JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Communication

Functionalization of Single-Walled Carbon Nanotubes via the Bingel Reaction
Karl S. Coleman, Sam R. Bailey, Sin Fogden, and Malcolm L. H. Green
J. Am. Chem. Soc., 2003, 125 (29), 8722-8723+ DOI: 10.1021/ja0355675 « Publication Date (Web): 25 June 2003

Downloaded from http://pubs.acs.org on March 29, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 29 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0355675

JIAIC[S

COMMUNICATIONS

Published on Web 06/25/2003

Functionalization of Single-Walled Carbon Nanotubes via the Bingel Reaction

Karl S. Coleman,* Sam R. Bailey, Sian Fogden, and Malcolm L. H. Green
Inorganic Chemistry Laboratory, Unérsity of Oxford, South Parks Road, Oxford, U.K., OX13QR

Received April 10, 2003; E-mail: karl.coleman@chem.ox.ac.uk

Because of their impressive electrical and mechanical properties, Scheme 1. Schematic Representation of the Chemistry Used to
single-walled carbon nanotubes, SWNTS, have stimulated much %a%%os?snﬁﬁzit\i/:’)'r\]'j-:n%”gIih,‘fl;A”Fgr%?]‘écg'(%”soég‘gp&gggx@rkers
interest over the past few years. SWNTs can be metallic or
semiconducting depending on their structure and have a high Bt b H _ Me
Young's modulus of around 1 TPdt is clear, however, that to be : B’_;ZE, : Et 5 ’_/S
able to take full advantage of these unique properties of SWNTs it _ : gt Mes _ %
will be necessary, in many cases, to attach them to other molecules i ' HSMe
or surfaces to fabricate nanodevices or composites. To achieve this, | X
it is essential to be able to functionalize the SWNTSs with chemical
groups.

Carboxylate groups have been introduced on to the surface of
SWNTs by reaction with strong oxidizing agents such as ENO
and can be modified further to form amides. Similarly, acid-
base chemistfyand ester linkagéshave been utilized to attach

long chain alkyl groups to the SWNT walls to alter their solubility X Fir ;

properties. SWNT modifications using cyclization reactions are also ! I O Me9 e
possible using exceptionally reactive carbene and nitrene reagents X, ) 0\_\ s MeS

to attack the SWNT wak? Similarly, the 1,3 dipolar addition of i CeFrr B

azomethane ylides to SWNTSs, with the driving force of the reaction !

being the release of dinitrogen, has been repdfiddere, we @ @

describe the cyclopropanation of SWNTs under Bingel reaction  a ) gingel reaction: diethyl bromomalonate and DBU, 24 h room

conditions, and we have used “chemical tagging” procedures to temperature. (ii) Transesterification with 2-(methylthio)ethanol in diethyl

identify the presence of reacted surface sites using atomic forceether, 12 h. (iii) Introduction of preformed5 nm gold colloids, HPLC

MICrosco AEM). and% NMR and X-ra hotoelectron grade water, 3 h. (iv) Transesterification with the sodium or lithium salt of
py ( ); y P 1H,1H,2H,2H-perfluorodecan-1-ol.
spectroscopy.

The Bingel reaction is an example of at{2] cycloaddition
reaction, and fullerenes are known to react with bromomalonates
to form up to the hexa-substituted proddti3 The Bingel reaction
was performed on 10 mg of purified SWNT material supplied by
Carbon Nanotechnologies Inc., TX. The material was annealed
under vacuum (1@ mbar) at 1000C for 3 h prior to use to remove
any carboxylic acid groups present on the surface. To a suspen-
sion of the SWNT material in drgrtho-dichlorobenzenectDCB)
were added 1.8 mmol of diethyl bromomalonate and 3.3 mmol of
1,8-diazabicyclo[5.4.0Jundecene (DBU). The mixture was allowed
to react, with stirring, for 2 h, and the modified SWNTs
[(COOEtLC<SWNT] (1) were isolated from the reaction mixture
by filtration and washed thoroughly witb-DCB followed by
ethanol. Unambiguous characterization of organic group func-
tionalized SWNTs by conventional spectroscopy and electron rigure 1. A typical tapping mode AFM (height) image of a SWNT
microscopy is notoriously difficult mainly due to electron beam functionalized by the Bingel reaction, [[COO@EH,SMeC<SWNT], and
sensitivity (and resolution), metallic behavior, and low solubility. after exposure to-5 nm Au colloids §). The image shown is 900 nm
However, we have recently developed a chemical tagging techniquegoo nm,_zscale 0-5 nm. The Au colloids can be seen (light colored features)

. . . . i ecorating the complete length of the nanotube.
which allows the functional groups to be visualized by atomic force
microscopy (AFM). Therefore, Bingel-SWNT4)( immobilized colloids following the introduction of a thioether linker, as outlined
on a mica surface, were transesterified by prolonged stirring in an in Scheme 1. The functionalized nanotubes [(COGE)SWNT]
excess of 2-(methylthio)ethanol followed by extensive washing with (1) were deposited onto a mica surface by spin coating a suspension
diethyl ether to form [(COOCKCH,SMe)C<SWNT] (2), and by in 0-DCB. Subsequent reaction steps were then carried out with
exploiting the gold sulfur binding interaction the cyclopropane group the nanotubes immobilized on the surface, with thorough washing
was “tagged” using preformed5 nm gold colloids, Scheme 1. between each reaction step. Careful control experiments were

Figure 1 shows a typical AFM image of purified SWNTSs that carried out to ensure that gold colloids were indeed present due to
have undergone the Bingel reaction and are tagged with gold the chemistry described, Figure 2. AFM imaging of pristine SWNTs

)] @

v O‘/\Cfﬂ mlAu colloids
M = Na, Li
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Figure 3. °F NMR (d;-DMF/DMF) spectra of H,1H,2H,2H-perfluoro-

\ decan-1-ol (red), sodium salt oH]1H,2H,2H-perfluorodecan-1-ol (blue),
Figure 2. A typical tapping mode AFM (amplitude) image of SWNTs  [(COOCHCH,CqF17)2C<SWNT] (3) (black), and pristine SWNTs exposed
after a control reaction where the Bingel functionalized nanotubes 1o the sodium salt ofH,1H,2H,2H-perfluorodecan-1-ol, the control (green).
[(COOEtRC<SWNT] (1) were exposed tov5 nm Au colloids in the The broad feature<85 ppm) and sharp line<95 ppm) are from the NMR
absence of the thioether linker. The image shown isuin5x 1.5um. Au probe and a data spike, respectively.
colloids and what appears to be larger aggregates are only visible on the

mica surface and are not present on the walls of the nanotubes. A small  The XPS spectrum (F1s) of [[COOGEH,CsF17),C<SWNT]
bundle containing 23 nanotubes is visible in the top right of the image. (3) similarly shows the presence of fluorine bound to carbon at a

) ) . . binding energy of 686.2 eV; see Supporting Information. The degree
prior to any reaction chemistry but after exposure to gold colloids of functionalization was estimated to be ca. 2%.

showed no presence of nanotubes decorated with an array of |, ¢ncjusion, we have shown that it is possible to functionalize
nanoparticles, although c_>cc_a5|onally a_catalyst_ particle was observedSWNTS with a cyclopropane group using Bingel reaction condi-
atthe end of a SWNT. Similarly, imaging pristine SWNTs exposed tions. AFM in conjunction with chemical tagging techniques has

only to 2-(methylthio)ethanol and 5 nm gold colloids showed N0 oo shown to be a reliable method in locating functional groups
signs of nanotube decoration with colloids. Significantly, gold and determining their distribution.

colloids were only observed after the SWNTs were reacted with
diethyl bromomalonate in the presence of a base, transesterified Acknowledgment. K.S.C. would like to acknowledge The
with a thio linker, and exposed to gold colloids, suggesting that Royal Society for financial support and the EPSRC for a studentship
the nanotubes were indeed cyclopropanated under the Bingel(S.R.B.).
reaction conditions. Noteworthy, gold colloids were observed both
on the sides and at the ends of the nanotubes.

To further confirm the successful cyclopropanation of SWNTS,
a fluorinated marker was introduced by transesterification of a
suspension of [(COOEAL <SWNT] (1) with the sodium salt of
1H,1H,2H,2H-perfluorodecan-1-ol, followed by extensive washing, ) _ _ ) )
to afford [(COOCHCH.CF1):C<SWNT] (3), Scheme 1. The () 880 R e e prese: London 1008 =
introduction of the perfluoro group allowed the nanotubes to be (2) Rinzler, A. G, Liu, J.; Dai, H.; Nikolaev, P.; Huffman, C. B.; Rodriguez-

1] Macias, F. J.; Boul, P. J.; Lu, A. H.; Heymann, D.; Colbert, D. T.; Lee,
prObed by F NMR and XPS Spectroscopy. R. S.; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; Smalley, RARpl.

Supporting Information Available: C1ls and F1s XPS spectra of
(3). Raman spectra o] and @). Experimental details (PDF). This
material is available free of charge via the Internet at http:/pubs.acs.org.
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