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ABSTRACT

Solubilization of single-walled carbon nanotubes (SWNTSs) using noncovalently interacting polymer surfactants in aqueous media has opened
up a new vista of SWNTSs in hiology and medicine. In many potential applications, it is desirable to control the dispersion or aggregation of
SWNTSs in solvents with external stimuli. Here we report two “smart” SWNT dispersions that respond to temperature and pH changes in
poly( N-isopropylacrylamide) and poly-L-lysine solutions.

Single-walled carbon nanotubes (SWNTs) are a unique such as SWNT-based switching devices, sensors, drug and
family of all-carbon one-dimensional nanomaterials that offer gene delivery systems, it is desirable to control the dispersion
extraordinary mechanical, electrical, and thermal properties or aggregation of SWNTs in solvents with external stiniuli.
leading to great promises in applications ranging from Poly(acrylic acid)- and lysozyme-dispersed SWNTs are
composite materials and field emission displays to nano- shown to respond to pH value changes of the environ-
electronics.? Recent breakthroughs that as-produced bundlesment3?32 Here we report two “smart” SWNT dispersions
of SWNTs can be disrupted into individual nanotubes in that respond to temperature and pH changes in poly(
aqueous media via covalent or noncovalent modificatidns  isopropylacrylamide) (PNIPAAm) and poly-L-lysine (PLL)
have enabled investigations of previously inaccessible prop-solutions.
erties such as ensemble optical electronic spectroscopy in  SWNT Dispersion in PNIPAAmM. About 1 mg of purified
solution®” More importantly, introducing individually dis-  HiPCO SWNT powders (lot number P0276, Carbon Nano-
persed SWNTSs to biologically compatible media has openedtechnologies, Inc., Houston, TX) was added to 3 mL of a
up a new vista in biology and nanomedicié® New con- solution of 10 mg/mL PNIPAAm NI, = 20 000-25 000,
cepts such as using an SWNT as optical sensor, drug andAldrich) and 0.02 M NaOH. The mixture was sonicated for
gene transporter, gene expression regulator, cancer therap90 min in an ice-water bath a5 W power, followed by
agent, and neuron stimulating electrode are being intensivelycentrifugation for 5 min at 800g and 3 min at 2300g to yield
exploredtt~17 PNIPAAM—SWNT complexes in the supernatant. The
Among various functionalization schemes, noncovalent resulting dispersion is stable at room temperature for weeks
methods using polymer surfactants are particularly interestingwith little or no precipitation, but it cannot withstand high-
because SWNTs are shown to be dispersed with highspeed centrifugation. Dialysis removal of free unbound
efficiency and stability while their intrinsic structure and PNIPAAmM molecules in solution causes significant floccula-
properties are preserved. Since noncovalent interactions withtion. Further experiments also reveal that SWNTSs cannot be
SWNT sidewalls £— stacking, van der Waals interaction, stably dispersed if PNIPAAm concentration is lower than 5
and hydrophobic interactions) do not require specificity and mg/mL.
directionality, a surprisingly large variety of water-soluble  Optical spectra demonstrate the dispersion of SWNTSs in
polymers containing nanotube-interacting structural moieties PNIPAAm solution. The absorption peaks of SWNTSs (Figure
are suitable for this purpo$é®2* The synthetic control of  1A) appear broader than the reported van Hove transitions
polymer structure also allows multi-functional polymer of well-dispersed HIPCO SWNTSs in solution, but the peak
surfactants to be engineered for the separ&fiéh?6 align- positions are in good agreeménthe Raman spectrum in
ment?”-?2and hierarchical assembly of SWN%¥ss well as Figure 1B shows the radial breathing mode, the disorder-
the tagging of fluorescent chromophore and biologically induced D-band, and the tangential G-band of SWRTs.
active cargos to SWNT¥:*°In many potential applications  Covalent functionalizations, which converg@rbon atoms
to sp’ hybridization and disrupt the extendaeconjugation
* Corresponding author. E-mail: lwchen@helios.phy.ohiou.edu. systems, lead to the loss of structures in absorption spectra
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Figure 1. (A) Absorption spectrum and (B) Raman spectrum of a PNIPAWNT dispersion; inset in A is the structure of PNIPAAm.

(C) From left to right: photographs of a pure PNIPAAm solution at room temperature as a reference, PNHSMAMT dispersions at

0 °C, 40°C, cooled to room temperature, and redispersed B min sonication at 0C. (D) Fluorescence spectra of PNIPAAIBWNT
dispersions before (red line) and after (blue line) heating irff@pand after redispersion via 2 min of sonication at@ (green line).

Spectra were all taken at room temperature and excited at 658 nm using an NS1 NanoSpectralyzer (Applied NanoFluorescence, LLC,
Houston, TX). No fluorescent light could be detected a@0due to strong scattering by aggregated free PNIPAAmM at this temperature.

(E) AFM images of PNIPAAmM-SWNT complexes; from left to right: original dispersion, dispersion heated &€40r 2 min, dispersion
redispersed by sonicating at°@ for 2 min. AFM samples were prepared by spin coating fleshly cleaved mica with. 18 0.1% w/v

polylysine solution and then 16L of the PNIPAAM-SWNT dispersion. The samples were then rinsed with deionized water and dried
with argon gas. Images were taken at room temperature and ambient conditions using an MFP3D microscope (Asylum Research, Santa
Barbara, CA) in AC mode. Probes with resonance frequency around 325 kHz (NSC15/AIBS, MikroMasch USA, Wilsonville, OR) were
used in imaging. The typical free amplitude and set point were 35 and 20 nm, respectively.

and cause a significant increase in the disorder-inducedmolecules in solution indicate that the affinity of PNIPAAmM
D-band intensity in Raman specf@a® Thus, the van Hove  to SWNT sidewalls is modest, and there is a dynamic
peaks in the absorption spectrum and the low intensity of equilibrium between free unbound PNIPAAm in solution and
the D-band in the Raman spectrum indicate that PNIPAAm PNIPAAmM molecules physisorbed on SWNT surfaces.
molecules are noncovalently physisorbed on the sidewall of Temperature Response of PNIPAAmM-SWNT Com-
SWNTs. Consistent with spectroscopic observations, atomicplexes.PNIPAAmM has been extensively studied as a tem-
force microscopy (AFM) images of PNIPAARSWNT perature-responsive polym®&The G=0 and N-H bonds
complexes deposited on mica surfaces show both individually in PNIPAAmM can form intermolecular hydrogen bonds with
dispersed SWNTs and small bundles with diameters less tharsurrounding water, which gains in enthalpy but pays an
5 nm (Figure 1E). The presence of small bundles explains entropic price for limiting the motion of bound water
the broadening of absorption peaks. molecules; alternatively, the=<€0 and N—H bonds can also
We reason that the hydrocarbon main chain and the form intramolecular hydrogen bonds, which is less exother-
isopropyl side chains of PNIPAAmM could interact with mic than the intermolecular H-bonding conformation but is
SWNT sidewalls through nonspecific van der Waals and entropically favored for releasing wat&rThe structure of
hydrophobic interactions, while the hydrophilic amide bonds PNIPAAm is subtly balanced such that, at temperatures
maintain the water solubility of PNIPAAmMSWNT com- below the lower critical solution temperature (LCS¥33
plexes. The instability of the dispersion under high-speed °C for PNIPAAm), the equilibrium shifts toward the enthal-
centrifugation and the requirement of free unbound PNIPAAm pically favored intermolecular H-bonding conformation, but
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moves toward the entropically favored intramolecular H- the electric potential of surfaces, in the layer-by-layer
bonding conformation at temperatures above the LCST. Thisassembly of polyelectrolytes, and in drug and gene delivery
structural transition leads to insoluble aggregates above thesystemg'$#8 Since it has been reported that amine groups
LCST in linear PNIPAAm, a volume-shrinking phase transi- can strongly physichemisorb on the sidewalls of SWKTS,

tion of cross-linked PNIPAAm hydrogetSand the switching ~ we explore whether the high density of amine groups on
of water wettability for PNIPAAm-coated surfac&s. PLL could result in the dispersion of SWNTs in an aqueous

To test the temperature response of the SWNT dispersion€nvironment.
in PNIPAAmM, the PNIPAAM-SWNT dispersion was heated Figure 2C shows a photograph of SWNT dispersion in a
in a 40°C water bath for 2 min. The solution quickly become PLL solution obtained by sonicating 1 mg of purified HIPCO
turbid, mostly due to the aggregation of free PNIPAAmM. SWNT powders (lot number P0276, Carbon Nanotechnolo-
When the solution was cooled to room temperature, it be- gies, Inc., Houston, TX) in 2 mL of 0.1% w/v PLL solution
came clear again (Figure 1C). However, AFM images of (Sigma-Aldrich) for an hour in an icewater bath followed
PNIPAAM—SWNT complexes cooled back to room tem- by centrifugation for 10 min at 9300g. The pH of the as-
perature (Figure 1E) show that SWNTs aggregate into larger prepared PLESWNT complex solution is about 7.0. The
bundles (420 nm diameter) than before the heat/cool cycle. absorption spectrum of SWNTs dispersed in PLL solution
Partial quenching of nanotube fluorescence, regardless ofshow sharp peaks due to van Hove transitions (Figure 2A),
tube diameter (i.e., fluorescence wavelength), also suggestsvhich, in addition to low Raman D-band intensity (Figure
roughly uniform bundling of all size SWNTSs in the disper- 2B), indicates that SWNTs are well-dispersed via noncova-
sion (Figure 1DY* Sonicating the dispersion at5 W power lent interactions. An AFM micrograph (Figure 2D) of PEL
while it is heated at 40C yields the same response and SWNT complexes deposited on freshly cleaved mica shows
AFM characterization and thus does not prevent the com- that most SWNTSs are individually dispersed.

plexes from aggregating. The retention of increased bundle pH Response of PLL-SWNT Complexes.We seren-
size at room temperature in spite of the redissolution of free dipitously discovered that SWNTs could not be dispersed
PNIPAAmM reflects the kinetic stability of the temperature- in PLL solution in strong basic environments. This led us to
induced switching of aggregation states. Indeed, the redis-investigate the pH response of PEBWNT complexes. We
persion barrier can be circumvented by a short period of first adjusted the pH of the PL.ESWNT solution to 4.1,
sonication. After 2 min of sonication in a @ ice-water  then increased it to 9.7, decreased it back to 8.3, and finally
bath, the solution stays clear, and AFM images show that decreased it to 5.1 by adding 1.5 M HCI or NaOH solutions.
the SWNTSs are redispersed |nd|V|dua”y or in small bundles Each Change in pH was followed by 10 min of sonication in
similar to those from the original dispersiorn§ nm) (Figure  an ice-water bath. The photographs in Figure 2C show
1E). The fluorescence intensity also recovers to the level of homogeneous solutions with dark color at all other pH values
the original dispersion, irrespective of nanotube size after except for 9.7, at which the solution becomes cloudy.
redispersion (Figure 1D), which indicates that the temper- Additional experiments reveal that sonicating SWNTSs in PLL
ature-stimulated switching is reversible. solutions with pH values greater than 9 does not lead to stable
The reversible switch of PNIPAAmMSWNT dispersion/ dispersions. AFM images show that SWNTs are individually
aggregation states controlled by temperature could be under-dispersed or in small bundles$ nm) in acidic and neutral
stood based on the thermal switching behavior of PNIPAAmM environments but aggregate into large bundles at pH 8.3
chain conformation. At temperatures lower than the LCST, (Figure 2D). At pH 9.7, the SWNTSs precipitated out of the
the hydrocarbon backbone of a PNIPAAmM molecule interacts solution and could not be imaged with AFM. The redisper-
with the SWNT sidewalls, and the hydrophilic amide motifs sion of precipitated SWNTSs after adjusting the solution back
solvate the complexes in water. When the temperature isto acidic pH excludes the possibility that precipitation at high
raised above the LCST, the amide bonds form intramolecular pH is caused by the irreversible hydrolysis of peptide bonds
H-bonds, which results in a compact chain conformation with in the PLL chain. The dispersion or aggregation states of
a hydrophobic surfacg:*® The compact conformation of PLL—SWNT complexes are further verified by nanotube
PNIPAAmM chains at high temperatures may result in a fluorescence spectra. Figure 2E shows that SWNT emission
reduced coverage on the SWNT sidewalls and cause theis partially quenched due to aggregation at pH 9.7, but
fusion of multiple PNIPAAmM-SWNT complexes in order  remains largely unchanged at other pH conditions.
to cover the nanotube surface and minimize the SWNT The fact that PLL could not solubilize SWNTs at high
water interfacial energy. This observation also indirectly pH reflects that the interaction between PLL and SWNTSs in
implies that PNIPAAm chains are unlikely to wrap around  acidic and neutral pH aqueous environments is fundamentally
SWNTs, as proposed for single-stranded DNAS but different from that observed between organic amines and
instead are more likely to form “a loose and swollen SWNTSs in organic solvents. It has been reported that nitrogen
cylinder” around SWNTs, as described for poly(styr@ee-  atoms in organic amines partially donate electron density to
maleic acid) and gum Arabit. SWNTs in organic solvents, which results in the physichemi-
SWNT Dispersion in PLL. PLL is a naturally occurring  sorption of amine on SWNTs and the solubilization of
polyelectrolyte that contains a high density of partially SWNTs#°-5! In aqueous environments, however, the amine
protonated primary amine groups. Due to its high density of groups in PLL are protonated under acidic or neutral pH
positive charges, PLL has been widely used in modifying and cannot interact with SWNTSs via the electron-donating
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Figure 2. (A) Absorption spectrum and (B) Raman spectrum of PISWNT dispersion; inset in A is the structure of PLL. (C) Photographs

of a pure PLL solution as a reference and PISWNT dispersions at different pH values. (D) AFM images of PISWNT complexes.

AFM samples were prepared by spin coating10of the PLL-SWNT dispersion onto a fleshly cleaved mica substrate followed by
rinsing with deionized water and drying with argon gas. Imaging conditions were the same as those described in Figure 1E. (E) Fluorescence
spectra of PLE-SWNT dispersions at different pH values excited at 658 nm. (F) CD spectra of BIWUNT complexes at different pH

values. The spectra were recorded on a Jasco-715 spectropolarimeter (Jasco, Inc., Easton, MD).

mechanism. At alkaline pH, uncharged amine groups instead—C4Hg— linker and the SWNT is not directly altered by the
prefer to donate electrons to dissolved oxygen, a much betteracid—base titration of the amine groups, but it could be
oxidizing agent than SWNTs. Therefore, the mechanism indirectly affected through changes in the secondary structure
through which SWNTs interact with PLL in an aqueous of PLL. Itis well characterized that uncharged PLL assumes
environment could only be (1) hydrophobic interactions ana-helix conformation at high pH, but adopts an uncoiled
between the PLL hydrocarbon linker moietiexq,Hs—) and conformation in acidic or neutral pH due to the electrostatic
the SWNT sidewalls and/or (2) cation-interactiof?53 repulsion among side-chain catioi$® Due to the electro-
between protonated amine groups andstkelectron system  static repulsion, the uncoiled structure is more extended than
of the SWNTs. Both mechanisms would respond to the pH the a-helix, and thus the hydrocarbon linker moieties are
change of the solution. more accessible to SWNTs. We verify that the pH response
The cations interaction is completely turned off at pH of the PLL secondary structure is not strongly affected by
9.7, the isoelectric point of lysine, due to the deprotonation the presence of SWNTs in PELSWNT complexes. Circular
of —NH3" groups. The hydrophobic interaction between the dichroism (CD) spectra (Figure 2F) of PHSWNT com-
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plexes in an acidic or neutral pH show a single negative peak (23) Dieckmann, G. R.; Dalton, A. B.; Johnson, P. A.; Razal, J.; Chen,

around 200 nm, which is characteristic of an uncoiled

J.; Giordano, G. M.; Munoz, E.; Musselman, |. H.; Baughman, R.
H.; Draper, R. K.J. Am. Chem. So2003 125(7), 1770-1777.

conformation. At pH 9.7, the spectrum displays two negative (24) Ortiz-Acevedo, A.; Xie, H.; Zorbas, V.; Sampson, W. M.; Dalton,

bands in the 200230 nm range, characteristic of thehelix
conformatiorn?>-56
In summary, we report the dispersion of SWNTs in

A. B.; Baughman, R. H.; Draper, R. K.; Musselman, I. H.;
Dieckmann, G. RJ. Am. Chem. So005 127 (26), 9512-9517.

(25) Huang, X.; McLean, R. S.; Zheng, Mnal. Chem2005 77 (19),
6225-6228.

PNIPAAmM and PLL solutions and their responses to external (26) zheng, M.; Jagota, A.; Strano, M. S.; Santos, A. P.; Barone, P.; Chou,

stimuli. The suspended SWNTs in PNIPAAm and PLL

solutions can be reversibly switched between dispersed and

S. G.; Diner, B. A.; Dresselhaus, M. S.; McLean, R. S.; Onoa, G.
B.; Samsonidze, G. G.; Semke, E. D.; Usrey, M.; Walls, [3clence
2003 302 (5650), 1545-1548.

aggregated states by changing temperature or pH. The (27) McLean, R. S.: Huang, X.: Khripin, C.: Jagota, A.; Zheng,Ndno

environment-responsive polymeBWNT complexes may

Lett. 2006 6 (1), 55-60.

have potential applications in nanoelectronics, sensing, and (28) Shim. B. S.; Kotov, N. ALangmuir2005 21 (21), 9381-9385.

drug and gene delivery systems.

Acknowledgment. This work is partially supported by
the Nanobiotechnology Initiative at Ohio University. D.W.

thanks the Ohio University Condensed Matter and Surface

Sciences program for partial support.

References

(1) Baughman, R. H.; Zakhidov, A. A.; de Heer, W. Bcience2002
297 (5582), 787792.

(2) Saito, R.; Dresselhaus, G.; Dresselhaus, MPI8/sical Properties
of Carbon Nanotubedmperial College Press: London, 1998.

(3) Moore, V. C,; Strano, M. S.; Haroz, E. H.; Hauge, R. H.; Smalley,
R. E.; Schmidt, J.; Talmon, Wano Lett.2003 3 (10), 1379-1382.

(4) Britz, D. A.; Khlobystov, A. N.Chem. Soc. Re2006 35 (7), 637—
659.

(5) Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato,Ghem. Re. 2006
106 (3), 1105-1136.

(6) 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, C.; Ma, J. P.; Hauge, R. H.; Weisman, R. B.; Smalley, R.
E. Science2002, 297 (5581), 593-596.

(7) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley,
R. E.; Weisman, R. BScience2002 298 (5602), 2361+2366.

(8) Chen, X.; Tam, U. C.; Czlapinski, J. L.; Lee, G. S.; Rabuka, D;
Zettl, A.; Bertozzi, C. RJ. Am. Chem. So2006 128(19), 6292~
6293.

(9) Cherukuri, P.; Gannon, C. J.; Leeuw, T. K.; Schmidt, H. K.; Smalley,
R. E.; Curley, S. A.; Weisman, R. Broc. Natl. Acad. Sci. U.S.A.
2006 103 (50), 18882-18886.

(10) Lacerda, L.; Bianco, A.; Prato, M.; Kostarelos,Adv. Drug Delivery
Rev. 2006 58 (14), 14606-1470.

(11) Barone, P. W.; Baik, S.; Heller, D. A.; Strano, M. [Sat. Mater.
2005 4 (1), 86-92.

(12) Balasubramanian, K.; Burghard, Mnal. Bioanal. Chen2006 385
(3), 452-468.

(13) Heller, D. A.; Jeng, E. S.; Yeung, T. K.; Martinez, B. M.; Moll, A.
E.; Gastala, J. B.; Strano, M. Science2006 311 (5760), 508-
511.

(14) Kam, N. W. S.; O’Connell, M.; Wisdom, J. A.; Dai, H. Proc.
Natl. Acad. Sci. U.S.A005 102 (33), 11606-11605.

(15) Kam, N. W. S.; Liu, Z.; Dai, H. JJ. Am. Chem. SoQ005 127
(36), 12492-12493.

(16) Li, X.; Peng, Y.; Ren, J.; Qu, XProc. Natl. Acad. Sci. U.S.2006
103(52), 19658-19663.

(17) Wang, K.; Fishman, H. A.; Dai, H. J.; Harris, J.Ngano Lett.2006
6 (9), 2043-2048.

(18) Wang, D.; Ji, W. X.; Li, Z. C.; Chen, L. WI. Am. Chem. So2006
128(20), 6556-6557.

(19) Karajanagi, S. S.; Yang, H. C.; Asuri, P.; Sellitto, E.; Dordick, J. S.;
Kane, R. SLangmuir2006 22 (4), 1392-1395.

(20) Numata, M.; Asai, M.; Kaneko, K.; Bae, A. H.; Hasegawa, T.;
Sakurai, K.; Shinkai, SJ. Am. Chem. So@005 127 (16), 5875~
5884.

(21) Chatterjee, T.; Yurekli, K.; Hadjiev, V. G.; Krishnamoorti, Rdv.
Funct. Mater.2005 15 (11), 1832-1838.

(22) zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; McLean, R. S.;
Lustig, S. R.; Richardson, R. E.; Tassi, N. Sat. Mater.2003 2
(5), 338-342.

1484

(29) Wang, D.; Li, Z.-C.; Chen, LJ. Am. Chem. SoQ00§ 128 (47),
15078-15079.

(30) Kam, N. W. S; Liu, Z. A,; Dai, H. JAngew. Chem., Int. EQ@006
45 (4), 577581.

(31) Barone, P. W.; Strano, M. 8ngew. Chem., Int. EQ00§ 45 (48),
8138-8141.

(32) Grunlan, J. C.; Liu, L.; Kim, Y. SNano Lett.2006 6 (5), 911~
915.

(33) Nepal, D.; Geckeler, K. ESmall2006 2 (3), 406-412.

(34) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza, A. G.; Saito,
R. Carbon2002 40 (12), 2043-2061.

(35) Menard-Moyon, C.; Izard, N.; Doris, E.; Mioskowski, @. Am.
Chem. Soc2006 128 (20) 6552-6553.

(36) Hudson, J. L.; Casavant, M. J.; Tour, J. MAm. Chem. So2004
126(36), 11158-11159.

(37) Dyke, C. A.; Tour, J. MChem—Eur. J. 2004 10 (4), 813-817.

(38) Bahr, J. L.; Tour, J. MJ. Mater. Chem2002 12 (7), 1952-1958.

(39) Bahr, J. L.; Yang, J. P.; Kosynkin, D. V.; Bronikowski, M. J.;
Smalley, R. E.; Tour, J. Ml. Am. Chem. So2001, 123(27), 6536~
6542.

(40) Schild, H. G.Prog. Polym. Sci1992 17 (2), 163-249.

(41) Lin, S.Y.; Chen, K. S.; Liang, R. ®olymer1999 40 (10), 2619~
2624.

(42) Yoshida, R.; Uchida, K.; Kaneko, Y.; Sakai, K.; Kikuchi, A.; Sakurai,
Y.; Okano, T.Nature1995 374 (6519), 240.

(43) Sun, T.; Wang, G.; Feng, L.; Liu, B.; Ma, Y.; Jiang, L.; Zhu, D.
Angew. Chem., Int. EQ004 43 (3), 357-360.

(44) A spectrum at 4TC could not be obtained because of the strong
scattering of aggregated free PNIPAAmM and PNIPAABWNT
complexes. We measured the fluorescence spectra when the solution
cooled to room temperature.

(45) Dror, Y.; Pyckhout-Hintzen, W.; Cohen, ¥lacromolecule2005
38 (18), 7828-7836.

(46) Jessel, N.; Atalar, F.; Lavalle, P.; Mutterer, J.; Decher, G.; Schaaf,
P.; Voegel, J.-C.; Ogier, Adv. Mater. (Weinheim, Ger2003 15
(9), 692-695.

(47) Artyukhin, A. B.; Bakajin, O.; Stroeve, P.; Noy, Aangmuir2004
20 (4), 1442-1448.

(48) Shih, I. L.; Van, Y. T.; Shen, M. HMini-Rev. Med. Chem2004 4
(2), 179-188.

(49) Chattopadhyay, D.; Galeska, L.; Papadimitrakopoulos]. FAm.
Chem. Soc2003 125 (11), 33706-3375.

(50) Maeda, Y.; Kimura, S.; Hirashima, Y.; Kanda, M.; Lian, Y.;
Wakahara, T.; Akasaka, T.; Hasegawa, T.; Tokumoto, H.; Shimizu,
T.; Kataura, H.; Miyauchi, Y.; Maruyama, S.; Kobayashi, K.; Nagase,
S.J. Phys. Chem. B004 108 (48), 18395-18397.

(51) Maeda, Y.; Kimura, S.; Kanda, M.; Hirashima, Y.; Hasegawa, T.;
Wakahara, T.; Lian, Y.; Nakahodo, T.; Tsuchiya, T.; Akasaka, T.;
Lu, J.; Zhang, X.; Gao, Z.; Yu, Y.; Nagase, S.; Kazaoui, S.; Minami,
N.; Shimizu, T.; Tokumoto, H.; Saito, Rl. Am. Chem. So2005
127(29), 1028710290.

(52) Dougherty, D. ASciencel996 271 (5246), 163-168.

(53) Scrutton, N. S.; Raine, A. R. ®iochem. J1996 319 1-8.

(54) Davidson, B.; Fasman, G. Biochemistryl967, 6 (6), 1616-1629.

(55) Wang, Y.; Chang, Y. QVlacromolecule2003 36 (17), 6511-6518.

(56) Greenfield, N. J.; Fasman, G. Biochemistry 1969 8 (10),
4108-4116.

NLO70172V

Nano Lett, Vol. 7, No. 6, 2007



