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Highly Exfoliated Water-Soluble Single-Walled Carbon Nanotubes
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Single-walled carbon nanotubes functionalized by phenyl groups can be sulfonated in okS(@y, (H
20% free S@) to give materials that exhibit high solubility in water as determined by centrifugation in
conjunction with U\-vis—near-infrared measurements. Cryo-transmission electron microscopy images
show that extensive debundling occurs during the sulfonation step.

Introduction

Applications of carbon nanotubes in biological nanotech-
nology* will require nanotubes that are soluble in water, a
medium essential to studies involving live cells. Surfactant
wrapping and DNA-assisted dispersibhave been used to
achieve water-soluble, individual single-walled carbon nano-
tubes (SWNTSs); however, these methods require harsh
sonochemical treatments, and the yields are low. One of the
most promising routes to soluble nanotubes involves chemi-
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cal functionalization, at either the ends or the sidewalls of |

the nanotubes. One approach involves the reaction of
carboxylic acid groups that are formed during purification
of the SWNTs with glucosamirfeproteins; or oligomeric

or polymeric water-soluble moleculéd/Vater-soluble aryl
sulfonated SWNTSs have also been formed in oleum in a one-
step reactiohbut with a low degree of functionalization. In

2 3

to achieve highly functionalized SWNPsand3, which form
thermodynamically stable solutions in water. The reactions
are outlined in Scheme 1.

Experimental Section

this manuscript, we describe a convenient and scalable route
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Materials. Studies were carried out using both crude and
purified® SWNTs (~6 wt % iron) that were prepared by the HiPco
process. Benzoyl peroxide (reagent grade, 97%), sulfuric acid
(fuming, ACS reagent, 20% as free §0and sodium hydroxide
(ACS reagent>97.0%, pellets) were purchased from Aldrich.

Synthesis of Phenylated SWNTs 1SWNTs functionalized by
phenyl groups were prepared using benzoyl peréX@aethe source
of phenyl radicals. In a typical experiment, SWNTs (40 mg, 3.33
mmol of carbon) and benzene (50 mL) were added to a 100 mL
three-necked round-bottom flask equipped with a homoge#izer.
The contents were homogenized for 10 min, and the benzoyl
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Figure 1. Cryo-TEM images of sulfonated SWNTs(A) prepared from purified materials and (B) from raw materials.
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Figure 2. Raman spectra (780 nm excitation) of (A) purified SWNTs and
(B) phenylated SWNTs obtained by reaction with benzoyl peroxide.
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peroxide (807 mg, 3.33 mmol) was then added. The mixture was
then heated under argon at 8D for 2 h with homogenizing. After
cooling, the contents of the flask were diluted with benzene (100
mL), filtered through a poly(tetrafluoroethylene) membrane (0.2
um), and washed with chloroform.

Synthesis of Sulfonated SWNT 2The phenylated SWNT$%

(20 mg) were dispersed in oleum (20 mLy$Oy, 20% as free S§)
and heated under argon at 80 for 4 h toyield the sulfonated
SWNTs2. The suspension was then poured carefully into 100 mL
of ice water, filtered through a polycarbonate membrane (@2
and washed with water.

Synthesis of Sulfonated SWNT Salt 3The phenyl sulfonated
SWNTs2 (20 mg) were treated wita 1 MNaOH (30 mL) solution
overnight at 80°C under argon. The contents were then diluted by
water (100 mL), filtered through a polycarbonate membrane (0.22
um), and washed with water.
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Figure 3. XPS of sulfonated SWNT2. (A) Survey of the spectral region from 0 to 1100 eV, (B) the carbon 1s region, 83.05%, (C) the oxygen 1s region,

14.13%, and (D) the sulfur 2p region, 2.82% (atomic percentage).
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Figure 4. XPS of sulfonated SWNT sodium saBs(A) Survey of the spectral region from 0 to 1100 eV, (B) the carbon 1s region, 84.35%, (C) the oxygen
1s region, 11.78%, (D) the sulfur 2p region, 1.66%, and (E) the sodium 1s region, 2.22% (atomic percentage).

Characterization. The functionalized SWNTs were character- mixing, the samples were centrifuged on a Fisher Centrific model
ized by Raman spectroscopy, thermogravimetric analysis (TGA), 225 Benchtop centrifuge at 5100 rpm. BVis—nIR absorbance
cryo-transmission electron microscopy (cryo-TEM), and X-ray spectra were measured on a Shimadzu UV-3101PC spectrometer
photoelectron spectroscopy (XPS). Raman spectra of solid samplesn 1 mm path length Starna cells with Teflon closures. At low
were collected using a Renishaw 1000 microraman system equippecconcentration in water, light absorbance in the range from 400 to
with a 780 nm laser source. The thermal degradation studies werel400 nm scales linearly with concentration. This Beer's law
carried out using a SDT 2960 Simultaneous differential scanning behavior yields calibration curves for measuring the concentration
calorimeter-thermogravimetric analyzer from TA Instruments. of the sulfonated SWNTSs in water.

Cryo-TEM images were obtained using a JEOL 2011 instrument
operating at 200 kV. A Physical Electronics (PHI QUANTERA) Results and Discussion

XPS/ESCA system was used to acquire the XPS data. The base . -
pressure of the system was»5107° Torr. A monochromatic Al Cryo-TEM images of2 prepared from purified SWNTs

a 45 takeoff angle. The beam diameter was 100n0. extensive debundling occurs during the sulfonation step.
Solubility measurements were made by centrifugation in con- Cyro-TEM images recorded using a dilute solution of the
junction with UV—vis—near-infrared (nIR) absorbanée After sulfonated SWNTs prepared from raw HiPco nanotubes
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A

Figure 5. Photographs of (a) pristine SWNTs and (b) sulfonated SWRIiFsH,0. (A) Immediately after sonication; (B) after 1 min; (C) after 5 min; (D)
after 24 h; (E) after 10 days; and (F) after 1 month.

exhibit similar behavior (Figure 1B). It is interesting that ~ **

the material prepared from the unpurified nanotubes has the 2. — Before Certifugation
catalyst (seen as black spots) still attached to the ends of After Centrifugation
the tubes. 2
The carbon/phenyl ratio & as determined by TGA, was 18
found to be 18. This high degree of functionalization can
also be inferred by inspection of the Raman spectrum (Figure §
2). Whereas a small disorder mode (D-band) that is related™ 14
to sp-hybridized carbon is observed at 1290 ¢nfior the
purified SWNTs (Figure 2A), the functionalized SWNTs
exhibit a much larger D-band (Figure 2B), confirming the 10 ~\\
high level of functionalization observed by TGA analysis. |
The sulfonated SWNTS and the precursor phenylated 400 500 60D 700 BOD 900 1000 1100 1200 1300 1400
SWNTSs exhibit D- and G-bands of similar intensities. Wavelength (nm)
XPS spectra of and3 are presented in Figures 3 and 4, Figur_e_f). U_vais_ntR spectra of sulfo_nated SWNTXin \_/vater_(500
respectively. The atomic percentageschere found to be {me wltlal dispersion) before centrifugation and after centrifugation of the
op phase.
83.05 for C 1s, 14.13 for O 1s, and 2.82 for S 2p, indicating
that a monosulfonation product is formed. RofFigure 4), . i _
the atomic percentages are 84.35 for C 1s, 11.78 for O 1s,centrifugation of the top phase. The BVis—nIR spectra
2.22 for Na 1s, and 1.66 for S 2p. These results indicate ©f the 1000 ppm initial dispersion before and after centrifu-
that the sulfur-to-sodium ratio is approximately 1:1. gation in the top phase can be found in Supporting Informa-
Thermodynamically stable solutions ®&re formed after  tion (Figure S1). The U¥-vis—nIR spectra of functionalized
sonication for 2 min. Visual inspection of these solutions SYNTS do not exhibit absorption peaks for specific chirality
(Figure 5) showed no indication of flocculation after several Vectors that are dominant in pristine SWNTSs. The first van
months. In contrast, a solution of the purified SWNTs began HOVe features arising from transitions involving the— ¢

bance

16

to flocculate within 1 min after sonication for 10 min. of the pristine SWNTSs are sensitive to adsorption of any
Solubility measurements @fwere made by centrifugation ~ SPecies on the surface of the nanotuli&ecause valence
in conjunction with UV-vis—nIR absorbancé Centrifuga- electrons become largely depleted in the functionalization

tion of concentrated (500 and 1000 ppm) dispersions of Process, they do not contribute to B¥is—nIR absorption
sulfonated SWNTs for 12 or more hours (during which peaks for SpECIfIC.ChII‘a!Ity vectqrs of SWNTs. The isotropic
equilibrium is reached) resulted in a clear phase separationPhase at the top is optically uniform and structureless. The
where the isotropic phase is supernatant. Dilution of the oncentration of sulfonated SWNTs of the top phase is
isotropic phase with a known amount of water followed by Ccalculated to be-492 ppm on the basis of UWis—nIR
UV —vis—nIR absorbance measurements provided a quan_absorptlon data at 500 nm. This is one of the highest values
titative estimation of solubility, that is, the maximum &chieved for functionalized SWNTs.
concentration that can exist in the isotropic phase. Figure 6(13) o A M Davie V. A Sam R K. Kirell G

. amesn, S.; ericson, L. M.; Davis, V. A.; Sainl, R. K.; Kittrell, C.;
§hows the U\;LV|s—nIR _s_pectr_a of tr_le sulfonated SWNTs pasquali. M.- Billups, W. E.. Adams, W. W.. Hauge, R. H.; Smalley,
in water (500 ppm initial dispersion) before and after R. E.J. Phys. Chem. B004 108, 8794-8798.
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SWNTs functionalized by phenyl groups were also
prepared by treating nanotube salts with iodobenzene (Schem
2)1415These results can be found in Supporting Information.

Sulfonation of the phenylated SWNTs in oleum@ay, 20% 2000 L

@ Intensity
[
(=]
3

free SQ) was carried out as described earlier. 2000
The solubility of the sulfonated SWNTSs prepared by Birch

phenylation was determined to b&258 ppm (Figure S2 in 550 7000 1500 2000 e

Supporting Information). Although the Raman spectrum Raman Shift (cm-)

presented in Figure 7 suggests a high level of functional- Figure 7. Raman spectra (780 nm excitation) of (A) purified SWNTs and

ization, the carbon/phenyl ratio determined by TGA is 26. (B) phenylated SWNTSs obtained by Birch phenylation.

The lower degree of functionalization observed for this

product probably accounts for the disparity in the solubility . Acknowledgment. We thank the Robert A. Welch Founda-
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Conclusion

In summary, sulfonation of SWNTs that have been  Supporting Information Available: UV—vis—nIR spectra of
functionalized by phenyl groups provides a convenient and sulfonated SWNTS obtained by reaction with benzoyl peroxide
scalable way to achieve highly exfoliated water-soluble (1000 ppm initial dispersion in water) and obtained by Birch
SWNTSs. The solutions are stable for several months. Studiesphenylation (500 ppm initial dispersion) before centrifugation and

of these materials in biological systems are underway. after centrifugation of the top phase. Experimental details for the

synthesis of phenylated SWNTs obtained by Birch arylation is also
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