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Since their discovery by Iijima in 1991,1 carbon nanotubes have
attracted considerable interest due to their unique mechanical,2

electronic,3 and optical4 properties. Their potential in nanotechnol-
ogy has however been hampered by difficulties associated with
processing and manipulation. Considerable efforts have thus been
devoted to nanotube functionalization to improve solubility and to
enhance compatibility in composite materials.5 A few methods have
been developed for this purpose, which include oxidation at defects
sites,6 addition of azomethine ylides,7 diazonium salts,8 carbenes,9

nitrenes,10 and radicals11 to single-wall carbon nanotubes (SWNTs).
In addition to these known processes, the Diels-Alder reaction
has also been theoretically predicted to be favored.12 Nevertheless,
it is only recently that experimental validation was reported, i.e.,
the reaction under microwave irradiation ofo-quinodimethane with
soluble SWNTs,13 and the cycloaddition of dienes with fluorinated
SWNTs.14 Diels-Alder reaction on SWNTs thus appears viable,
starting from previously derivatized carbon nanotubes.

In the present paper we report an alternative method which avoids
prior covalent modification of SWNTs. Our approach is based on
the simultaneous activation of the Diels-Alder cycloaddition using
a transition metal together with pressure. Indeed, cycloaddition
reactions are known to be accelerated under high pressure.15 Also,
the electrophilic character of aromatic compounds has been reported
to be enhanced upon complexation with Cr(CO)6.16 We therefore
investigated the combined effect of pressure and chromium hexa-
carbonyl on the Diels-Alder reaction of various dienes with carbon
nanotubes.

In a typical experiment, 3 mg of SWNTs (HiPCO from Carbon
Nanotechnologies, Inc.) were first reacted with Cr(CO)6 in 1,4-
dioxane (see Supporting Information for details). The resulting
chromium-SWNTs complex was added to a solution of 2,3-
dimethoxy-1,3-butadiene1 in THF, and the suspension was
sonicated for 5 min. The mixture was then heated at 50°C and 1.3
GPa (Scheme 1, path A). After 60 h, pressure was released and
the suspension was irradiated with visible light to induce decom-
plexation of chromium.17 The nanotubes were collected by cen-
trifugation and washed several times with organic solvents. Control
experiments were also run in parallel to ensure that the experimental
conditions were innocuous toward the nanotube structure. Accord-
ingly, a sample of SWNTs was treated as above but without diene
1 (Scheme 1, path B). Sample3 was analyzed by Raman
spectroscopy which indicated that pressure combined with chro-
mium had little effect on the nanotube since we only observed a
minute increase of the relative intensity of the D-band at ca. 1280
cm-1 (Figure 1a). This band is related to defects in the nanotube

lattice. Sample3 will be used as a reference to allow comparison
with the functionalized carbon nanotubes2.

The functionalized sample2 was characterized using two
spectroscopic techniques along with thermogravimetric analysis
(Figure 1). Direct evidence for covalent sidewall functionalization
of nanotubes was provided by Raman spectroscopy (Figure 1a).

Indeed, the relative intensity of the D-band is increased in the
functionalized SWNTs2 compared to reference sample3. This
indicates a significant conversion of sp2- to sp3-hybridized carbon
atoms.18 Functionalization has been further confirmed by UV-vis-
NIR absorption spectroscopy. Figure 1b exhibits the characteristic
interband transitions between van Hove singularities of reference
SWNTs3, and the loss of these absorptions in the functionalized
sample2. This is also indicative of a disruption of the extended
π-network due to a significant number of sp2 carbon atoms which
have been converted to sp3 hybridization. Thermogravimetric
analysis (TGA) of2 (under Ar, 10°C/min to 800°C) shows a
weight loss of 22% (compared to pristine SWNTs), which was
calculated to be ca. 1 functional group in 33 carbon atoms19 (Figure
1c). Taken together, these data suggest that the Diels-Alder
cycloaddition did occur on the nanotube surface.

The synergistic effect of pressure and chromium has been
highlighted by supplementary experiments which indicated that
neither the reaction of diene1 with pristine SWNTs at 50°C and
1.3 GPa nor the reaction of1 with the chromium-SWNTs complex
at 50 °C at atmospheric pressure led to covalent modification of
the nanotube. Therefore, the combined effect of high pressure and
Cr(CO)6 is crucial to activate the nanotube toward Diels-Alder
cycloadditions.

To determine the scope and limitation of this process, the Diels-
Alder reaction was attempted using other dienes. The first, experi-
ments were conducted with 1,3-cyclohexadiene,4, 2,3-dimethyl-
butadiene,5, and 9,10-dimethylanthracene,6. Results are sum-
marized in Table 1.

To detect and quantify covalent functionalization of the nanotube
surface, the intensity of the D-band relative to that of the G-band
(ID/IG) in the Raman spectra was used as a probe. As an example,
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functionalized sample2 shows an amplification of theID/IG ratio
by a factor of 2.3 (entry 1) compared to reference sample3.
Unfortunately, no covalent functionalization of the nanotube was
detected using the abovementioned dienes (entries 2-4), although
a small increase was measured for6. We were pleased, however,
to observe that Diels-Alder cycloaddition took place with the
electron-rich Danishefsky’s diene20 7 (entry 5). Indeed, the Raman
spectrum of SWNTs that were reacted with7 showed an increase
of theID/IG ratio by a factor of 2.6 in comparison with that of sample
3. This enhancement of the relative intensity of the D-band is in
the same range as that of SWNTs2. Functionalization was further
confirmed by UV-vis-NIR spectroscopy with the disappearance
of the van Hove singularities. The Diels-Alder process is therefore
operative with dienes bearing strong electron-donating groups (e.g.,
1 and 7). The preferential reactivity of electron-rich dienes with
chromium-SWNTs can be rationalized using frontier molecular
orbital (FMO) theory which anticipates that the lower the energy

gap between the HOMO (diene) and the LUMO (dienophile), the
more efficient the Diels-Alder reaction will be. In our case, the
process is concomitantly favored by the electron-donating ability
of the diene and by the enhanced electrophilicity of the carbon
nanotube due to its complexation to chromium. We speculate that
the transition metal induces the formation of nanotube-based species
analogous to arene chromium tricarbonyl complexes.21

In summary, we report here an efficient method to induce Diels-
Alder reactions on SWNTs. The synergistic effect of pressure and
complexation of chromium hexacarbonyl is an original method to
transiently boost the reactivity of the nanotube toward the cyload-
dition of electron-rich dienes.
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Figure 1. (a) Normalized Raman spectra at 1064 nm of pristine car-
bon nanotubes, reference sample3, and functionalized SWNTs2, (b)
UV-vis-NIR in DMF of 3 and 2, (c) TGA of pristine SWNTs and of
functionalized nanotubes2.

Table 1. Increase of the ID/IG Ratio for Various Dienes
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