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Strong tube-tube van der Waal attractions that hinder the dissolution of single walled carbon nanotubes
(SWNTSs) as individuals have been overcome by the direct protonation of the tubes by superacids. The pristine
nanotubes disperse as individuals in 100¥56,, oleum, trifluromethanesulfonic acid, and chlorosulfonic

acid to varying solubility levels. Optically homogeneous solutions with concentration as high as 45 g/L (2.5
wt %) at room temperature have been observed in the case of chlorosulfonic acid, the strongest among the
series of superacids investigated. A dissolution model is proposed wherein the solubilized tubes exist as
protonated polycarbocations, charge balanced by corresponding conjugate base anions. The removal of electrons
from the SWNT, leading to a fractional positive charge on the carbons in the protonated state, is reversible
upon deprotonation. With increasing concentration of the solubilized nanotubes, anion-mediated attractions
at lower concentrations and spatial constraints at high concentrations guide the transformation of the SWNT
acid system into a nematic mesophase. Highly anisotropic, nematic mesophases formed in the dissolution
process are promising precursors for the fabrication of macroscopic forms of SWNTs with high alignment of
the carbon nanotubes.

Introduction of acids with acidity higher than 100% sulfuric acid. The

L - . dissolution behavior of conformationally analogous stiff-chain
Solubilization of prIStIne S|ng|e walled carbon nanotubes polymers in Superacids is enhanced by the presence of nitrogen_
(SWNTs) as individual molecular entities remains the single or oxygen-containing groups on the polymeric backbone serving

largest obstacle to the realization of their application potehtfal.  as specific centers for protonati®#? Since pristine single
Various attempts° to disperse the SWNTSs as individuals have walled carbon nanotubes lack such specificity, it is not clear if

centered on the covalent derivatization of the tube side wall the Superacids will exhibit the same solvation behavior as in
with suitable organic modifier groups. While the derivatization the case of conventional rod-like polymers. However, the
approach is successful in solubilizing the SWNT, interesting amphoteric nature of carbon nanotubes suggests that they will
electronic and optical properties of the SWNT are lost with pehave as a weak base and be protonated, directly resulting in
extensive derivatization. Although surfactant-assisted suspen-the delocalization of positive charge over the entire nanotube.

sions preserve the electronic structure of the singly suspended The process leading to the formation of a polycarbocation
pristine carbon nanotulfethe concentrations are low and the ¢an be viewed as

surfactant often remains as an impurity in downstream processes.

A high cohesive energy of more than 0.5 eV/nm arising from C,+yAH — [C‘HX Hy(l_k‘m] +yA~ (1)

tube—tube van der Waal interactiodsg;oupled with the larger

L/D ratio (ca. 1000) of the SWNT, is a formidable force to Wherek = x/yandd is the fractional positive charge carried by

overcome for any solvent. each carbon atom. The formation and stability of the polycar-
Our preliminary investigatioson the solubility of SWNT ~ bocation is dependent on the stability of the conjugate base

in superacids have shown evidence for the dissolution of SWNT anion, A". This is a significant difference, compared to the

in higher concentrations and the formation of intrinsically conventional rigid rod polymeric molecules which have very

aligned nematic-like phases in superacids, generically the groupsPecific localized sites for protonation. In this paper, we address
the dissolution of single walled carbon nanotubes in superacids
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of rigid rod-like carbon nanotubes in superacids at high con- 0.5
centrations predictably leads to molecular level spatial con- :
straintd?! resulting in the percolation of the tubes followed by
the formation of an anisotropic nematic mesophase. This paper
presents the results of an experimental investigation addressing
the nature of solvation, intertubular interactions, and the
spontaneous intrinsic alignment of the SWNT, studied by-UV
vis—NIR absorption spectroscopy, polarized light microscopy,
laser Raman spectroscopy, and scanning electron microscopy.

"] CH,50,H+S,0,7
1 cisoH
Oleum
100%H,S0,
CF,SO0,H

Experimental Section

_ _ 750 1000 1250
Single walled carbon nanotubes produced by the HiPco

proces¥ were purified by a process described elsewhére,
finely ground with a mortar and pestle, and dried under vacuum
at 110°C. Dilute solutions for UV-vis—NIR absorption spec- 1.6
troscopy were made by dispersing about one milligram of the

dry SWNT in 10 mL of the appropriate acid at room temper-

ature. A few drops of the resulting dark solutions were trans- 1.2
ferred to a quartz cell and diluted further with the acid to adjust
the optical density to obtain a light colored solution. Y¥is—

NIR absorption spectra of the dilute solutions of SWNSLiper-
acid dilute solutions were recorded with a Shimadzu UV3101PC
spectrophotometer. The corresponding pure acids were used as 300 600 900 1200 1500

a baseline reference.

Higher concentration solutions of SWNTs in superacids (up Wavelength (nm)
to 4 wt %) were prepared for microscopic examination in a Figure 1. UV—vis—NIR absorption spectra of (a) dilute solutions of
custom-designed all glass mechanical mixer with Teflon seals Pristine SWNTSs in various superacids; (b) a surfactant aided agueous
rning unde a ket of argon and then were hermetically SFersr o e SRS The T e e oo v e
sealed between a dry microscopic sllt_je and a glass cover S“p'the approxin%ate region where the divis?o)a is observed.

The samples were examined by polarized Raman spectroscopy
in the reflection geometry employing a Renishaw micro-Raman
spectrometer. Two different lasers of wavelengths respectively
at 513 nm (Ar ion) and 780 nm (diode) were used as exciting
sources.

The samples were also examined by polarized light micros-
copy in the differential interference contrast (DIC) mode
employing a Zeiss polarized light microscope equipped with
an oil immersion objective (63X, 1.4 NA), a rotatable sample
holder mounted between the polarizer and analyzer, and a piezoor
motor. Scanning electron microscopy (SEM) of the coagulated
solids was carried out employing a Philips Electroscan XL30
environmental scanning electron microscope.

20

Absorption (a.u)

sion of pristine SWNTs in watéris given in Figure 1b for
comparison. The first van Hove features arising from transitions
involving the v, — c; transitions of the SWNT (marked as | in
Figure 1b) are sensitive to adsorption of any species on the
surface of the nanotube, whereas the second van Hove transitions
arising from deeper lying- states (marked as Il in Figure 1b)
are less sensitive to the chemical environment of the nanotube.
When compared to the spectra of the SWNTs in Shi%:
oad absorption feature observed in the case of superacid
solutions does not appear to originate from a possible shifting
of the interband transitions. Rather, they appear to arise from a
charge-transfer process similar to a broad charge-transfer band
at 1.07 eV (1158 nm) observed in the case of SWNTSs solubilized
in carbon disulfidé* or when doped with Bt'®> Also, in

The room temperature solubility of SWNTs in 100% sulfuric comparison with the reported UWis—NIR absorption spectra
acid, oleum, and triflic acid was limited compared to the of Cgin oleum?® the absorption bands in the case of oleum
immediate and quantitative dissolution of SWNTs in chloro- and chlorosulfonic acid can be attributed to a charge transfer
sulfonic acid. Solutions ranging in color from golden yellow to  complex with free sulfur trioxide (available only in these two
pale brown were obtained in each case, except for methane-acid systems in the current study). The correlation of this band
sulfonic acid in which SWNTSs were found to be insoluble even with protonation and associated charge-transfer process is further
after prolonged sonication. However, the SWNTs could be strengthened with the shifting of this broad band with the acid
readily dispersed at room temperature and a colored solutionstrength. The wider span of the polycarbocation band in all the
obtained in methanesulfonic acid in the presence of potassiumsuperacids, compared to sharper absorption features insghe C
persulfate (500 mg in 10 mL of methane sulfonic acid). oleum system can be understood in terms of the distribution of

Figure 1 (a) shows the U¥vis—NIR absorption spectra of  tube diameters in the SWNT sample. Superacids based on an
dilute solutions of pristine SWNTSs in various superacids in the oxyacid functionality also serve as oxidizers in addition to
500-1400 nm range. The spectra are characterized by a broadprotonating the SWNTSs.
absorption ranging from 700 to 1100 nm. Chlorosulfonic acid  In fact, only in those rare instances where the conjugate base
and oleum registered maximum absorptions at 855 nm and 852provides for extreme delocalization, as in the case of a larger
nm, respectively. The triflic acid and 100% sulfuric acid showed carborane cage anion, does a superacid directly protonate ele-
maximum absorptions at 900 nm and 895 nm, respectively, mental carbon without oxidatioH. The absence of hydrogen
whereas the solution of SWNTs in methanesulfonic acid evolution during the dissolution of the SWNT in superacids sug-
persulfate solution showed a maximum absorption at 925 nm. gests that protonation is reversible and that fractional removal
The UV—-vis—NIR absorption spectra of an SDS aided suspen- of electrons from the SWNT represents a polarization in the

Results and Discussions
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Figure 2. (a) Raman spectrum of the dry SWNT sample before
dissolution in chlorosulfonic acidtéx. = 780 nm). The radial breathing
modes (RBM) and the % stretching mode at 1596 cthare marked

accordingly. (b) Raman spectrum of the SWidhlorosulfonic acid Figure 3. Optical micrograph of the 0.5 wt% solution of SWNTSs in
paste (2.5 wt/wt %) recorded with the same excitation source. The radial n|orosulfonic acid observed between crossed polarizers.
breathing modes and thexfgmode vanish completely, leaving only

the background scattering. (c¢) Raman spectrum of the SWNT S .
chlorosulfonic acid solution (2.5 wt/wt %) recorded with the argon ion 1ydrogen bonded cross-linking of SWNTs. These kind of

laser flexc = 514 NM) as exciting source. Theginode is observed at ~ 9els are formed at relatively low concentration of SWNTs
1619 cnt registering a shift of 23 cn# (shown enlarged in the inset).  and more importantly lack the anisotropic optical properties
that are dominant in a nematically ordered collection of
C:H* moiety rather than a permanent removal of electrons from SWNTSs.
the SWNT. In this context the SWNTsuperacid system may The transmission optical micrograph of the 0.5 wt % solution
be represented by €, H,(~ *)*]A,~* whered is the fractional of SWNTs in chlorosulfonic acid placed between crossed
positive charge carried by a single carbon atgis,the number polarizers is shown in Figure 3. A direct consequence of the
of carbon atoms in a given nanotulyethe number of protons  electrostatic repulsion between individually solubilized SWNTs
solvating the carbon nanotube;Ais the conjugate base anion is the molecular level spatial constraints that lead to alignment

20 um

andk = xly. of the solute species to form a nematic mesophase. The micro-
Trace (a) of Figure 2 shows the Raman spectrum of the dry graph shown in Figure 3 shows evidence for the formation of
SWNT sample before dissolution in chlorosulfonic acidy{ a highly anisotropic nematic solution and compares very well

= 780 nm). The radial breathing modes (RBM) and thg E  with the optical micrographs of nematic phases formed by rigid
stretching mode at 1596 crhare marked accordingly. Trace rod polymers in 100% sulfuric aci#. The domains with dif-

(b) of Figure 2 shows the Raman spectrum of the SWNT ferent orientations with respect to the polarization direction were
chlorosulfonic acid paste (2.5 wt/wt %) recorded with the same observed to change their color with the rotation of the sample
excitation source. The radial breathing modes and thengde between the crossed polarizers.

vanish completely leaving only the background scattering. This  Biphasic systems, where an isotropic solution of nanotubes
is not surprising considering the dependence of resonancein superacids coexists with a nematic phase, were observed at
enhancement of the Raman scattering in SWNT on their lower concentrations whereas complete nematic phases were
electronic structuré® The excitation energy from a 780 nm laser formed at higher concentrations. This was also the case for
source is in resonance with the — c; transitions. There will SWNT solutions in triflic acid, 100% sulfuric, acid and oleum
be no contribution to the Raman scattering cross section from which exhibit a lower solubility for SWNT compared to chloro-
the v, valence electrons as they largely become depleted in thesulfonic acid.

protonation process. On the other hand, the excitation source However, one of the salient features of the SWhsTliperacid

at 514 nm (2.2 eV) that resonates with the— c, transition interactions at lower concentrations, the hierarchial ordering of
shows little dependence of the scattering cross section on theSWNT, arising likely from its limited solubility, is presented
depletion of the ylevels. Trace (c) of Figure 2 shows the Raman here in the context of the SWNIH,SO,—S0O; system. The
spectrum of the SWNFchlorosulfonic acid solution (2.5 wt/  transmission optical micrograph in the differential interference
Wt %) recorded with the argon ion lasetefc = 514 nm) as contrast mode of a 0.25 wt % solution of SWNT in 100% sul-
the exciting source. ThezEmode is observed at 1619 cin furic acid is shown in Figure 4a. The sample consists of con-
registering a shift of 23 crt (see inset of Figure 2). From the tinuous and uniform bundles of thickness 600 nm com-
reported value of Eklund et al. of 320 cihper hole per posed of single walled carbon nanotubes. At lower concentra-
carbon'® a shift of 23 cm* observed in SWNT chlorosulfonic tions of SWNT in 100% sulfuric acid, the anion mediated attrac-
acid system corresponds to a single positive charge being sharedion of the protonated SWNTSs causes their alignment into uni-
by approximately 14 carbon atoms. Oxidative exfoliation of formly thin strands of SWNTs which we call “SWNT spa-
SWNT bundles by various oxidizers including,$0, has ghettl’. The protonated SWNTs have an unrestricted mobility
been reported by Kovtukovha et &.wherein the authors  along the axis direction of the SWNT spaghetti and hence grow
have formed highly viscous hydrogels under certain oxida- from relatively shorter lengths to long continuous strands by
tive, hydrous conditions. The gels are formed in a very slow, the continuous adsorption of protonated nanotubes from the solu-
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Figure 5. (a) Scanning electron micrograph of a collection of SWNT
alewives precipitated from a solution of 4 wt % solution of SWNT in
oleum (20% S@) by slow exposure to moisture. The remaining acid

Figure 4. (a) The transmission optical Ticrogrgph in the diﬁ‘?re”tif’(‘)' in the carbon alewives was removed by quenching the solution in diethyl
interference contrast mode of a 0.25 wt % solution of SWNT in 100% ather. Scale bar is 50m. (b) Scanning electron micrograph of a solid

sulfuric 'aci_d. Inset shov_vs a magnified view of the same samp_le. (0) obtained by quenching an 1 wt % suspension of SWRE% sulfuric
Transmission optical micrograph a 4 wt % solution of SWNT in acid in diethyl ether. Scale bar iszan.

100% sulfuric acid (mixed at 11TC) placed between crossed polarizers.
phase into monodispersed, acicular shaped particles on slow

tion coupled with their mobility along the axis direction of the exposure to moisture.
bundle. In this arrangement the individual tubes are suggested The particles, which we named as “SWNT alewivégor
to have unrestricted diffusional mobility along the entire length their striking resemblance to a school of Great Lakes fidhga
of the spaghetti phase. We have recently presented elsewher@seudoharengisbearing the same name, are constituted of
detailed results on the phase behavior of SWASTIfuric acid single walled carbon nanotubes intrinsically aligned along the
system, derived from rheometric and optical microscopic long axis of the carbon alewife as determined by polarized
investigationg? Raman spectroscopy. Figure 5a shows the scanning electron

As in the case of chlorosulfonic acid, at higher concentrations micrograph of a collection of SWNT alewives obtained by the
of SWNT in 100% sulfuric acid, the restricted relative mobility slow exposure to moisture of a solution of 4 wt % solution of
of the nanotube bundles favors the alignement of the bundlesSWNT in 20% oleum kept stirring at 11. Alewives could
themselves leading to nematic-like phases. A transmissionbe obtained from lower concentration solutions (e.g., 1 wt %)
optical micrograph ba 4 wt % solution of SWNT in 100% of SWNT in oleum and 100% sulfuric acid, as well.
sulfuric acid (mixed at 110C) placed between crossed polars Water, which plays the role of a competing base, deprotonates
is shown in Figure 4b. Anisotropic phases similar to the one the nanotubes and precipitates them as carbon alewives. On the
shown in Figure 4b were obtained at high concentrations of other hand, concentrated sulfuric acid (96%) could not disperse
SWNT in triflic acid as well as oleum (20% S The existence SWNTs to give even a slightly colored solution. The syrupy
of an aligned mesophase in the SWNdleum system was  black slurry of 1 wt % SWNT in 96% sulfuric acid was
evidenced further by the precipitation of the nematic mesophasequenched in diethyl ether and the product examined by scanning
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electron microscopy. The scanning electron micrograph given  (3) Acc. Chem. Re2002 35 (special issue on carbon nanotubes).
in Figure 5b reveals that the morphology rather resembles the __ (4) Bahr, J. L.; Yang, J.; Kosynskin, D. V.; Bronikowski, M. J.;
SWNT buckypapers obtained from surfactant-assisted suspen-sma”ey' R. E.; Tour, J. MJ. Am. Chem. So2001, 123 6536.

. . . ; . (5) Hirsch, A.Angew. Chem., Int. Ed. Eng2002 41, 1853.
sions. This observation rules out the existence of an aligned () 0'Connel. M. J et alScience2002 297, 593.
mesophase in SWNT96% HSO, suspension prior to quench- (7) Girifalco, L. A.; Hodak, M.; Lee, R. Shys. Re B 200Q 62, 13104.
ing and goes further to strengthen our notion that direct proto- _ (8) Ramesh, S.; Ericson, L. M.; Sulpizio, J.; Saini, R. K.; Billups, W.

: ; ; ; i« E.; Hauge, R. H.; Wade Adams, W.; Smalley R.BEll. Am. Phys. Soc.
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possible only in the absence of a competing base. (9) Berry, G. C.: Cotts, P. M.; Chu, S. @r. Polym. J.1981 13, 47.
(10) Yang, H. H.;Aromatic High Strength FiberdViley-Interscience:
Conclusions New York, 1989.

. . (11) Donald, A. M.; Windle A. H.Liquid Crystalline Polymers
Single walled carbon nanotubes, conformationally analogous cambridge University Press: Cambridge, 1992.

to stiff-chain polymers, are solubilized in superacid solutions  (12) Bronikowski, M. J.; Willis, P. A.; Colbert, D. T.; Smith, K. A.;
by direct protonation. The solubilized SWNTSs exist in solution Smalley, R. EJ. Vac. Sci. Technok001, 19, 1800. = .
as individual po_charbocations in an isotropic ph_ase only at very Bréﬁf’k)ovcvg'(?nﬂ’_ J|:; :\lﬂvé{rg?g\?:ﬂ?‘ L'f's'ri'é”';;’flg_gizﬁ_';{dé!‘v g'f‘llpiyé’
low concentrations and transform to a nematic mesophase atchem 2001, 105, 8297.

high concentrations. Deprotonation takes place in the presence (14) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P.
of a competing base (such as water), resulting in the precipitationC-; Haddon, R. CSciencel99§ 282 95. o
_of the ;olu_bilized SWNT. The intrins?c alignment Qf SWNTs_ Kaﬁ;ﬁaa?ﬂm?rxg%éﬁgﬁl{h.S,\',i;tz%%uleTl'g' ‘Ff(')gamawak" H.; Aoki, K.;
in the liquid crystalline mesophase is preserved in the solid  (16) cataldo, FSpectrochim. Actd995 51A 405.

SWNT aggregates upon precipitation followed by removal of  (17) Reed, C. A,; Kim, K. C.; Bolskar, R. D.; Mueller, L. $cience
the acid. The anhydrous SWNBuperacid mesophases hold 2000 289, 101.

: At : (18) Thomson, C.; Rafailov, P. M.; Jantoljak, H.; ReichP8ys. Status
great potential as precursors for the fabrication of macroscopic g B 2000 220, 561.
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