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Abstract: In the applications of single-walled carbon nanotubes (SWNTSs), it is extremely important to
separate semiconducting and metallic SWNTs. Although several methods have been reported for the
separation, only low yields have been achieved at great expense. We show a separation method involving
a dispersion—centrifugation process in a tetrahydrofuran solution of amine, which makes metallic SWNTs
highly concentrated to 87% in a simple way.

Introduction amount of the separated metallic SWNTs is quite small in this

Single-walled carbon nanotubes (SWNTs) have excellent €chnique. Metallic and semiconducting SWNTs wrapped by
mechanical and electrical properties that have led to the proposaPNA have been separated by anion exchange chromatogfaphy.
of many potential applicatiod However, SWNTSs are typically The main problem of anion exchange chromatography separation
grown as the bundles of metallic and semiconducting tubes, thus!S 'S €xpense and removal of the wrapping DNA from SWNTS.
hindering widespread applications. Therefore, it is technologi- Starting from as-prepared SWNTSs rather than carboxy-func-
cally critical to separate metallic and semiconducting SWNTs tionalized SWNTs, we have developed a convenient amine-
in high yields. Starting from carboxy-functionalized SWNTs 2ssisted method that makes metallic SWNTs remarkably
with assistance of octadecylamire porphyrinst semiconduct-  €nriched in a simple way.
ing SWNTs have been separatgd from their metallic counter- Experimental Section
parts. On the other hand, metallic SWNTs have been separated _ o _
from semiconducting counterparts by using complexation with ~ The first step toward the separation is to disperse SWNT bundles.

brominé or alternating current dielectrophore8iyut the A typical dispersion procedure is as follows: 1 mg of SWNTs
(HiPcoTM, Carbon Nanotechnologiésyas added to 10 mL of a 1.0

"Tokyo Gakugei University. M solution of 1-octylamine in tetrahydrofuran (THF) and then sonicated
;UHIYEFSIW of Tsukuba. for 2 h atroom temperature (AP-SWNTSs) followed by centrifugation
. Ii ilﬁiﬂ?egglvﬁﬁ'é%u|ar Science (4562@, 12 h) of the suspension to remove nondispersible SWNTSs.
OAIST. ' The resulting supernatant solution and deposit of SWNTs are designated
# Hokkaido University. as SWNTs-OS1 and SWNTs-OD1, respectively. SWNTs-PS1 is the
© Tohoku University. first supernatant solution of SWNTSs treated by a disperstantrifuga-
@ éa) I'gl'g;a' SC ﬁhll*&z;sw}_gsl\la,\t/lurglgg?srsrfgn GOGS—gng(b)RBeg\;ne,eD. ;. tion process in a 5.0 M THF solution with propylamine, and SWNTSs-
- , C.o A es, .o, , o Voy, R.; zquez, J.; . . .
Beyers, %{_Nature 1993 363 605-607. Y a PS2 is the second supernatant solution of SWNTs when the process is

(2) Niyogi, S.; Hamon, M. A;; Hu, H.; Zhao, B.; Bhowmik, P.; Sen, R.; ltkis,  repeated. SWNTs-PH is a supernatant solution of SWNTSs treated in a
M. E.; Haddon, R. CAcc. Chem. Ref002 35, 1105-1113.

(3) (a) Chattopadhyay, D.; Galeska, L.; Papadimitrakopoulod, &m. Chem.
Soc 2003 125 3370-3371. (b) Samsonidze, G. G.; Chou, S. G.; Santos,  (6) Krupke, R.; Hennrich, F.; von Lohneysen, H.; Kappes,3dience2003

A. P.; Brar, V. W.; Dresselhaus, G.; Dresselhaus, M. S.; Selbst, A.; Swan, 301, 344-347.
A. K.; Unlg, M. S.; Goldberg, B. B.; Chattopadhyay, D.; Kim, S. N.; (7) Zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Grace
Papadimitrakopoulos, Rppl. Phys. Lett2004 85, 1006-1008. Chou, S.; Diner, B. A.; Dresselhaus, M. S.; Mclean, R. S.; Bibiana Onoa,
(4) Li, H.P.; Zhou, B.; Lin, Y.; Gu, L.; Wang, W.; Fernando, K. A. S.; Kumar, G.; Samsonidze, G. G.; Semke, E. D.; Usrey, M.; Walls, DSdience
S.; Allard, L. F.; Sun, Y.J. Am. Chem. SoQ004 126, 1014-1015. 2003 302 1545-1548.
(5) Chen, Z.; Du, X.; Du, M.; Rancken, C. D.; Cheng, H.; Rinzler, ANano (8) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert,
Lett. 2003 3, 1245-1249. D. T.; Smith, K. A.; Smalley, R. EChem. Phys. Let1999 313 91-97.

10.1021/ja0517740 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 10287—10290 = 10287
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Figure 1. Optimized structures for the adsorption of pEH; on a (13,0) SWNT under different interaction ways. Blue ball: N. Gray ball: C. White ball:
H.

Figure 2. Optimized adsorption configurations of NEHz on a (7,7) SWNT under different interaction ways.

3.0 M solution of isopropylamine in THF and hexane (4:1). Scanning on their diameters (SWNTs of smaller diameters have higher
electron microscope (SEM) observation was carried out with a JEOL reactivity)! the (13,0) and (7,7) tubes having similar diameters

JSM-6700FT field emission electron microscope (accelerating volt- of 1. 018 and 0.952 nm were chosen as the typical examples of
age: 5.0 kV; beam current: 1A). The specimen was fixed to the  gamiconducting and metallic SWNTS, respectively. Six possible

SDZPU%E) h::gﬁé’g;gﬁ?gggcidhe(SA'\fMC)aggggrgﬁ%éTa'\g Sigile' dJcIi?tL adsorption modes were considered: interaction via (I) the N
) Py lone pair, (1) one H atom of Nklgroup (labeled by K), (l11)

on a Digital Instruments Nanoscope Ill in the tapping mode of operation.
Well-dispersed SWNTSs in THF were dropped and dried on a freshly two Hy atoms, (IV) one I atom and one H atom of Gfgroup

cleaved mica surface. Raman spectra were measured with a Jasco NRglabeled by i), (V) two Hy atoms and one ¢fatom, and (V1)

2100 spectrophotometer using laser excitation at 514.5 nm. The two Hc atoms and the N lone pair (Figures 1 and 2). Full

solution-phase optical absorption data were recorded with a Shimadzuoptimization was performed for both atomic positions and lattice

UV-3150 spectrophotometer using a Pyrex cell with a path length of lengths with a cutoff energy of 240 eV and tk@oints. The

10 mm. convergence tolerance of force on each atom was 0.01 eV/A.
The IV characteristics of SWNTs bucky paper on the membrane Static total energies of the relaxed structures were calculated

filter were recorded using four-probe configuration using an Agilent \jith a larger 310 eV cutoff energy.

4156 device parameters analyzer. The sheet resistaRgewas The adsorption energies per NEHs, defined as

estimated in the low currentow bias linear regime, and the resistivity '

(p) was calculated using the relatipr= t-Rs. The thicknesst] of the

SWNT bucky paper was estimated using a Tencor Apha-Step surface

profiler.

E, = E(SWNT) + E(NH,CH,) — E(SWNT + NH,CH,)

) ) are given in Table 1, together with the optimized distances

Results and Discussion between NHCH; and SWNT. NHCH;z has a tendency to adsorb

In the amine-assisted method, it is important that metallic SWNT through the interaction of the H atoms (rather than the
SWNTs are more strongly adsorbed by amines than semicon-N lone pair). The most noticeable in Table 1 is that the metallic
ducting SWNT$ and the adsorbed amines are removable after (7,7) SWNT is more strongly adsorbed by bEH3 than the
separation. We have studied the adsorption of methylamine Semiconducting (13,0) SWNT, regardless of the adsorption
(NH,CHsz) on metallic and semiconducting SWNTs by using modes. Itis also interesting that the adsorption energies between
the local density functional theory and ultrasoft pseudopotential NH>CHz and (7,7) are relatively small (0.£D.18 eV), sug-
plane-wave methodd.Since the reactivity of SWNTs depends ~ gesting that NHCH is not only easily removable but also has

(9) Joselevich, EChem. Phys. Chen2004 5, 619-624. (11) Strano, M. S.; Dyke, C. A.; Usrey, M. L.; Barone, P. W.; Allen, M. J,;
(10) Milman, V.; Winkler, B.; White, J. A.; Pickard, C. J.; Payne, M. C; Shan, H.; Kittrell, C.; Hauge, R. H.; Tour, J. M.; Smalley, R.Stience
Akhmatskaya, E. V.; Nobes, R. Quantum Chem200Q 77, 895-910. 2003 301, 1519-1522.
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Table 1. Adsorption Energy (Ea) and Equilibrium Molecule—Tube (a)
Distance (d) of NH,CHj3 on the (13,0) and (7,7) Nanotubes? 1.2 AP-SWNTs SWiT=-001
e o) it
mode  (130) ) (130) @n g i\
) -0.04 —011 3.28 3.2% > 064
D) -0.11 -0.18 278 2.3¢ g~
(D] -0.07 —-0.17 2.58,2.9F7 2.5Z,2.8F £
(Iv) —0.07 —0.17 2.80,2.64 251, 2.60' = 067
(V) -0.08 —¢ 2.8%,2.96, 2.70 %
(V) —0.08 —0.18 3.16,2.89, 290 3.1@, 2.70, 2.8% § 0.4
o
aThe distance criterion of the hydrogen-bond-like link betweenGiHs 0.2
and the nanotube is set to 3.0 RShortest N-C distance¢ Shortest y—C
distance d Shortest H—C distance®No energy minimum can be located.
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no significant effect on the electronic structure of (7,7). This wavelength (nm)

contrasts with the fact that the electronic structures of SWNTs

—
o
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are significantly changed by covalent functionalizatiéri? It g&-ﬁTWNCT)S
has been found experimentally that amines tend to interact with SWNTO%8

carboxy-functionalized semiconducting SWNT$heoretical
calculations, however, indicate that amines interact more
preferably with as-prepared metallic SWNTSs. In this context,
the complex of amine and as-prepared metallic SWNTs may
have a higher solubility in organic solvents than the case of ; ; ; ;
semiconducting SWNTSs, suggesting a possible separation of 200 400 600 800 1000 1200 1400 1600
metallic from semiconducting SWNTSs. Raman shift (")

Intensity (arbitrary unit)

Figure 3a shows the visibtenear-infrared (vis-NIR) absorp- =| s M =
tion spectra of AP-SWNTs (dispersed in a THF-octylamine i I § .
solution), SWNTs-OD1 and SWNTs-OS1. Three regions are £ . i) | /l,,/
identified in Figure 3a: first interband transitions for metals, g /' }\1 W |5
M1 (400-650 nm), and first and second interband transitions £ '} | 'f = /
for semiconductors, 3 (900-1600 nm) and & (550—900 2 .J} '}_:j"\..r" & gjﬁ//‘/ \L
nm) 1517 Remarkably, SWNTs-OS1 has stronger absorption i - d

. . . . T T 1 I I 1

peaks in the metallic M band and weaker absorption peaks in 160 200 240 280 1300 1400 1500 1600 1700
the semiconducting g and $; bands than those of SWNTs- Raman shift (cm™) Raman shift (cm™!)

OD1, indicative of the enrichment of metallic SWNTSs in the Figure 3. Structural characterization of SWNTSs treated by an octylamine-
supernatant and semiconducting SWNTSs in the deposit, respec-THF solution. () Vis-NIR spectra of AP-SWNTs, SWNTs-OS1, SWNTs-

. pl Th lective d f 9 . ducti b P L b pd S5, SWNTs-OD1, and SWNTs-OD8. (b) Raman spectra of SWNTs-OD8
tively. The selective decay o semicon uc_tmg a sorp_non ands ;4 SWNTs-0S5.

and the enhancement of metallic absorption bands in SWNTs-

OS1 demonstrate that the dispersimentrifugal separation Raman spectroscopy is a powerful tool for the characterization
process is effective for the separation of SWNTSs according to of SWNTs, from which their diameter and electronic properties
their electronic properties. To enrich further the metallic can pe estimatetf Raman spectra of AP-SWNTs (film),
SWNTs, SWNTs-OS1 was filtrated and subject to the disper- s\wNTs-0S5 (film), and SWNTs-OD8 (film) were measured
sion—centrifugal separation process repeatedly. The absorptionwith an excitation frequency of 514.5 nm, as shown in Figure
in the metallic M1 band increases gradually in the supernatant 3. The diameters of SWNTSs are estimated to be typically-0.9
fraction after each dispersiettentrifugation process. The final 1 3 nm from the radial breathing modes (RBM). A detailed
supernatant after five dispersioentrifugation processes is  comparison with the plot of Kataura et &l.allows us to
labeled by SWNTs-OSS. The absorption spectrum of SWNTS- conclude that the Raman peaks around-1800 and 206-280
OS5 shows stronger metallic and weaker semiconducting cm-1 are due to semiconducting and metallic SWNTSs, respec-
transitions (see Figure 3a). Meanwhile, SWNTs-OD1 was tjvely. The significantly stronger peaks around 280 cnt
treated eight times by repeating the dispersioentrifugal in SWNTs-OS5 and 166200 cnt! in SWNTs-OD8 provide

separation process. The villIR spectrum of the deposit  additional evidence for the enrichment of the metallic SWNTSs.
(SWNTS'ODB) ShOWed the further enrichment Of Semiconduct' Th|S |S further supported by the much broader G band Of

ing tubes. SWNTs-0OS5 (Figure 3b), which is characteristic of metallic
: : SWNTs1920 The concentration of metallic tubes is estimated
12) gﬁn%%sl K.; Itkis, M. E.; Hu, H.; Zhao, B.; Haddon, R.Szience2003 to increase from ca. 41% in AP-SWNTSs to ca. 72% in SWNTs-
(13) Zhao, J.; Park, K.; Han, J.; Lu, J. P.Phys. Chem. B004 108 4227
4230. (18) Rao, A.; Richter, E.; Bandow, S.; Chase, B.; Eklund, P. C.; Williams, K.
(14) Barone, V.; Heyd, J.; Scuseria, G.Ghem. Phys. Let2004 389, 289— A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, A.; Smalley, R. E.;
292. Dresselhaus, G.; Dresselhaus, M.S8iencel997, 275 187—-191.
(15) Babhr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R.Gem. (19) Pimenta, M.; Marucci, A.; Empedocles, S. A.; Bawendi, M. G.; Hanlon,
Commun2001, 193-194. E. B.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.; Dresselhaus, G.;
(16) Kataura, H.; Kumazawa, Y.; Maniwa, Y.; Umezu, |.; Suzuki, S.; Ohtsuka, Dresselhaus, M. Shys. Re B 1998 58, 16016-16019.
Y.; Achiba, Y. Synth. Met1999 103, 2555-2558. (20) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza Filho, A. G.; Saito,
(17) Weisman, R.; Bachilo, Nano Lett 2003 3, 1235-1238. R. Carbon2002 40, 2043-2061.
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Figure 5. Current versus voltage characteristic of SWNT thin films.
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absorption (arbitrary unit)

0.2 1

0

400 500 600 700 800 900 1000 results indicate that the metallic SWNTs are more effectively

wavelength (nm) separated from semiconducting SWNTs by using propylamine.

Interestingly, SWNTs-PS2 shows different color (purple) from

éf,.:,'ﬁ.'f.vsfgssz . AP-SWNTSs (see Figure 4b,c). By observing Raman spectra,
SWNTs-PH - the concentration of metallic tubes is estimated to increase from
ca. 41% in AP-SWNTSs to ca. 82% in SWNTs-PS2. (Figure 4d).
We also carried out the dispersionentrifugation process in a
3.0 M solution of isopropylamine in THF and hexane (4:1). As
shown in Figure 4d, treatment of SWNTs in a mixed solvent
(SWNTs-PH) provides a higher separation; the concentration
of metallic tubes is now as high as ca. 87%.

—
o
—

Intensity (arbitrary unit)

200 400 600 800 1000 1200 1400 1600 The resistivities of thin films of AP-SWNTs, SWNTs-OSS5,
Raman shift (cm) SWNTs-ODll, anpl SWNTs-PS2 .\/vgrglmeasured by using four-
point probe techniques. The resistivities of the bucky papers
_ made from the enriched metallic SWNTs-OS5 and SWNTs-
'E S M § PS2 are about 2.4 and 0.4%cm, which are 1.8 and 9.5 times
> > more conductive than that of AP-SWNTs. In contrast, the
% % resistivity of the enriched semiconducting SWNTs-OD11 sample
8 s is 8.5 €2-cm, which is twice as large as that of AP-SWNTSs.
%* 2 These results are in qualitative agreement with the NIR and
& gg_, Raman data (Figure 5).
£ E
Conclusions
160 200 240 280 1300 1400 1500 1600 1700

Raman shift (cm™) Raman shift (cm™) In summary, by taking advantage of amines adsorbmg
) L metallic SWNTs more strongly, we have developed a separation
Figure 4. Structural characterization of SWNTs-PS, SWNTs-PS2, and

SWNTs-PH. (a) Vis-NIR spectra of AP-SWNTs, SWNTs-PS1, and SWNTs- Method that makes metallic SWNTs highly enriched. The
PS2. Photographs of (b) SWNTs-AP and (c) SWNTs-PS2. (d) Raman Weakly adsorbed amines are easily removable after separation.

spectra of AP-SWNTs, SWNTs-PS2, and SWNTs-PH. This separation method is simple and convenient, suggesting a

0S5. On the other hand, the concentration of semiconducting potential industrial utilization for widespread applications of
tubes is estimated to increase from ca. 59% in AP-SWNTs to SWNTS.
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