widths, dt < 

1 nm.(31) Kurti and co-workers considered this issue for small diameter tubes with ωDFT = 234/dt, and they 

predicted values ranging from 337 to 339 cm–1 for [5,5] nanotubes, dt= 0.69 cm–1.(33) To account for van 

der Waals interaction(s) with the environment, Dresselhaus and co-workers presented a revised RBM 

equation for predicting the diameter of nanotubes(34) (3) 

 

Figure 7. Raman spectral data for D5h(1)-C90 and D5d(1)-C100 and expansions of the (a) G band and (b) RBM 

band. 

 

For [5,5] fullertubes (dt = 0.69 nm), this calculation leads to a predicted value of 333.6 cm.–1 For the D5h(1)-

C90 and D5d(1)-C100 samples, there are small peaks, 334.3 and 334.8 cm–1, respectively, which are in 

excellent agreement with this prediction (Figure 7). As expected, it is important to note that for a heated 

sample of D5d(1)-C100 (300 °C), the 334.8 cm–1 mode is broadened and attenuated with only 3 prominent 

peaks remaining in the RBM region at 551, 427, and 223.4 cm–1 (SI). It is well recognized that a Breit-

Wigner-Fano (BWF) line shape is needed to fit the tangential G band for metallic carbon nanotubes with 

a higher frequency Lorentzian line-shape factor (∼1600 cm–1) and lower frequency BWFT components 

(1577 and 1545 cm–1).(30) The D5h(1)-C90 and D5d(1)-C100 samples exhibit maximum peaks at 1581.1 and 

1576.6 cm–1, respectively. In addition, the D5d(1)-C100 sample exhibits a weak sideband peak at ∼1548 cm–
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1 consistent with metallic character for the D5d(1)-C100 sample (see SI). In addition, the G band consists of 

two major bands (G+ and G–) with the former dependent on vibration modes between two dissimilar 

carbon atoms in the SWNT and is independent of the SWNT diameter.(31) The G+ mode approaches the 

value for graphite of 1591 cm–1 for large diameter SWNTs, whereas the G– mode is dependent on the 

diameter and whether the SWNT is metallic or a semiconductor. This has been expressed as G– = 1591 

cm–1-A/dt
2, where (AG–)S = 47.7 and (AG–)M = 79.5 cm–1/(nm)2 for semiconducting and metallic SWNTs, 

respectively (see Figure 8). The Raman G modes are summarized for the [5,5] fullertube series of C70(D5h), 

D5h(1)-C90, and D5d(1)-C100 with 1, 3, and 4-hexagon torus rings between the upper and lower halve-

C60 caps. Although D5h(1)-C90 has G– bands consistent with semiconductors, the longer D5d(1)-

C100 fullertube is consistent with metallic properties with two prominent 1449.2 and 1424.4 cm–1 modes 

which are reasonably close to the predicted metallic value of 1426.4 cm–1. 

 

Figure 8. Raman G band for C70(D5h), C90(D5h), and C100(D5d): Raman data for C70(D5h) are obtained from 

data reported by Kappes and co-workers.(35) Dotted lines are predicted semiconductor and metallic lines, 

G– = 1591 cm–1-A/dt2, dt = 0.69 nm; (AG-)S = 47.7 and (AG-)M = 79.5 cm–1/(nm)2, respectively. 

 

Since [n = m] single-walled carbon nanotubes (SWNT) are usually not end-capped and normally exhibit 

variable nanotube diameters (dt) with large aspect ratios, it is relevant to consider whether pristine [5,5] 

end-capped fullertubes with small aspect ratios veritably exhibit metallic character. Our experimental 13C 

NMR and Raman results support the argument of metallic character for D5d(1)-C100, but the argument is 

tenuous for D5h(1)-C90. As previously indicated, the seminal study by Mintmire and colleagues consists of 

a DFT model of a tubule constructed from 10 rings with D5h symmetry.(8) A further description of their 

[5,5] nanotube model leads to a Fermi crossing of irreducible representations (a1 and a2) at k = 2π/3 in the 

Brillouin zone. This Fermi crossing represents a breaking of symmetry from a single ten-carbon ring to 

three ten-carbon ring units. Since D5h(1)-C90 and D5d(1)-C100 have three and four ten-carbon tubular ring 

units, it is reasonable conjecture that metallic character starts with D5d(1)-C100. This also leads to the 

prediction that other members of the [5,5] fullertube family with higher aspect ratios will also be metallic. 

Conclusions 

The results of the current study demonstrate isolation and physical characterization of pristine D5h(1)-

C90 and D5d(1)-C100 by selective chemical regio-reactivity and methodology for isolating additional pristine 

members of the [5,5] fullertube family. From the chemical reactivity protocol and mass spectral data, it is 

clearly possible to isolate pristine tubular fullerenes larger than C100. Since single-walled carbon nanotube 
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(SWNT) samples usually consist of mixtures with variations based on tube diameter, length, and chirality, 

the availability of pristine [5,5] end-capped fullertubes from C100-C180 will provide unique pristine samples 

for a myriad of potential electronic applications. Our 13C NMR and Raman results suggest that pristine 

D5h(1)-C90 more likely exhibits semiconducting electronic properties, but D5d(1)-C100 is predicted to be 

metallic. As previously reported, semiconducting SWNTs with belt carbons adjacent to end-caps 

exhibit 13C chemical shifts of 125–130 ppm, whereas metallic SWNTs exhibit shifts 3–4 ppm lower.(26) In 

addition, the Raman results for the BWF line shape and G–band are consistent with semiconducting and 

metallic properties for D5h(1)-C90 and D5d(1)-C100, respectively. As previously indicated, the 

[5,5] fullertubes are short armchair SWNTs that are expected to exhibit metallic behavior different from 

ordinary metals and should result in exceptional ballistic transport properties. Finally, the chemical 

separation/mass spectral analysis protocol for the [5,5] nanotube-fullerene family could be an important 

fingerprint for future studies of fullerene or nanotube samples from other terrestrial and extraterrestrial 

sources.(36) To illustrate, carbon nanotubes with diameters close to [5,5] fullertubes (dt = 0.6 nm) have 

been reported in pottery shards found in India dated to ∼2600 years old.(37) 
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