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Abstract: We have found that single-chain schizophyllan and curdlan (s-SPG and s-curdlan, respectively)
can dissolve as-grown and cut single-walled carbon nanotubes (ag-SWNTs and c-SWNTS, respectively)
in aqueous solution. The vis—NIR spectra of the composites suggest that c-SWNTs are dissolved as a
bundle, whereas ag-SWNTs exist as one or only a few pieces in the tubular hollow constructed by the
helical structure inherent to these -1,3-glucans. EDX and CLSM measurements and TEM observation
established that the distribution map of these polysaccharides overlaps well with the image of SWNTSs,
indicating that these two components form a composite. Very interestingly, when c-SWNTs were dissolved
with the aid of s-SPG or s-curdlan in water, a clear periodical structure with inclined stripes, as detected
by AFM, appeared on the fibrous composite surface. Because this periodical structure has never been
recognized for the composites with other water-soluble polymers, one can regard that s-SPG or s-curdlan
wraps c-SWNTSs constructing a helically twined structure. High-resolution TEM observation of an ag-SWNTs/
s-SPG composite gave a clearer image in that two s-SPG chains twine one ag-SWNT and the helical motif
is right-handed. When this sample was subjected to the AFM measurement, the composite showed the
2—3 nm height. This height implies that one piece of ag-SWNT is included in the s-SPGs helical structure.
As a summary, it has been established that 5-1,3-glucans such as s-SPG and s-curdlan not only dissolve
SWNTs but also create a novel superstructure on the surface.

Introduction reproducible data. Because of the difficulty arising from these
Since the discovery of single-walled carbon nanotubes problems, reliable data on the SWNT superstructures have been

(SWNTSs)? they have been expected to become a new potential obtained mainly from the samples extended on the surface, for
source of functional materias$ However, their strong cohesive example., by using an AFM techmqﬁe{)pe poten.tlal break.-
nature and poor solubility have caused researchers trouble forthrough in overcoming these problems is to derive them into

a long time as these properties seriously hamper efforts to obtainth® @mphiphilic compounds by introducing appropriate solubil-
ization groups either (1) into the SWNT end grotps(2) into

ocpa o hemety and Sty Kt nker - th ide surace of SWNsfowever, method (1) accomparies
Kyushu University. y 9 9 PY: the difficulty in the product characterization, whereas in method
8 The University of Kitakyushu. (2) the electron conjugation system characteristic of SWNTs is
@) g%)ggjig%%, %y%rggt%%}]:% SSbf.K(il;)mlgijigaH%elcvhriigzsm, chatre  inevitably damaged and the inherent functionalities may be
G.; Savoy, R.; Savoy, Nature 1993 363 605. T " partially reduced. An alternative method developed so far is to

(2) (a) Ajayan, P. MChem. Re. 1999 99, 1787. (b) Ajayan, P. M.; Zhou, O. P _
Z.Top. Appl. Phys2001, 80, 391. (c) Hirsch, AAngew. Chern., Int. Ed wrap SWNTSs in water-soluble pplymers: The polymers_ that are
%’005I 41, 185Ms. /&d) l_liDai,HHAZ\%c. CgeméhReQO_EZ ;5,31035I.q(e|)kl_\liy(':\'/glzji,E known to have such a wrapping ability are poly(vinylpyr-
.; Hamon, M. A.; Hu, H.; ao, B.; owmik, P.; Sen, R.; Itkis, M. E.; . 7 9 . 10 11
Haddon, R, CAcc. Chem. Re€002 35, 1105. () Banerjee, S.; kahn, M. "olidone)/ amylose? DNA,® peptides,” etc!* Among them,
3. %h Woné;, S.JSZ%gini.(-)Eg{z J2003 9, 1898. (g) Dyke, C. A.; Tour, J. particularly interesting is amylose reported by Stoddart’s gfoup,
. em.-Eur. ) . . . . . .
(3) (a) Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E. Geerligs, because (1) it has almost no light absorption in the-Wis

(
L. J.; Dekker, CNature1997, 386, 474. (b) Tans, S. J.; Verschnesen, A.

R. M.; Dekker, CNature1998 393 49. (c) Tans, S. J.; Dekker, Glature (4) Sano, M.; Kamino, A.; Okamura, J.; Shinkai,Sience2001, 293 1299.
200Q 404, 834. (d) Louie, S. G.Top. Appl. Phys.2001, 80, 113. (5) (a) Chen, J.; Haman, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. C;
(e) Yakobson, B. I.; Avouris, Plop. Appl. Phys2001, 80, 287. (f) Ouyang, Haddon, R. CSciencel998 282 95. (b) Hamon, M. A.; Chen, J.; Hu, H.;
M.; Huang, J.-L.; Lieber, C. M.Acc. Chem. Re 2002 35, 1018. Chen, Y.; ltkis, M. E.; Rao, A. M.; Eklund, P. C.; Haddon, R. &dv.

(g) Baughman, R. H.; Zakhidov, A. A.; de Heer, W. 8cience2002 297, Mater. 1999 834, 11. (c) Chen, J.; Rao, A. M.; Lyuksyutov, S.; Itkis, M.
787. (h) Fukushima, T.; Kosaka, A.; Ishimura, Y.; Yamamoto, T.; Takigawa, E.; Hamon, M. A.; Hu, H.; Cohn, R. W.; Eklund, P. C.; Colbert, D. T.;
T.; Ishii, N.; Aida, T. Science2003 300, 2072. Smalley, R. E.; Haddon, R. Q. Phys. Chem. B001, 105 2525.
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Figure 1. (a) Repeating unit of schizophyllan and curdlan; (b) a representive model of schizophyllan triple helix.

wavelength region, so that the dispersed composites are veryconsists of thregd-(1—3) glucoses and ong-(1—6) glucose
suitable for photochemical experiments, (2) the sugar-coatedside-chain linked at every third main-chain glucose (Figuré3la).
surface of the composite should show biocompatibility, which SPG adopts a triple helix (t-SPG) in nature, which can be
would make medicinal applications possible, and (3) if the sugar dissociated into a single chain (s-SPG) by dissolving in dimethyl
group is recognized by proteins (such as lectins), one may sulfoxide (DMSO)'* The s-SPG chain can retrieve the original
construct novel SWNTs-based supramolecular network struc- triple helix by exchanging DMSO for waté?.Recently, we
tures'? Furthermore, when amylose forms a helical structure found it has a novel solution property that when this renaturing
to wrap SWNTSs, the chirality information in amylose may be process is carried out in the presence of certain polynucleotides,
transduced to the-conjugate systems in SWNTs. the resultant triple helix consists of two s-SPG chains and one
Schizophyllan (SPG) is a natural polysaccharide produced nucleotide chaif® These preceding findings suggest that SPG

by the fungusSchizophyllum commupand its repeating unit

(6) (a) Boul, P. J.; Liu, J.; Mickelson, E. T.; Huffman, C. B.; Ericson, L. M.;
Chiang, I. W.; Smith, K. A.; Colbert, D. T.; Hauge, R. H.; Margrave, J.
L.; Smalley, R. E.Chem. Phys. Lettl999 310 367. (b) Holzinger, M.;
Vostrowsky, O.; Hirsch, A.; Hennrich, F.; Kappes, M.; Weiss, R.; Jellen,
F. Angew. Chem., Int. E2001 40, 4002. (c) Bahr, J. L.; Yang, J,;
Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R. E.; Tour, J. Nl. Am.
Chem. Soc2001, 123 6536. (d) Tagmatarchis, N.; Georgakilas, V.; Prato,
M.; Shinohara, H.Chem. Commun2002 2010. (e) Georgakilas, V.;
Tagmatarchis, N.; Pantarotto, D.; Bianco, A.; Briand, J.-P.; Prat&;ihém.
Commun2002 3050. (f) Georgakilas, V.; Kordatos, K.; Prato, M.; Guldi,
D. M.; Holzinger, M.; Hirsch, A.J. Am. Chem. SoQ002 124, 760.
(g) Strano, M. S.; Dyke, C. A.; Usrey, M. L.; Barone, P. W.; Allen, M. J.;
Shan, H.; Kittrell, C.; Hauge, R. H.; Tour, J. M.; Smalley, R.&ience
2003 301, 1519. (h) Pantarotto, D.; Partidos, C. D.; Graff, R.; Hoebeke,
J.; Briand, J.-P.; Prato, M.; Bianco, 8. Am. Chem. So2003 125, 6160.
(i) Holzinger, M.; Abraham, J.; Whelan, P.; Graupner, R.; Ley, L.; Hennrich,
F.; Kappes, M.; Hirsch, AJ. Am. Chem. So@003 125, 8566.
O’Connell, M. J.; Boul, P.; Ericson, L. M.; Huffman, C.; Wan, Y.; Haroz,
E.; Kuper, C.; Tour, J.; Ausman, K. D.; Smalley, R.Eem. Phys. Lett.
2001, 342 265.
(8) (a) Star, A.; Steuerman, D. W.; Heath, J. R.; Stoddart, Angew. Chem.,
Int. Ed. 2002 41, 2508. (b) Kim, O.-K.; Je, J.; Baldwin, J. W.; Kooi, S.;
Phehrsson, P. E.; Buckley, L. J. Am. Chem. So2003 125 4426.

(7

~

(9) (a) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; Mclean, R. S.; Lustig,

S. R.; Tassi, R. E. R\Nat. Mater.2003 2, 338. (b) Zheng, M.; Jagota, A.;

Strano, M. S.; Santos, A. P.; Barone, P.; Chou, S. G.; Diner, B. A
Dresselhaus, M. S.; Mclean, R. S.; Onoa, G. B.; Samsonidze, G. G.; Semke,

E. D.; Usrey, M.; Walls, D. JScience2003 302, 1545. (c) Nakashima,
N.; Okuzono, S.; Murakami, H.; Nakai, T.; Yoshikawa, &hem. Lett.
2003 32, 456.

5876 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005

(10) (a) Takahashi, T.; Tsunoda, K.; Yajima, H.; Ishii,dhem. Lett2002 31,

690. (b) Pantarotto, D.; Partidos, C. D.; Graff, R.; Hoebeke, J.; Briand,

J.-P.; Prato, M.; Bianco, AJ. Am. Chem. Soc2003 125 6160.

(c) Dieckmann, G. R.; Dalton, A. B.; Johnson, P. A.; Razal, J.; Chen, J.;

Giordano, G. M.; Munoz, E.; Musselman, |. H.; Baughaman, R. H.; Draper,

R. K. J. Am. Chem. So2003 125, 1770. (d) Zorbas, V.; Ortiz-Acevedo,

A.; Dalton, A. B.; Yoshida, M. M.; Dieckmann, G. R.; Draper, R. K;

Baughman, R. H.; J.-Yacaman, M.; Musselman, I.JHAm. Chem. Soc

2004 126, 7222.

Polymers that have been used to prepare composites with SWNTs include

poly(methyl methacrylate). See: (a) Yudasaka, M.; Zhang, M.; Jabs, C.;

lijima, S. Appl. Phys. 200Q 71, 449. For polyfn-phenylenevinylene) and

its derivatives, see: (b) Curran, S. A.; Ajayan, P. M.; Blau, W. J.; Carroll,

B. D.; Coleman, J. N.; Dalton, A. B.; Davey, A. P.; Drury, A.; McCarthy,

B.; Maier, S.; Strevens, AAdv. Mater. 1998 10, 1091. (c) Coleman, J.

N.; Dalton, A. B.; Curran, S.; Rubio, A.; Davey, A. P.; Drury, A.; McCarthy,

B.; Lahr, B.; Ajayan, P. M.; Roth, S.; Barklie, R. C.; Blau, W.Adv.

Mater. 200Q 12, 213. (d) Star, A.; Stoddart, J. F.; Steuerman, D.; Diehl,

M.; Boukai, A.; Wong, E. W.; Yang, X.; Chung, S.-W.; Choi, H.; Heath,

J. R.Angew. Chem., Int. EQ001, 40, 1721. For poly(aryleneethynylene),

see: (e) Chen, J.; Liu, H.; Weimer, W. A.; Halls, M. D.; Waldeck, D. H.;

Walker, G. C.J. Am. Chem. So@002 124, 9034.

(12) A supramolecular network was made from sugar-modified SWNTs and
lectin. See: (a) Matsura, K.; Hayashi, K.; Kimizuka, Ghem. Lett2003
212. (b) Hasegawa, T.; Numata, M.; Fujisawa, T.; Sakurai, K.; Shinkai, S.
Chem. Commur2004 2150.

(13) (a) Tabata, K.; Ito, W.; Kojima, T.; Kawabata, S.; Misaki, @arbohydr.
Res.1981 89, 121. (b) Yanaki, K.; Ito, W.; Kojima, T.; Norisuye, T.;
Takano, N.; Fujita, HBiophys. Chem1983 17, 337.

(14) Yanaki, T.; Norisuye, T.; Fujita, MMacromolecules198Q 13, 1462.

(15) Mclintire, T. M.; Brant, D. A.J. Am. Chem. Sod 998 120, 6909 and
references cited therein.

(1
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may show a unique affinity to form stable complexes with one- 0.5 T T T ' T
dimensionally extended compounds. L
It is known that in the glucose unit the 2-OH side is a

hydrophobic face whereas the 6-OH side is a hydrophilic f&te.
Because the triple-stranded helical structure of SPG is stabilized
by the hydrogen-bonding network among the 2-OH groups
formed inside the helical columiib:c one may presume that
the inside hollow is considerably hydrophobic, like the inside
cavity of cyclodextrins (Figure 1% In fact, the driving force

for SPG chains to reconstruct the triple strand from the single
strand is considered to be a hydrophobic force in addition to
the hydrogen-bonding fordélt thus occurred to us that SWNTs 0.1 . ) . . .
might be entrapped, because of the hydrophobic interaction, in 400600 800 1000 1200 1400 1600

the inside hollow of the SPG helical structure. In fact, it is ) Wavelength (nm) )

known that } and surfactants with long alkyl chains are included F79uré 2. Vis—NIR spectrum of c-SWNT/s-SPG solution:20, 1 cm cel,

L . . room temperature. The spectrum of c-SWNT itself was almost the same as
inside the helical structure of starthMoreover, Dodziuk et that of the c-SWNT/s-SPG composite shown above.

al. found thaty-cyclodextrin consisting of 12 glucose units forms

a pseudo-rotaxane-like complex with a SWRTWe here
report that s-SPG and s-curdlan [a single chain of curdlan
(B-1,3-glucan without a side-chain glucose): Figure la] are
capable of wrapping not only SWNTSs cut te-2 um length
(c-SWNTSs) but also as-grown SWNTs (ag-SWNTSs: in some
cases, one-piece of ag-SWNT), and the “periodical” stripes
arising from the twining SPG chains are clearly observable by
AFM and TEM, reflecting the strong helix-forming nature of
the 8-1,3-glucan main chaift We consider that this is the first
example that demonstrates a visual image indicating how the
water-soluble polymer wraps the SWNT.

Absorbance

Results and Discussion

Dissolution of c-SWNTs by Wrapping with s-SPG and 1700 1500 1300 400 3?0 200
s-Curdlan. Vis—NIR and Raman Spectroscopic Measure- Raman shift (cm™)
ments and TEM Observation. We first studied this system  Figure 3. Raman spectra of (a) c-SWNTs, (b) c-SWNTSs/s-curdlan

. L . (My, = 9500) composite, (c) c-SWNTs/s-SPG composite, (d) c-SWNTs/s-
using c-SWNTs because the handling is easier than that of ag-¢rgian w,, = 33 300) composite, and (e) c-SWNTs/amylose composite.
SWNTs. The preparation of c-SWNTs was described previ-
ously# The samples for the spectroscopic measurements wereband is seen in both the 800 and the 1400 nm regions, which
prepared by mixing an aqueous solution of dispersed c-SWNTsare basically similar to those of the reported spetttéc As
with a DMSO solution containing s-SPG or s-curdlan (for the peaks are significantly broadened, one can presume that
details, see the Experimental Section). The presence of c-c-SWNTs are aggregated into bundles to some extent. It is
SWNTSs in the composite was evidenced by the measurementsknown that c-SWNTs have characteristic Raman peaks at
of vis—NIR and Raman spectroscopy. Figure 2 shows avis around 190 and 1590 crh!la22 We have confirmed that
NIR spectrum of the composite. The characteristic absorption c-SWNTs/s-SPG, c¢-SWNTs/s-curdlariM{ = 9500), and
c-SWNTs/s-curdlan My, = 33 000) composites all give the

(16) (a) Sakurai, K.; Shinkai, 9. Am. Chem. So200Q 122 4520. (b) Sakurai, :
; Mizu, M Shinkai, SBlomacromoIecuIeQOOl 2, 641. (c) Bae, A.- peaks at 188 and 1591 cm(Flgure 3?' As a refference' we
H Lee, S-W.; lkeda, M.; Sano, M.; Shinkai, S.; SakuraiGérbohydr. prepared a c-SWNTs/amylose composite according to Stoddart’s

Res 2004 339, 251. a o
(17) (a) Miyoshi, K.; Uezu, K.; Sakurai, K.; Shinkai, Shem. Biodiersity 2004 method® The Raman spectrum arising from the c-SWNTs/
1,916 and references cited therein. (b) Atkins, E. D. T.; Parker, K. D. amylose composite is very similar to those obtained in the
Nature 1968 220, 784. (c) Deslandes, Y.; Marchessault, R. H.; Sarko, A. d
Macromoleculesi98Q 13, 1466. present study.
(18) For carbohydrate nanotubes formed by cyclodextrins or their analogues, TEM images of c-SWNTs themselves and their composites

see: (a) Li, G.; McGown, L. BSciencel994 264, 249. (b) Gattuso, G.; . _ . K
Menzer, S.; Nepogodiev, S. A.; Stoddart, J. F.; Williams, DAdgew. with s-SPG or s-curdlarM,, = 33 000) are shown in Figure 4.

Chem,, Int. Ed. Engl1997 36, 1451. (c) Ashton, P. R.; Cantrill, S. J..  Figure 4a indicates that the length of c-SWNTs is several
Gattuso, G.; Menzer, S.; Nepogodiev, S. A.; Shipway, A. N.; Stoddart, J. 9 9

F.; Williams, D. J.Chem.-Eur. J1997, 3, 1299. (d) Harada, AAcc. Chem. micrometers, which is comparable to the length estimated by
Res 2001, 34, 456. (e) Michishita, T.; Okada, M.; Harada, Macromol. i ize i indicati
Rapid Commur2001, 22, 763, (f Okumura, 1. Kawaguchi. v Harada, AFM. However, the diameter size is somewhat Iarger, indicating
A. Macromolecule2003 36, 6422. that they are easily aggregated into the bundles in the absence
(19) Hinrichs, W.. Butner, G., Steifa, M.; Betzel, C.-H.; Zabel, V.; Pfanridiey of water-soluble polymers acting as solubilizers. In the presence

B.; Saenger, WSciencel987, 238, 205.
(20) (a) Dodziuk, H.; Ejchart, A.; Anczewski, W.; Ueda, H.; Krinichnaya, E.; Of s-SPG or s-curdlanM,, = 33 000), on the other hand,

Dolgonos, G.; Kutner, WChem. Commur2003 986. Recently, Ikeda et _ i i ;

al. also reported that SWNTs can be debundled by cyclodextrins utilizing ¢-SWNTs Stably exist as slender fibrils, suggesting that the

high-speed vibration milling technique. See: (b) Ikeda, A.; Hayashi, K.;

Konishi, T.; Kikuchi, J.Chem. Commur2004 1334. (22) (a) Yu, Z. H.; Brus, L. EJ. Phys. Chem. BR001, 105 6831. (b) Sauvajol,
(21) Preliminary communication: Numata, M.; Asai, M.; Kaneko, K.; Hasegawa, J. L.; Anglarnet, E.; Rols, S.; Alvarez, LCarbon 2002 40, 1697.

T.; Fujita, N.; Kitada, Y.; Sakurai, K.; Shinkai, &hem. Lett2004 33, (c) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza, A. G.; Saito, R.

232. Carbon2002 40, 2043.

J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005 5877
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(CLSM) using an s-curdlan covalently linked to fluorescein
(s-curdlan-F): the average molecular weight of the s-curdlan
is ca. 8100 withM/M,, = 1.2. This s-curdlan-F gave blue
fluorescence under UV light irradiation (Figure 6a), whereas
c-SWNTs appeared as black shadows under the optical micro-
scopic observation (Figure 6b). As shown in Figure 6c¢, the blue
fluorescence in Figure 6a and the black shadows in Figure 6b
were perfectly overlapped, indicating that c-SWNTs and
s-curdlan-F coexist in the same domain. When the red circles
in Figure 6¢ were photoexcited at 364 nm, they gave fluores-
cence spectra having an emission maximum at 527 nm (Figure
6d). The result confirms that this blue color is emitted from the
excited state of fluorescef.
: . e To obtain unequivocal evidence that the polymeric chains of
[ so0om — 8 [ 300m — B8 B-1,3-glucan polysaccharides really construct a periodical helical
Figure 4. TEM images of (a) c-SWNTs, (b) c-SWNTs/s-SPG composite, superstructure around the bundle of c-SWNTs, we observed
(c) c-SWNTs/s-curdlan composite, and (d) a magnified picture of (b). these composite fibrils by AFM. As shown in Figure 7a, the
(a)—(c) were taken without staining, whereas (d) was taken after staining . . o
with 2.0 wt % phosphotungstic acid. surface of c-SWNTs themselves did not give any specific
pattern. We also prepared c-SWNTs solutions dispersed by

wrapping by polysaccharides suppresses the aggregation of@mylose or poly(vinylpyrrolidone), but their AFM images are
c-SWNTs (Figure 4b and c). To obtain a clearer image of the similar to that in Figure 7a. This implies that, even though these
composite, we magnified one fibril after staining with phos- Water-soluble polymers may wrap c-SWNTs to dissolve them
photungstic acid (Figure 4d). Interestingly, one can confirm that into water, the periodical structure is not constructed on the
this fibril consists of a few bundles with ca. 8 nm diameter and ¢-SWNTSs surface in their wrapping process. On the other hand,
each bundle is decorated by stripes. From the inclination of thesehen a DMSO solution of s-SPG was cast on mica, we could
stripes (right up, left down), one can presume that these bundlesobserve a fine polymeric network structure and the height of
have a right-handed helical motif. These results show that s-SPGone chain was estimated to be ca. 1 nm (Figure 8b). Very
chains twine around a c-SWNT bundle, creating a periodical interesting, when c-SWNTs were dispersed with the aid of
helical pattern on the surface of the bundle. Here, one may S-SPG or s-curdlanM, = 33 000) into water, the surface of
consider that the diameter of the composite is larger than thatthe fibrils showed a periodical structure with inclined stripes
of t-SPG itself. It is rather natural, however, that s-SPG includes (Figure 7b-d). In a magnified picture of these fibrils (Figure
somewhat larger guest polymers, because the main chain of7d), one can clearly recognize that the well-ordered, periodical
B-1,3-glucans is not so rigid as cyclodextrins and can take Structure is constructed on the surface. Here, it should be noted
various higher-order structures. The result indicates that the that the periodical structure of t-SPG could not be visually
cavity size of SPG can be changed to accommodate the size ofecognized under the same conditions due to its small diameter.
entrapped guest polymers in an induced-fit manner. As referenceVe also confirmed the fact that the scanning direction did not
experiments, we prepared the samples of c-SWNTs itself and affect the periodical wave patterns at all. The findings imply

not recognize this kind of stripe at all. p-1,3-glucan polysaccharides because of their strong helix-

forming nature. As far as we know, this is the first example in
which construction of the superstructure on the SWNTs surface

(o)

EDX-TEM Observation. The presence of polysaccharides
in the composite was evidenced by EDX (energy-dispersive

X-ray spectroscopy). Figure 5& shows a TEM image, an EDX is visually confirmed® Subsequently, the periodical interval
spectrum, and an .EDX line scan profile respéctively of in the helical stripes was estimated by AFM. It is confirmed

C-SWNTSs themselves. As is seen in Figure 5b and c, a Smallfrom scanning along a fibril that the mountain and the valley
amount of oxygen is detected in addition to a large amount of &PPear periodically, like the teeth of a saw, at every 16 nm
carbon. Presumably, this peak is assignable to the functional'me_rval (Figure 8a)..On the other hand, when th? mica surface
groups such as OH, COOH, etc., produced by the cutting beside the composite was scanned along the fibril, we could
treatment of ag-SWl\]Ts by o,xidati.é)n The C/O ratio (wt/wt) not observe any periodical pattern at all. It is also confirmed
estimated by this elemental analysis is 94.9/2.1. On the other_fror_’n A_FM that most composites have_ ca. 1_0 nm_height,
hand, Figure 5¢ for the c-SWNTs/s-SPG composite shows indicating that/3-1,3-glucan polysaccharides twine around a
the presence of saccharide-based oxygen atoms, the C/O ratigundle of ,C'SWNTS' L
(wtwt) being 68.1/18.3. The decreased C/O ratio and the fact ' © confirm the fact that the periodical wave patterns are not
that the oxygen intensity is not distributed beyond the carbon affectleag by the AFM tip, we observed the composite fibrils by
intensity imply that the thin oxygen-containing layer of s-SPG SEM ¢ The results are shown in Figure 9. One can recognize
chains is constructed around the bundle of c-SWRTs. (24) It should be noted that the CLSM image reflects the fluorescence of the
CLSM and TEM Observation. Formation of the composite composite, so that the size (or width) of the composite cannot be estimated

by this fluorescence method.

was further confirmed by a confocal laser scanning microscope (25) Synthetic polymers that are covalently attached to carbon nanotubes tend
to form regular structures on the carbon nanotube template. See: (a) Czerw,
R.; Guo, Z.; Ajayan, P. M.; Sun, Y.-P.; Carroll, D. Nano Lett.2001, 1,

(23) To obtain the elemental analysis data with a good S/N ratio, we had to 423. For a related paper, see: (b) Murphy, R.; Coleman, J. N.; Cadek, M.;
select somewhat larger bundles that would be formed during the drying McCarthy, B.; Bent, M.; Drury, A.; Barklie, R. C.; Blau, W. J. Phys.
process, otherwise we could not obtain the reliable elemental analysis data. Chem. B2002 106, 3087.
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Figure 5. TEM images, elemental analysis based on EDX, and EDX line profiles:(€)for c-SWNTs and (d)(f) for c-SWNTs/s-SPG composite.
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Figure 6. CLSM images of c-SWNTs/s-curdlan-F composite obtained by (a) fluorescence microscope, (b) optical microscope, (c) overlap of (a) and (b),
and (d) fluorescence spectra for excitation of the red circles in (c) at 364 nm (the numbers of spectra in (d) correspond to those of red circles in (c)).

from Figure 9 that the diameter of the composite is-320 nm because of its poor solubility in water. Here, we mainly report
and the periodical structure is constructed on the c-SWNT the data we obtained from the ag-SWNTs/s-SPG composite.
surface. The thickness of the platinum coating is estimated to  Dissolution of ag-SWNTs by Wrapping with s-SPG.
be 10 nm from the coating time and current. Therefore, the Procedure for Dissolution of ag-SWNTs.A DMSO solution

actual diameter of the composite is estimated to be2nm, containing ag-SWNTs and s-SPG was sonicated in a water bath
which is consistent with the results obtained from TEM and (the details are described in the Experimental Section). The
AFM. mixed solution gradually became dark as the sonication time

As a summary of the foregoing findings, one can now progressed. This mixture was diluted with water under vigorous
conclude that (1) the fibrous structures observable with micro- stirring. The resultant mixture was subjected to centrifugation,
scopes are composites formed from ¢c-SWNTs and s-SPG (orthe ag-SWNTs/s-SPG composites being recovered as precipitate.
s-curdlan) and (2) the helical twining pattern constructed from This process was repeated five times. The AFM measure-
these polysaccharide chains is visually seized by AFM, TEM, ments showed that the precipitate consists only of the
and SEM. s-SPG and s-curdlan possessifigle3-glucan main- ag-SWNTs/s-SPG composites while the supernatant contains
chain structure are able to dissolve “cut” c-SWNTSs in aqueous uncomplexed s-SPG, amorphous carbons (impurity in ag-
solution, but “cut” c-SWNTs can be dispersed in aqueous SWNTs), etc. This implies that this dissolution treatment is
solution even in the absence of water-soluble polymers, althoughuseful for purification of ag-SWNTs. The maximum concentra-
they tend to aggregate by themselves into the bundle. To furthertion of ag-SWNTs dissolved in water by this procedure was
evaluate the solubilization ability of these polysaccharides, we 2.5 mg mL1.26 We confirmed that if the resultant solution is
applied s-SPG to ag-SWNTSs that cannot be dissolved without diluted with water (lower than 0.5 mg mE), it can exist as a
the aid of surfactants or water-soluble polymers. As explained clear solution over 1 month. We performed the same experi-
below, s-SPG showed a remarkable solubilization power even . . . — N
for ag-SWNTs. s-Curdlan also showed a similar solubilization (26) g'e‘gC‘égﬁ”;raﬂonMV‘l’glfe?se;ﬁ'“g”?rd Lgr'ggilfoﬁglgf‘ﬁﬂd_ 3).(;tlg?1t1|§|?e§?e£|?;m'
power, but the ability is somewhat inferior to that of s-SPG Tour, J. M.Chem. Commur2001, 193.
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cannot be compared with theirs directly. We thus prepared the
SDS solution containing our ag-SWNTSs by ourselves according
to Smalley’s procedure. As a result, we could confirm that the
peak sharpness of the widlIR spectrum obtained from the
s-SPG-dispersed system is almost the same as that obtained from
the SDS-dispersed system. The finding supports the view that
in the present s-SPG system, ag-SWNTs are well-dispersed as
one or only a few pieces.

High-Resolution TEM and Three-Dimensional TEM Ob-
servation. The ag-SWNTs/s-SPG composite was characterized
by high-resolution TEM (HRTEMJ¥® From Figure 12a, the
composites are visually recognized to be a very small, fibrous
structure but not a bundled structure. Figure 12b and ¢ shows
the enlarged pictures. From Figure 12c, one can clearly
recognize that two s-SPG chains twine around one ag-SWNT
with 1.5 nm diameter. It is also seen from Figure 12c that the
helical motif is a right-handed one and the helical pitch of one
chain is ca. 10 nm (in Figure 12d, the original image is Fourier
filtered to enhance the wrapping pattern more clearly). These
TEM images provide “decisive” evidence that one piece of ag-
SWNTs is wrapped by s-SPG cha#tis.

f’?U’ngN_ArF/M im%@fes of (a) C'SWNTdSv(ég’) C'SWNfTSéS'SPG Cofn;_lf;)o_slit?' Furthermore, we succeeded in taking a three-dimensional

c) c- s/s-curdlan composite, an a magnified picture of fibrilsin 5 - o 0 S

s-SWNTs/s-SPG composite. In (c), amorphous mass observed around the(3 D) image _Of th_'s plcturé. The four Se'eFte‘?' still plct_ures

fibrous composite is attributed to curdlan, which could not form the are shown in Figure 13, and the movie is deposited as

composite with c-SWNTs. The same AFM image was obtained from curdlan Supporting Information. In Figure 13, each 3-D image corre-

ngﬂgi&;‘%fdéﬁfgf;:e between (b) and (d) is caused by the poor water gnngs to the clockwise rotation of the “Y” shape structure in
' Figure 12b with 45, 135, 225, and 318 along a perpendicular

¢ axis. In these 3-D images, one can see that ag-SWNT appears

ments with amylose, dextran, pulluran, or starch, but none o R o - . .
them could disperse ag-SWNTs into water. The difference @ @ White fine fibril (for example, right branch in the °45
clearly indicates the superiority $£1,3-glucan polysaccharides ~ 'otating image) and a SPG thin layer wraps the fibril. From
as a one-dimensional host for ag-SWNTSs over other polysac- 1€s€ 3-D TEM images, one can confirm that the s-SPG chains
charides. exist as a uniform layer around one piece of ag-SWNTs, and

It is known that DMSO and alkaline aqueous solutions are the composite structure can be viewed from any angle.. This
good solvents for s-SP&:151t thus occurred to us that the ag- result strongly supports the fact that s-SPG wraps one piece of
SWNTs/s-SPG composite may be dissociated into each com-29-SWNT.
ponent in these solvents. As shown by pictures in Figure 10, AFM Observation of ag-SWNTs/s-SPG CompositesThe
ag-SWNTs were immediately precipitated when these solvents AFM images of the sample obtained by casting the ag-SWNTs/
were added (the concentration in the final solutions was 50 vol s-SPG composite solution on mica are shown in Figure 14. It
%). The AFM measurement proved that the supernatant contaings seen from Figure 14a that the fibrous composites are well
only dissociated s-SPG. We consider that this process will be dispersed on the mica surface and most of them have a
useful for recovering “pure” ag-SWNTs from the composite. 2—3 nm height. This result is supported more quantitatively by

Estimation of Dispersity by Vis—NIR Spectroscopy.ag- the histogram (Figure 14b): the height distribution is very
SWNTs were dispersed into,D with the aid of s-SPG, and
the mixture was subjected to witNIR measurements (Figure (28) (a) The electron conductivity of carbon nanotubes plays an important role
11). As the peaks have become much sharper than those of '('3‘_;5?3'3'5”'”29; tgﬁ:,f“”}’?'eKﬁr%Tezﬁcf\;f_’”L_bﬁﬁmHﬁl‘:"ﬂf‘%‘?'é?ﬁag’%lgﬂg' S
bundled c-SWNTSs (Figure 2), one can clearly assign them to W.; Sadler, P. JAngew. Chem., Int. EdEngl. 1997, 36, 2197. (c) Guo,
characteristic bands in ag-SWN%%sThe result suggests that BT e e s Thomas S Midoiey P, A Commen:
one or a few pieces of ag-SWNTs are included in the SPG 2004 1253. ) )

. . (29) Recently, Coleman and Ferreira presented a simple and general model that
helical structure. Smalley et al. raised the sharpness of the NIR describes the ordered assembly of polymer strands on nanotube surfaces,

peaks as evidence for discrete dispersion of SWNTs: for the energetically favorable coiling angles being estimated to be A®:
Coleman, J. N.; Ferreira, M. SA\ppl. Phys. Lett2004 84, 798. This

example, they proposed that SWNTs dispersed by sodium theoretical approach is partly complementary to our present results, but

dodecyl sulfate (SDS) micelles exist as one piece in the their single-chain wrapping system cannot be directly compared to our two-
. 27¢ . . chains wrapping system.

micellez’¢ Because of the difference in the ag-SWNTSs source (30) Electron tomography (ET) is a useful technigue for reconstructing an object

i i \ from a series of projections acquired by TEM. Recent development of fully

(see EXpe”mental Sectlon), however, ouriéiR SPECtral data digitized and automated TEM has enabled us to achieve the three-

dimensional ET, not only to determine the size and distribution of objects

(27) (a) Ausman, K. D.; Piner, R.; Lourie, O.; Ruoff, R. 5.Phys. Chem. B but also to provide information about the morphology of them in the
200Q 104, 8911. (b) Chiang, I. W.; Brinson, B. E.; Huang, A. Y.; Willis, nanometer order. Three-dimensional structure was reconstructed by process-
P. A.; Bronikowski, M. J.; Margrave, J. L.; Smalley, R. E.; Hauge, R. H. ing a series of projections by combination of IMOD and Amira. See:
J. Phys. Chem R001, 105 8297. (c) O'Connell, M. J.; Bachilo, S. M.; (a) Frank, JThree-dimensional Electron Microscopy of Macromolecular
Huffman, C. B.; Moore, V. C.; Strano, M. S.; Haroz, E. H.; Rialon, K. L.; AssembliesAcademic Press: San Diego, CA, 1996. (b) Midgley, P.;
Boul, P. J.; Noon, W. H; Kittrell, K. L.; Ma, J.; Hauge, R. H.; Weisman, Weyland, M. Ultramicroscopy2003 96, 413. (c) Kermer, J. R.; Mast-
R. B.; Smalley, R. EScience2002 297, 593. ronarde, D. N.; McIntosh, J. R.. Struct. Biol 1996 116, 71.
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Figure 8. AFM images and scanning profiles of vertical sectional plans of (a) c-SWNTs/s-SPG composite, and (b) s-SPG. AFM tip was scanned along the
blue lines.
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] ] ) Figure 11. Vis—NIR spectrum of ag-SWNTs/s-SPG solution>@ 1 cm
Figure 10. Picture of aqueous ag-SWNTs/s-SPG composite solution (left) cell, room temperature.

and that taken after addition of DMSO (right): the final solution contains
50 vol % DMSO. Addition of aqueous 1.0 M NaOH solution results in a
similar precipitate of ag-SWNTSs.

However, when the surface of the composite was scanned along
the fibril, a periodical wave pattern with a ca. 12 nm interval
appeared. This periodical wave pattern is similar to that observed
narrow, and the peak maximum appears at 2.5 nm. As thein Figure 8a. One may consider, therefore, that this arises from
diameter ofag-SWNT is 1.5 nm and the size of the s-SPG chainthe s-SPG chains helically wrapping ag-SWNT.

is estimated to be ca. 1 nm (Figure 8b), the 2.5 nm height implies )

that the composite consists, mostly, of one piece of ag-SWNT conelusion

wrapped by the s-SPG chains. The size of these composites is Various spectroscopic measurements and microscopic obser-
so small that the stripe pattern as observed for the c-SWNTs/vations conducted herein consistently support the view that the
s-SPG composites (Figure 7) is not visually recognized. water-soluble nanofibers are comprised of SWNTs and
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Figure 12. (a) TEM image of ag-SWNT/s-SPG composite, and (b,c) its magnified picture. (d) The original image of (c) was Fourier filtered to enhance the
contrast of the composite.

it

Figure 13. Reconstructed 3-D images of ag-SWNTs/s-SPG composite, viewed from different orientations. These correspond to the clockwise rotation
images of the 2-D image in Figure 12b, rotating around a perpendicular axis Witi3%, 225, and 315, respectively.

f-1,3-gulucan polysaccharides. Particularly interesting are the -conjugate system. The present paper suggests that such
findings that (1) the periodical stripe structure, which stems from functional groups can be introduced into tffel,3-glucan
a helical wrapping mode characteristic 8f1,3-glucans, is polysaccharides, without damaging theconjugate system.
confirmed, (2) the composite with ag-SWNTs contains mainly Furthermore, the presence of the periodical structure on the
one piece of ag-SWNT, and (3) the “important” picture that composite surface implies that one can combine the present
clearly evidences that two s-SPG chains helically wrap one piecesystem with the concept of supramolecular or self-assembly
of ag-SWNT and the helicity is right-handed has been taken. chemistry. We believe, therefore, that the present system has a
These lines of clear image on the composites are obtainedbroad future potential both in chemical modification and in
because of the helix-forming nature ©f1,3-glucans. physical characterization of SWNTs.

So far, it has not been so easy to prepare a stable composite
including one piece of SWNT isolated from each other. The Experimental Section
present paper shows that the polymer wrapping with  yaterials. SPG was kindly supplied by Taito Co., Japan. The
-1,3-glucan polysaccharides is one promising method. To molecular weight and the number of repeating units were evaluated to
introduce functional groups into SWNTSs, covalent-bond forma- be 1.5x 1P and 231, respectively. Other polysaccharides used here
tion has been mainly utilized, which partially damages the were purchased from Tokyo Kasei Kougyou, Co. Native curdlan
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Figure 14. (a) AFM images of ag-SWNTs/s-SPG composite (a500 nm), (b) height distribution of the composites, and (c) scanning profiles of vertical
sectional plans of the composites (blue) and the mica surface (red). AFM tip was scanned along the blue and red lines in (a).

(M,, = 1200 000) is scarcely soluble in water, but when Mg is Synthesis of s-Curdlan-F s-Curdlan covalently linked to fluorescein
reduced, it becomes moderately water-soldbBMSO was obtained (s-curdlan-F) was synthesized according to the following procedure:
from Kishida Chemical Co. and was used for all experiment® D  curdlan (50 mgM,, = 8100) was dissolved in DMSO (5 mL). To the
was purchased from Wako Pure Chemical Industries and was used forDMSO solution, 13 mg (excess amount) of fluorescein-5-thiosemicar-
vis—NIR measurements. SWNTs produced by the HiPco (high-pressure bazide was added, and the DMSO solution was stirred for 5 days at
decomposition of carbon monoxide) process were obtained from Carbonroom temperature. The resultant solution was subjected to dialysis with
Nanotechnologies, Inc. ag-SWNTs were cut into the appropriate length a cellulose membrane (MWC& 3500). Uncomplexed fluorescein-
as described previoustyThe length as estimated by AFM was between 5-thiosemicarbazide was removed completely in this process. Frozen-

1 and 2um. dry treatment of the aqueous solution afforded the yellow powder. The
Preparation of c-SWNTs/Polysaccharide CompositesAn aqueous obtained s-curdlan-F was used as a DMSO solution (5 mgjnChe
solution of dispered c-SWNTs (250L) was mixed with 50uL of c-SWNTs/s-curdlan-F composite was prepared according to the same

DMSO solution containing s-SPG (5.0 mg mil.M,, = 150 000). At procedure described above.

this stage, the water/DMSO mixed solutions contained 300 Vis—=NIR Absorption Spectrometry. Vis—NIR spectroscopic stud-
600 ug mL~! of c-SWNTs and 83Qug mL! of s-SPG, and the ies were performed on a SHIMADZU UV-3100 spectrophotometer.
composition of water/DMSO (v/v) was 84/16 (v/v). After being left Raman Spectrometry.Raman spectra of c-SWNTs/polysaccharide
for 2 days at room temperature, the mixture was treated with a composites were obtained using a JASCO NRS-2000 laser Raman
centrifuge (7000 rpm) fol h and the supernatant that contains spectrometer.

uncomplexed s-SPG was pipetted off. The precipitated Transmission Electron Microscopy (TEM) and High-Resolution
c-SWNTs/s-SPG composite was then dispersed into water 2P0 TEM (HRTEM). TEM and HRTEM images were acquired using a
After repeating this centrifuge process five times, the clear aqueous JEOL TEM-2010 (accelerate voltage 120 kV) and a TECNAI-20, FEI
solution was obtained. The c-SWNTs/s-curdlavi,(= 9500 and (accelerate voltage 200 kV), respectively. c-SWNTs/s-SPG solution was
33 300) composites were prepared by the same procedure. Two controplaced on a copper TEM grid with a holey carbon support film. The
samples using amylosé, = 15 000) were prepared according to TEM grid was dried under reduced pressure éoh before TEM
reported procedureéd® observation.

Preparation of ag-SWNTs/Polysaccharide Compositehe pro- Scanning Electron Microscopy (SEM).SEM studies were carried
cedure used for dissolution of ag-SWNTSs is as follows. HiPco SWNTs Out on a Hitachi S-5000. c-SWNTs/s-SPG composite was shielded with
(0.5 mg) were weighted in a sample tube. To the tube, 2 mL of DMSO platin. The accelerating voltage was 25.0 V, and the emission current
was added, and SWNTSs were dispersed by sonication (50 W, 20 kHz) Was 10uA. The sample was cast on mica and dried 6oh under
for 3 h using a probe type sonicator with the sample immersed in a réduced pressure before SEM observation.
water bath. The sonicator tip was placed into the sample by one-third ~Energy Dispersive X-ray Spectroscopy (EDX)EDX was used to
of the distance from the surface. To the resultant dispersiongg00  detect oxygen from s-SPG and to confirm the presence of s-SPG around
of DMSO solution containing s-SPG (5.0 mg mi.M,, = 150 000) c-SWNTs. c-SWNTs/s-SPG solution and c-SWNTs dispersion were
was added, and the mixture was sonicated for 10 min in a water bath. Placed on a copper TEM grid with a holey carbon support film,
The mixture was gradually diluted with water (2.5 mL) extending over respectively. c-SWNTs were used to obtain a reference EDX line
10 min under sonication (50 W, 20 kHz). The sonicated mixture was Profile. Although we tried to use ag-SWNTs instead of c-SWNTs, it
added to 35 mL of water to give a homogeneous black solution. The Was difficult to cast them on a grid due to their poor solubility into
final composition of water/DMSO (v/v) was 94/6 (v/v). The solution ~Wwater and strong cohesive nature. Therefore, c-SWNTs and their
was left for 2 days at room temperature to complete the renaturating COMposite were examined by EDX here. EDX spectra and EDX line
process of s-SPG. The solution was then subjected to centrifugation atScan profiles were acquired from a holey place where c-SWNTs or
12 000 rpm for 2 h. After the supernatant was removed, the precipitate c-SWNTs/s-SPG composite bridge over the hole. EDX spectra and EDX
was dispersed into 2.0 mL of water again (for wNIR sample line scan profiles were obtained using a TECNAI-20, FEL.
preparation, BO was used instead of water at this process). Repeating ~ Confocal Laser Scanning Microscope (CLSM)CLSM was used
this centrifuge process five times, uncomplexed s-SPG and amorphousfor taking the fluorescence image of s-curdlan-F. One drop of c-SWNTs/
carbons were pipetted off as a supernatant, and the clear black aqueoug-curdlan-F aqueous solution was sandwiched between cover glasses
solution was obtained. The resultant solution was clear for over 1 month, @nd fixed by an adhesive. CLSM images were taken via a Carl Zeiss
unless it was of extremely high concentration. In the absence of SPG,LSM 510. Excitation wavelength was 364 nm.
on the other hand, ag-SWNTSs were scarcely dissolved under the same Atomic Force Microscopy (AFM). AFM images were acquired in
treatment. The ag-SWNTs/s-curdlan composite was prepared by the@ir using a Topo METRIX SPM 2100 (noncontact mode). The sample
same procedure. The control sample using SDS was prepared accordingvas cast on mica and driedrf6 h under reduced pressure before AFM

to a reported procedufés observation.
Three-Dimensional TEM (3D-TEM). 3-D TEM images were taken

(31) Koumoto, K.; Kimura, T.; Kobayashi, H.; Sakurai, K.; ShinkaiChiem. using a TECNAI-20, FEI. The TEM parameters were controlled during
Lett. 2001, 908. the acquisition of a tilted series of projections by a cooled slow-scan
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charge-coupled device (CCD) camera for 3-D electron tomography  Acknowledgment. We thank Professor Masahito Sano for
(3-D ET) by fully digitized and automated TEM. A series of tilted  helpful discussions and Ms. Yumiko Kitada for AFM measure-
projections was acquired for this experiment frer60° to 60°, with ments. This work was supported by The Japan Science and

an image recorded every giving a total of 60 images. The exposure Technology Corp., SORST Program. We also thank Taito Co.,
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the samples. Once the acquisition of a tilt series was complete, the
data were transferred to a workstation for fine-tuning of the alignments Supporting Information Available: Two movies of the 3-D

and for 3-D reconstruction. These data were spatially aligned using a Tgm image. This material is available free of charge via the
cross-correlation algorithm from IMOD software, and a 3-D reconstruc- Internet at http://pubs.acs.org

tion was achieved using a weighted back-projection of consecutive 2D
slices, from AMIRA 3.03% JA044168M
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