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Abstract: Gel electrophoresis and column chromatography conducted on individually dispersed, ultrasoni-
cated single-walled carbon nanotubes yield simultaneous separation by tube length and diameter.
Electroelution after electrophoresis is shown to produce highly resolved fractions of nanotubes with average
lengths between 92 and 435 nm. Separation by diameter is concomitant with length fractionation, and
nanotubes that have been cut shortest also possess the greatest relative enrichments of large-diameter
species. Longer sonication time causes increased electrophoretic mobility in the gels; thus, ultrasonic
processing determines the degree of both length and diameter separation of the nanotubes. The relative
guantum yield decreases nonlinearly as the nanotube length becomes shorter. These techniques constitute
a preparative, scalable method for separating nanotubes by two important attributes required for electronic
and sensor applications.

Introduction rolling and connecting point (0,0) with poirt,(n) on a graphene
) coordinate plane, all possible nanotube diameters and geometries
can be formed! Raman spectroscopy, used to identify particular
(n,m) nanotubes within a sample, is employed to benchmark
separation processés.The Raman radial breathing modes
(RBMs), in the low-wavenumber region of the Raman spectrum,
correspond to axial vibrations of nanotubes in the sample whose
frequencies are in resonance with the excitation laser. The
Raman shifts of nanotube RBMs are inversely proportional to
the SWNT diametet324
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Important advances in single-walled carbon nanotube (SWNT
separatiofr? are necessary for future development of nanotube-
based technologies. Further advances in electf8nié,struc-
tural 1315 and senséf-17 applications will be dependent on the
ability to exert precise control over the SWNT diamétet,
length1=59 and electronic structurg:18.1°

Nanotubes can be classified by two integemsnj which
define their diameter and electronic structéf8y conceptually
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metallic nanotubes. Semiconducting nanotubes also display near- :
infrared fluorescence features in the 8M®BO0 nm range > mw e e e
consistent with first van Hove (&) transitions?>26 Although
nanotube lengths cannot thus far be determined via spectroscopy,
the aforementioned techniques are rich in SWNT diameter and
electronic structure information.

Significant advances in lengtt?° and diametér8 separation
of nanotubes have been made over the past few years. The most
advanced separation work has been completed by Zheng and
co-workerg8 using a DNA wrapping procedure followed by
ion exchange chromatography to yield nanotubes separated into
fractions of narrow species distribution. The basis of separation 01 3 510
appears to be primarily by diameter, although some electronic hrs hr hrs hrs hrs
component may also be operatf/&his technique may prove
difficult to scale, however, because of the precise sequence of
DNA needed for separation. ) ) . )

. . . Figure 1. Agarose gel run for 30 min containing nanotubes probe-tip

Length separation of nanotubes has been carried out USINGsonicated for various durations. The material in the lane labeled “0 hrs”
various chromatographic techniques:® Size exclusion chro-  was cup-horn sonicated for 10 min with no further probe-tip sonication.
matography of raw SWNT material has produced fractions of T_h_e other Ianes_contqin solutions similarly cup-horn sonicated and ad-
individual and bundled nanotubes with mean lengths around ditionally probe-tip sonicated for 1, 3, 5, and 10 h.
200 nm#> Capillary electrophoresis (CE) produces length-
separated fractions, the shortest consisting of nanotubes averagasmg TAE buffer with 50 mM sodium cholate.

Ing ,Iess than 250 nrfl? To e“hanc‘? I.engt.h separation, SWNT Raman spectroscopy at 633 nm excitation was performed with a
cutting has been a.Ch'eved using nitric acid FO §h0rten nanthbeﬁ_abRam-lR (Jobin Yvon Horiba) and at 785 nm using a Kaiser Optical
from the ends$. This method also causes significant function- ojospec /1.8 imaging spectrograph with a fiber optic probe head
alization and damage of the nanotube sidewall, however, which incorporating both collection optics and excitation laser aperture. The
perturbs the electronic structute. spectrometer also measured fluorescence peaks to approximately 1080

In this study, we demonstrate a scalable method for generatingnm. Raman/fluorescence spectra were taken on electrophoresis gels by
length- and diameter-separated carbon nanotubes via ultrasoniaiming the probe head 9to the agarose gel. The gels were held on
cation and chromatography. Material is characterized by atomic an automates—y translation stage which moved 0.5 mm between every
force microscopy (AFM) and Raman, fluorescence, and absorp_spectrum taken. This produced spatially parsed sets of Raman spt_actra
tion spectroscopies. The cutting process in our system is foung©Ver the length of the gel. Spectra were processed via th«_a Kaiser

. . . . .. .. Holoreact program for Matlab (The Mathworks, Inc.). Peak heights of

to be diameter-selective, causing length fractions to exhibit

ich t or depleti f tub f tai idths. S it all Raman and fluorescence features were calculated at defined
enrichment or depletion of nanotubes of certain widins. Specii- wavelength intervals over each spectrum in the gel. A Shimadzu

ically, we find that shorter nanotubes are enriched in large- (;y.3101PC UV-vis—near-IR scanning spectrophotometer was used
diameter species, while longer nanotube fractions are enrichedfor absorption spectra. Fluorescence spectroscopy measurements be-
with small-diameter tubes. tween 900 and 1400 nm were conducted with a spectrofluorimeter built
in-house and a liquid nitrogen-cooled Edinburgh Instruments EI-L Ge
detector. AFM samples were prepared by depositing nanotube solutions
Single-walled carbon nanotubes produced by the HiPco mé&thod onto silicon wafers coated with (3-aminopropyl)triethoxysilane (APTES)
were obtained from Rice University. Nanotubes were suspended in 100and rinsed with water. Tapping mode AFM images were taken with a
mM sodium cholate hydrate (Sigma) by cup-horn sonication for 10 Digital Instruments Dimension 3100 with BS-Tap300A! silicon probes
min and centrifugation fio4 h at30000 rpn?® The supernatant was  (Budget Sensors).
retained and sonicated for-1.0 h at 3 W using a probe-tip sonicator
(Vibra Cell) in a cooling cell apparatus (Vibra Cell). Electrophoresis Results and Discussion

was performed in a % 10 cm, 1% agarose gel in TAE buffer (T+is . . . .
acetate- EDTA) with 50 mM sodium cholate at 100 V. Nanotube Length Separation.Gel electrophoresis using field strengths

fractions were removed from the gel via electroelution by creating a of 7 Viem for 30 .mln was performed on F:arbon nqnotubgs
second set of eight wells in the gel 4.5 cm from the originald0 produced by the HiPco process, suspended in water with sodium
sample wells. Material was pipetted out of the second set of wells after Cholate, and sonicated for five different durations. The SWNT
30 min of electrophoresis and repeatedly after an additional 5 min of samples, initially cup-horn sonicated for 10 min, and then
applied potential to obtain six fractions. Gravity flow size exclusion subsequently probe-tip sonicated for an additional 0O, 1, 3, 5,
chromatography was performed with Sephacryl S-500 gel filtration and 10 h, result in different degrees of nanotube migration into
chromatography medium (Amersham Biosciences) in a 100 cm Kontes the gel (Figure 1). The resulting agarose gel, run in TAE buffer
: . with 50 mM sodium cholate, shows that faster migration results
(25) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, . . . . .
M. S.: Haroz, E. H.; Rialon, K. L.: Boul, P. J.: Noon, W. H.: Kittrell, .. as the probe-tip sonication duration increases. In the control (0

FlexColumn economy column (Fischer) with a 1.5 cm internal diameter

Experimental Section

tha, 3 b auge, R H. Weisman, R. B.; Smalley, R SEience2002 h), material appears closest to the sample wells, with some
(26) Saito, R.; Dréssenhaus,' G.; Dresselhaus, MPISsical Properties of material failing to migrate out of the well at all. In the lane
Carbon Nanotubesmperial College Press: London, 1998. containing nanotubes probe-tip sonicated for 10 h, material

(27) Strano, M. S.; Huffman, C. B.; Moore, V. C.; O'Connell, M. J.; Haroz, E. .
H.; Hubbard, J.; Miller, M.; Rialon, K.; Kittrell, C.; Ramesh, S.; Hauge, —concentrates further from the wells and leaves no residual
R. H.; Smalley, R. EJ. Phys. Chem. B003 107, 6979-6985. ol i

(28) Bronikowski, M. J.; Wills P. A~ Colbert, D. T.. Smith, K. A Smalley, ~ material in them. The other samples show a systematic increase
R. E.J. Vac. Sci. Technol., 2001, 19, 1800-1805. in migration with sonication time.

14568 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004



Concomitant Length and Diameter Separation of SWCNs ARTICLES

e S0P nM

Avg Lengt: 92 nm Avg Length: 145 nm  Avg Length: 250 nm
Std Dev: 16 nm Std Dev: 43 nm Std Dev: 49 nm

Avg Length: 318 nm  Avg Length: 406 nm  Avg Length: 436 nm
Std Dev: 138 nm Std Dev: 325 nm Std Dev: 206 nm

Figure 2. Atomic force micrographs of six electroeluted gel fractions of nanotubes sonicated for 10 h. Material is removed from a set of wells placed 4.5
cm from the original sample wells. F1 is the first eluted fraction. Each successive fraction elutes after an additional 5 min of applied poteagjal. Ave
nanotube lengths and standard deviations are listed for each fraction. All images use the same scale.

AFM measurements of nanotubes electroeluted from a gel Fixed Raman probe head
run under identical conditions (7 V/cm, 30 min, 10 h of soni- HEsnmEsaeG)
cation) reveal length-dependent separation (Figure 2). The first
fraction of electroeluted material, which moves at the highest Sample Nanotubes
velocity from the sample wells, contains nanotubes with an well | / fgaross gel
average length of 92 nm. Nanotubes in fraction F2 average 144 | U
nm, while those in F3 average 254 nm. The mean length 1
appearing in fraction 6 is 435 nm, but the standard deviation of Tranesdon| T Direction of
lengths increases greatly for the later fractions. We conclude stage ;a;ﬂfnt:;fts‘age
from these measurements that gel electrophoresis separates

Figure 3. Diagram of the apparatus used for Raman/fluorescence spec-

nanotubes primarily by length, as the shortest nanotubes move > ‘ k
troscopy on agarose gels. The gel sits on a translation stage which moves

mOSt qUiCkly through the gel, and that Sonication CUFS nanotubesg 5 mm between spectra taken through a probe head in which excitation
in proportion to the duration of ultrasonic processing. and emission light use the same aperture.

Diameter Separation. The heights of 20 nanotubes on the )
silicon substrate were measured from each of fractions 1, 3, peaks and one fluorescence peak plotted versus distance from
and 6 via AFM. The mean heights are 0.829, 0.789, and the sample wells. The maximum of each feature occurs at
0.585 nm with standard deviations of 0.134, 0.201, and 0.146 different distances. The 213 ci(9,7) d = 1.103 nm) feature
nm, respectively. These values appear low compared with the"®aches its maximum intensity at approximately 64.5 mm into
range of typical HiPco diameters (8-:6.2 nm) despite cali-  the gel- The 231 cmt (12,1) @ = 0.995) RBM reaches its maxi-
bration using etched mica and controlling for deformation due Mum at 61.5 mm from the well. These preferential migrations
to tip compression. Burghard and co-workers suggest that occur only for nanotubes exposed to extended probe-tip soni-
ATPES, used to adhere SWNT to the silicon surface, can maskCation. Figure 4b shows migration of material subjected to cup-
heights as nanotubes recess within the monol&M&everthe- horn sonication for 10 min only.
less, the trend of relative heights suggests that shorter nano- " @ gél containing material sonicated for 10 h, a Raman

tubes, which move more quickly in the gel, possess larger SPectrum at 71.5 mm from the sample wells shows the (9,7)
diameters (by 30%). and (12,1) features at approximately equal intensity (Figure 4e).

Raman and fluorescence data of nanotubes in the gels were! N high relative intensity of the (9,7) RBM, normally diminu-

measured for the 10 h sonicated sample after voltage was applied!V€ in @ HiPco sample, implies enrichment of the large (9,7)
for 1 h. Using an automated translation stage, Raman/fluor- N@notube at this position in the gélConversely, a Raman

escence spectra at 785 nm excitation were taken every 0.5 mpsPectrum at 45 mm from the origin shows only the smaller (12,1)

from the sample well to t_he er_]d of the gel lane (Flgure 3)' Figure (29) Burghard, M.; Duesberg, G.; Philipp, G.; Muster, J.; RothA&.. Mater.
4a presents the normalized intensities of four different Raman 1998 10, 584-588.
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Figure 4. Profiles of five Raman and fluorescence nanotube features and selected Raman RBM spectra in an agarose §éi withfa 100 V applied
potential. Peak heights are recorded versus distance from the sample well. Profiles are normalized with respect to the maximum height of .g@agh feature
Profile of nanotubes probe-tip sonicated for 10 h. (b) Profile of nanotubes probe-tip sonicated for-@hSgectra of Raman RBM regions of nanotubes
probe-tip sonicated for 10 h, taken (c) 45 mm, (d) 61 mm, and (e) 71.5 mm from the sample wa}sRBM spectra of nanotubes probe-tip sonicated for

0 h taken (f) 46 mm and (g) 73 mm from the sample wells. (A spectrum analogous to (c) was not found.)

RBM, implying this species’ slower average movement through (Figure 5b) show behavior qualitatively similar to that of the
the agarose gel (Figure 4c). The 223 &RBM, corresponding Raman and fluorescence profiles for electrophoresed nanotubes
to the (10,5) nanotubed(= 1.050 nm), reaches its maximum  sonicated fo3 h (Figure 5c). All nanotube species elute in the
at the same location as the (12,1) feature, though in all samplessame order using both gel electrophoresis and size exclusion
of intermediate sonication times-5 h), the peak appears to  chromatography, and analogous RBM spectra are found in both
migrate faster than the (12,1) RBM and more slowly than the techniques (provided in the Supporting Information). We
(9,7) RBM, consistent with other observations of diameter- therefore conclude that the distinct electrophoretic mobilities
dependent Raman peak migratfoAnalogous RBM changes  of nanotubes result from molecular size differences only. Since
are found in Raman spectra taken at 633 nm excitation length contributes to the vast majority of size differences in
(Supporting Information). The effect is apparently independent nanotubes, the mobility is deemed largely length dependent.
of the surfactant used. Nanotubes suspended and sonicated in Apsorption spectra of the size exclusion column-separated
sodium dodecyl sulfate (SDS) show relative changes in the nanotubes show that the diameter distribution of nanotubes
RBMs similar to those of sodium cholate-suspended tubes if changes across fractions (Figure 6). Focusing on thdr&n-
electrophoresed with sodium cholate or Triton X-100 surfactant sjtion peaks (900 nm and higher), we note that transition wave-
in the running buffer. We note, however, that, if SDS is used |ength is roughly monotonic with respect to diameter in this

in a running buffer, nanotubes flocgulate |n the gel. region. Using this assumption, we see that the fraction eluted
In the agarose gels, electrophoretic mobility= ¢/f, depends 4t 60 min is enriched in small-diameter nanotubes when com-
on the molecular charge, and on the frictional coefficient, pared to the starting material. However, during elution, the long-

which is dependent on the solution viscosity and the molecular wavelength peaks at 1280 and 1185 nm increase with a con-
size of the analyte. To elucidate the cause of the mobility comitant decrease in the short-wavelength peaks at 980, 1036,
increase, size exclusion chromatography was used, as thisagng 1130 nm. This implies a change in the diameter distribution
technique separates species solely by molecular size. A samplgyith elution time. Absorption spectra of nanotubes electroeluted
sonicated fo 3 h was run through a 100 cm size exclusion from agarose gels show behavior analogous to that of absorption
column (i.d.= 1.5 cm) using a high-resolution gel filtration  gpectra of column-separated nanotubes (provided in the Sup-
medium composed of allyl dextran aidN'-methylenebis-  norting Information). In the & region again, short-wavelength
acrylamide. The eluate was fed by a peristaltic pump at 0.5 peaks appear in early fractions, followed by longer wavelength

mL/min through absorption and Raman spectrometers to recordpeaks in later fractions. Absorption spectra therefore supplement
a UV—vis—near-IR spectrum every 4 min and a 785 nm Raman tne argument for diameter separation.

spectrum every 30 s (Figure 5a). Raman and fluorescence

. . . . . . Changes in nanotube optical spectra have been correlated to
profiles of peak intensity versus elution time in the column

various phenomena other than selective enrichment or depletion

! 132 . .
(30) We reject the possibility of aggregation causing spectral changes here of certain spemeé. For example, bundllng (aggregatlon) of i
because nanotube fluorescence disappears during aggregation. nanotubes changes the Raman resonances due to electronic
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Figure 5. (a) Diagram of the size exclusion chromatography experiment. A 100 cm gravity flow column elutes into a tube connected to a Raman spectrometer
and a U\~vis—near-IR spectrophotometer. A peristaltic pump draws the eluate through the apparatuses and into a fraction collector. (b) Profile of five
Raman and fluorescence peaks during a size exclusion chromatography experiment using nanotubes probe-tip sonicated for 3 h. (c) Profileafedn agaros
containing nanotubes probe-tip sonicated3d run at previous conditions. Profiles were normalized with respect to the maximum height of each feature.

— Starting Material Raman, absorption, and fluorescence spectra of gel and col-

0.2 somn umn fractions all suggest that nanotube species of larger diam-
_ 82 min eters move in unison with small molecular sizes. Separation by
8 015 | e mn diameter is thus concomitant with length fractionation, and
8 i\ nanotubes that have been cut shortest also possess the greatest
g 01\ relative enrichments of large-diameter species. As longer soni-
< cation time causes increased electrophoretic mobilities in the
0.05 gels, we credit sonication for determining the degree of both
N i length and diameter separation of the nanotubes.
0 - Mechanism and Implications of Diameter SeparationWe
300 500 700 900 1100 1300 assert that selective depletion and enrichment of certain nanotube

Wavelength (nm) species have occurred in our fractions, though changes in optical
Figure 6. Absorption spectra of selected fractions of nanotubes probe-tip properties of carbon nanotubes with length fractionation could

sonicated fo 3 h and separated by a size exclusion column. The spectra . . .
show changes in the concentrations of the nanotube species with respect t@rguably be attributed to various length-dependent optical

elution time. effects3® For instance, Rochefort et al. predicts an increase in
metallic nanotube band gap with decreasing nanotube length
dispersion between tubes in contact with each othéBy using ab initio and semiempirical calculations on zigzag=(

corroborating Raman changes with absorption and fluorescencem) nanotubes. According to Rochefort, finite-length effects do
spectroscopies, however, this possibility can be eliminated. not change the band gap until nanotubes ar&®nm in length,
Fluorescence spectra of electroeluted fractions taken from 900corresponding to the 1-D to 0-D transition. Scanning tunneling
to 1400 nm emission are compared to absorption and Ramanmicroscopy experiments show that band gap changes occur
spectra (Figure 7). At 650 nm excitation, fluorescence shows when nanotubes are cut to a few tens of nanométdtiserefore,
changes analogous to those of the absorption spectra. The larget is unlikely that we are seeing these particular finite-length
diameter nanotubes (9,7), (10,3), and (8,6) appear in the firsteffects in our nanotubes.

electroeluted fraction, F1. It should be noted that the (9,7) and  All fluorescence features measured in the agarose gel (Figures
(10,6) features are off-resonance at 650 nm, though they appea# and 5) migrate approximately 445 mm into the gel, though

at an intensity equal to or greater than that of the other peaksRBM maxima elute approximately 20 mm farther down the lane.
in the spectrum. The spectrum of F5 shows that the three large-Five fluorescence features are measured (corresponding to the
diameter peaks are absent or dwarfed by the smaller diameters,3), (6,5), (7,5), (6,4), and (9,1) nanotubes), and all curves
nanotube features, (8,3), (7,5), and (7,6).

(33) Rochefort, A.; Salahub, D. R.; Avouris, P. Phys. Chem. B999 103

(31) Heller, D. A.; Barone, P. W.; Swanson, J. P.; Mayrhofer, R. M.; Strano, 641—646.
M. S.J. Phys. Chem. B004 108 6905-6909. (34) Venema, L. C.; Wildoer, J. W. G.; Janssen, J. W.; Tans, S. J.; Tuinstra, H.
(32) Baik, S.; Usrey, M. L.; Rotkina, L.; Strano, M. $. Phys. Chem. B004 L. J. T.; Kouwenhoven, L. P.; Dekker, Gciencel999 283 52—55.

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14571



ARTICLES Heller et al.
7000
P
g 6000 -
o 5000 -
i
£ 4000 -
o
Qg 3000
-— J
T 2000
D 1000 -
o
0 ;
900 1000 1100 1200 1300 1400
140 800
Z F1 @8  (78) F4
o 120
c 600 -
o 100
£ 80 (8,3)
400 -
Q 60
=
& 407 200 -
q, 20 N
o
0 : ; 0 ‘ ‘
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
500 1500
= F2 F5
77} ]
@ 400
Qo 1000 -
C 300 -
o
S 200 -
= 500 -
@©
o 100
(1'd
0 . . 0 T T T
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400
1000 500
= F3 F6
7] i
c 800 400 -
§C)
c 600 -
- 300 -
_g 400 -
=
= 200 | 2001
[0}
o
0 T T T 100 T
900 1000 1100 1200 1300 1400 900 1000 1100 1200 1300 1400

Wavelength (nm)

Wavelength (nm)

Figure 7. Near-infrared fluorescence spectra of the six fractions electroeluted from an agarose gel and the starting material, taken at 650 nm excitation.

exhibit similar shapes. For clarity, only the (8,3) peak is shown calculated using an absorption peak at 1036 nm and a fluor-
as all fluorescence features exhibit approximately the sameescence peak at 1028.50 nm, corresponding to the (7,5) nano-
behavior as the (8,3) peak. Fluorescence features measured bjube, as well as an absorption feature at 1125 nm and fluor-
this method correspond to smaller diameter nanotubes than thosescence at 1122.88 nm, consistent with the (7,6) nanotube. In
appearing in the Raman spectra, potentially explaining the early both cases, the quantum yield is found to increase exponentially
maxima relative to the RBMs (i.e., these small-diameter nano- with respect to the average nanotube length (measured via AFM)
tubes are disproportionately longer). However, the early maxima (Figure 8).
and subsequent intensity decrease with the tube lengths in the Our diameter-selective cutting results run counterintuitive to
gels, and the column could also signify a decrease in quantumcertain chemical and mechanical arguments. Sonication is
yield with the shortening of nanotubes. believed to cut nanotubes because collapsing cavitation bubbles
A rough method of calculating relative quantum vyields of create localized areas of high pressure and temperature in the
nanotubes of different lengths was employed for the six fractions vicinity of the nanotube sidewall. Continuum mechanics argu-
electroeluted from an agarose gel. The relative quantum yield ments are used to model this cutting process. Shear and normal
is estimated using@; = Freaturd Ateature WhereAseatureaNdFreature forces are calculated on a hypothetical hollow cylirdétormal
are the absorbance and fluorescence intensity of the sample astresses are determined by
the center wavelength of a particular nanotube transition. Due
to the convoluted nature of the absorption spectrum, this is o
inexact. The relative quantum vyields of the fractions are
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Concomitant Length and Diameter Separation of SWCNs ARTICLES

150000 | (7.5) nanotube . diameter SWNT$? Similar behavior during the HiPco process

+ (7.6) nanotube . could explain preferential cutting of nanotubes during sonication,
as nanotubes weakened by defects are more easily cut. Alter-
100000 natively, Miyauchi et al. illustrates the unusual stability imparted
to some small-diameter nanotubes by end caps which follow
the isolated pentagon rule, used to describe stable fullerene
L . structures® Experiments designed to elucidate the mechanism

of diameter-dependent cutting are in progress.
0 ’ Conclusions

0 100 200 300 400 500 Gel electrophoresis and column chromatography conducted
Average Nanotube Length (nm) on ultrasonicated single-walled carbon nanotubes yield con-
Figure 8. Relative quantum yields of the (7,5) and (7,6) nanotubes, comitant separation of tube lengths and diameters. These
electroeluted from an agarose gel, plotted versus average nanotube lengthycglable processes generate nanotube fractions with narrow
as measured by AFM. length distributions and altered diameter populations. The cutting
whereM is the bending moment on a cylindéis the thickness process is diameter selective, and the distribution of nanotubes

of the wall (held constant), andis the average of outer and changes with sonication time. The ability to control this dis-

50000

Relative Quantum Yield

inner radii. Shear stresses are modeled using tribution will permit nanotubes to be isolated by diameter in
preparative quantities. Development of nanotube-based applica-
. v 3+ 3rt + 2 @) tions will require the manipulation of nanotube lengths and
max

diameters described herein.
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according to these indicators, should lead to decreasing stability ) ) . ) f

and shorter nanotubes. Therefore, strain caused by pyramidal- . ISupportlng |nformet|on Avisula_ble. hRaman specrtlra of mate-
ization orzr-orbital misalignment cannot explain SWNT cutting ra processed by size exclusion ¢ romatograp y and Ramen
by sonication. and absorption spectra of electroeluted gel fractions (PDF). This

Zhang and lijima report that the larger diameter SWNTs material is available free of charge via the Internet at

 BA4r% + 6r? + 4rt + t*
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