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Free radicals generated by decomposition of benzoyl peroxide in the presence of alkyl iodides have been used to derivatize small-diameter
single-wall carbon nanotubes (HiPco tubes). The degree of functionalization, estimated by thermal gravimetric analysis, is as high as 1 in ~5
carbons in the nanotube framework. The derivatized nanotubes exhibits remarkably improved solubility in organic solvents. The attached
groups can be removed by heating in an atmosphere of argon. Derivatization was also accomplished by treating SWNTs with various sulfoxides

employing Fenton’s reagent.

There is considerable interest currently in the chemical azomethine ylide%, carbene$;® and nitrenes has been

madificatiort of single-wall carbon nanotubes (SWNTS). In

described. Addition of aryl radicals has been observed when

this way materials that are more amenable to spinning andaryl diazonium salts are reduced electrochemically using
to composite formation can be expected; improved solubility SWNTs (bucky-paper) as electrodeBiazonium compounds
in common organic solvents can also be expected. Fluorina-generated in situ can also be used for functionalizétion.

tion leads to a high degree of sidewall derivatizaficfhe

Radical addition of a perfluoroalkyl group generated by

fluorinated nanotubes have been functionalized by treatmentphotolysis of a carbon—iodine bond has been repdtted.

with Grignard and alkyllithium reagents and metal alkox-
ides3# Sidewall functionalization has also been achieved in
a few instances using organic reagents. Addition of
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Addition of aromatic amines is achieved by refluxing the
amine with SWNTS! Other examples include electrochemi-
cal reductive and oxidative coupling by substituted pheny-
lated derivative’® and electrophilic addition of chloroform
followed by hydrolysis and esterificatidfDissolved lithium
metal in liguid ammonia (Birch reduction) is used to
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hydrogenate SWNT¥. Several reports describe the func- iodide for 24 h under argon and worked up as descriBed.
tionalization of the carboxylic acid groups on the ends and Representative groups that have been added to the nanotubes
defect sites by using thionyl chloride and subsequent are shown in Scheme 1. The reaction works well on a
reactions of the resulting acyl chlorid&>16 multigram scale (3g) if the nanotubes are sonicated prior to
In this Letter, we report new routes to covalently func- reaction.
tionalized nanotubes by the addition of free radicals. The Direct evidence for covalent sidewall functionalization can
method is particularly useful for large-scale syntheses andbe found by Raman spectroscopy. Pristine SWNTs exhibit
provides functional groups conducive to further elaboration. @ weak diameter-dependent radial breathing mode at ca. 230
The SWNTSs used in this work were produced at Rice CM ' and a stronger tangential mode band at ca. 1590.cm
University by the HiPco process and purified as described A Weak band centered at ca. 1290 Cris attributed to s
previouslyl” SWNTSs with residual metal less than 0.1 atom hybridized carbon in the hexagonal framework of the
% and impurity carbon less than 1 wt % were obtained after Nanotube walls. This disorder mode band is enhanced, as
purification. expected, as groups are attached to the sidewalls of the

Although the availability of free radical precursors suitable Nanotubes. This effect is illustrated in Figure 1 where

for our studies is somewhat limited, we found that benzoyl
peroxide is a suitable source of phenyl radicals. Benzoyl _
peroxide is readily available and decomposes under mild
conditions of temperature (75—8) with the formation

of carbon dioxide and phenyl radicals. Since alkyl iodides

react in a diffusion-controlled process with radicals, we have

observed that a large variety of functional groups may be

added to the SWNTs when benzoyl peroxide is decomposed
in the presence of alkyl iodides (Scheme 1).
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Scheme 1
1] 1000
] 75-80 °C Shift (cm™)
Ph—C—-0-0—C—Ph —————— 2Ph" + 2CO,
benzene Figure 1. Raman spectra of derivatized SWNTs: (a) pristine
. nanotubes, (b) SWNTs functionalized by phenyl group, and (c)
P+ R — PRl + R SWNTs functionalized by octadecyl group.
1
(51,
R SWNT coerednartire nanotubes functionalized lyoctadecyl groups are illustrated
Rt along with phenylated and pristine SWNTs. We suggest
2 that it is prudent to include Raman spectroscopy as part of
a. R=-(CH,)47CHg the protocol when functionalized nanotubes are subjected to
b I';_:_'é?_l'”(*él)_{ac;"oaH oH analyses. We have observed instances where the disorder
d. R=-CH ZCOGNH 22 ? peak was not present even when TGA analysis revealed the
e. R=-(CH)5Cl expected increase in weight. Under these conditions the
;‘_ ';:'_?C?S?_O_THP reagent is held to the walls of the nanotubes via van der

Waals interactions.
The phenylated tubes that are formed in the absence of
. ) o . iodides can be chromatographed using a silica gel {230

The reactions We're carried out by 59”'06‘“”9 purlfleq 400 mesh) column and DMSO as eluent. Although discrete
SWNTs suspended in benzene for 30 min. The suspensiony,,nqs are not formed, the fractions that elute first exhibit a
was then heated to 78 with the peroxide and the alkyl  pigher degree of functionalization as demonstrated by the
more intense disorder peak in the Raman spectrum. The
phenylated nanotubes exhibit remarkably improved solubility
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or dispersability in CHG| CH,Cl,, DMSO, DMF, and 1,2- in the highest occupied molecular orbitals that are used to
dichlorobenzene but are less soluble in benzene, toluene, andorm new bonds are no longer available, and the van Hove
THF and are insoluble im-hexane and ether. transitions, characteristic of unperturbed SWNTSs vanish. The

The infrared spectrum (FT-IR, ATR) of nanotubes sub- UV—vis—NIR spectra of pristinea, and2g SWNTs are
stituted by phenyl and octadecyl groups are presented indisplayed in Figure S2 (Supporting Information). Thus, the
Figure 2. Weak € H stretching vibrations in the 3000 absence of electronic bands centered at 1400 and 800 nm in
alkylated samples supports the assumption that sidewall
functionalization has occurred.

Methyl radicals generated by the method of Miri%onay

1007 also be added to the sidewalls of SWNTSs. This route utilizes
Zﬁ dimethyl sulfoxide as the source of the methyl radicals. The
:3 W‘\M\/ steps involved in this reaction are outlined in Scheme 2. We
g 75
§ 70
£ oo |
£ g ® Scheme 2
® 80 ~\_/«\ Fe** + H,0, HO' + HO + Fe*
70 3
60 HO" ? .
%0 000 3000 2000 500 HyC—S—CHy H30—$—CH, CH,
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Figure 2. Infrared spectra with ATR accessory of derivatized [?Ha] n
SWNTs: (a) phenylated SWNTs and (b) SWNTs functionalized ‘CH SWNT
by octadecyl group. 3 MRS
3

3060 cnt region are observed for the phenylated nanotubes,
whereas strong C—H stretching vibrations are observed athave demonstrated that SWNTSs capture the methyl radicals
2850 and 2920 cnt for the nanotube functionalized by effectively, although the resulting methylated SWNTSs exhibit
octadecyl groups. low solubility in most organic solvents.

Weight loss data from TGA analyses are compiled in Table  Other sulfoxides have also been investigated. These results

1 (Figure S1, Supporting Information). Weight loss occurs will be reported in the full paper.
A new radical is formed when the Minisci route is used

_ to generate methyl radicals in the presence of alkyl iodides.
This pr ffers an alternative route to nanot func-
Table 1. Weight Loss and Estimated Carbon/Alkyl Group S process offers an alternative route to nanotubes func

Ratio from TGA, with Heating to 806C in Argon _tlonal|_zed _by alkyl groups (Scheme 3). This pathway is under
investigation.

weight loss carbon/alkyl
L R L -
NT-pristine 3.6 na
NT-phenyl 3056 14.25 Scheme 3
2a 39.97 31.29 2+
2b 42.44 6.30 Hsc—E—CHS %» CHy, —1 CHgl + R’
2c 46.06 5.46 2-2
2d 47.92 5.04
2e 44.28 7.91
2f 29.69 7.69 Acknowledgment. We gratefully acknowledge financial
29 41.01 16.70 support from the National Science Foundation (CHE-
3 15.00 6.83 9710042), the Robert A. Welch Foundation, and Carbon

aThese values are adjusted for weight loss at low temperature due to Nanotechnologies, Inc.
degassing (ca. 2—3% in all cases).

Supporting Information Available: TGA weight losses
of functionalized SWNT-phenyRa, 2d, and2e (Figure S1)
primarily in the temperature range 25800°C. The Raman  and UV—vis—NIR spectra of functionalized SWN?&a and
spectrum of the pristine SWNTs were restored after TGA 2g (Figure S2). This material is available free of charge via
analysis. From the data it is evident that a high degree of the Internet at http://pubs.acs.org.
functionalization has been accomplished.

UV—vis—NIR spectroscopy can also be used to demon-
strate covalent sidewall attachment. This may be attributed (20) Fontana, F.: Minisci, F.; Vismara, Eetrahedron Lett1988, 29,
to rehybridization at carbon (5o sp) since ther electrons 1975-1978.
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