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Gadonanotubes (Gd@US-tubes) are recently reported high-
performance magnetic resonance imaging (MRI) contrast agents
derived from ultrashort single-walled carbon nanotubes (US-tubes)
internally loaded with clusters of Gd3+ ions.1,2 In fact, the
gadonanotubes are the highest performing T1-weighted MRI contrast
agent known with a relaxivity (per Gd3+ ion) of up to 40 times
greater than that for Magnevist, a typical Gd3+-ion clinical agent.
Here we report the first functionalization of gadonanotubes with
various amino acids and peptides using a strategy designed to
produce both biocompatibility and biological targeting. The forma-
tion of SWNT η2 complexes with rhodium compounds have been
described and the catalytic properties of these complexes explored;3

however, to our knowledge, the new functionalization procedure
reported here is the first transition metal catalyzed derivatization
of a carbon nanotube material of any nature. Other US-tube
materials such as I2@US-tubes4 and 211AtCl@US-tubes5 could also
benefit from the derivatization procedure described in this work.

Gadonanotubes were prepared from HiPCO-produced single-
walled carbon nanotubes (SWNTs) and characterized as previously
described.2 In general, we selected HiPCO gadonanotubes for this
study because they are among the smallest diameter carbon
nanotubes, and thus, they exhibit greater sidewall chemical reactivity
than most other SWNT materials. Derivatization of the gadonano-

tubes was accomplished by the cyclopropanation reaction of Scheme
1 using diazoacetic ester in the presence of the catalyst hexa-
rhodium(0) hexadecacarbonyl, Rh6(CO)16. Although the noncata-
lyzed reaction of arenediazonium reagents with SWNTs has been
described,6 functionalization of SWNTs by diazoesters has not been
previously reported. As shown in Scheme 1 and Table 1, the
resulting ester-functionalized gadonanotubes (I) are especially useful
as intermediates for the covalent attachment of an assortment of
amino acid and peptide moieties to the external sidewalls. After
trying a variety of potential metal catalysts and solvent combinations
that have been used for olefin cyclopropanation with diazoester,7

Rh6(CO)16 and toluene were found to be the most effective catalyst/
solvent combination for the initial cyclopropanation reaction in
Scheme 1 (see also Supporting Information). Without the Rh6(CO)16

catalyst, the reaction does not proceed to I. Substitution of full-
length, purified HiPCO SWNTs8 for gadonanotubes in Scheme 1
results in derivatization but with less than one-fourth the coverage
per nanometer (nm-1) (data not shown), suggesting that much of
the cyclopropanation reaction for gadonanotubes occurs at the
sidewall defect sites through which Gd3+-ion loading occurs.2,9

Using empty US-tubes in Scheme 1 instead of gadonanotubes
produces derivatived US-tubes with approximately the same cover-
age nm-1 as the gadonanotubes (Table 1).

Next, I was hydrolyzed using hexamethyldisilane to produce 1H-
cyclopropan-Gd@US-tube-carboxylic acid (II).10 Compound II was
then converted into the reactive intermediate, pentafluorophenyl 1H-
cyclopropan-Gd@US-tube-1-carboxylate (III), by means of per-
fluorophenyl 2,2,2-trichloroacetate.11 Compound III, which is
sensitive to moisture but stable under anhydrous conditions for
months, readily reacts under mild conditions with sterically
unhindered primary amines in solvents like dioxane, methylene
chloride, DMF, or their mixtures, giving various amides (com-
pounds IV, Scheme 1). Compound III was used as a reactant to
produce a number of amino acid derivatives (IVc-f), a serinol
derivative (IVb), and a methylamine derivative (IVa) (Scheme 1,
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Scheme 1. Catalytic Functionalization of the Gadonanotubes

Scheme 2. Synthesis of the Water-Soluble RGD-Peptide
Derivatives of the Gadonanotubes
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Table 1). Compound IVa was then used to estimate the number of
R groups nm-1 of gadonanotube sidewall using XPS to determine
the atomic percentage of N. Thus, Scheme 1 is a convenient method
to make gadonanotubes water-soluble by attaching hydroxyl group
containing compounds such as serinol or amino acids like threonine
and serine, without the need to protect the carboxylic acid group
of the amino acid. The reaction with higher molecular weight
compounds like peptides takes longer and was not observed to
proceed quantitatively. For example, the reaction with the cyclic
RGD peptide, which is known to bind selectively to receptors
expressed on metastatic cancer cells,12 gave Va with a coverage
of up to 1 peptide nm-1 after 12 h of reaction time, although only
a few percent of the pentafluorophenyl groups reacted. Under the
same conditions, Va can be easily converted into Vb and water-
soluble Vc by reacting it with the free amino acids added to the
same reaction mixture as shown in Scheme 2.

Compounds I, II, IVa-IVg, and Va-Vc have all been char-
acterized by X-ray photoelectron spectroscopy (XPS) for F, C, N,
O, S (as appropriate) by TGA and by Raman and FTIR spectroscopy
(Supporting Information).

The procedures described above and documented in more
detail in the Supporting Information offer the opportunity to
prepare a number of amino acid and peptide derivatized
gadonanotubes under RT conditions, containing, for example,
the covalently attached cyclic RGD peptide for the biological
targeting of cancer. The r1 relaxivities for the underivatized
Gd@US-tubes (64 mM-1 · s-1) and several of the amino acid and
peptide derivatized Gd@US-tubes are also shown in Table 1.
The data in the table demonstrate that the gadonanotubes remain
high-performance T1-weighted MRI contrast agents even when
derivatized, although the r1 relaxivities vary depending upon the
size and the hydrophilicity of the R group. We are currently
exploring the biological and MR imaging properties of these
new water-soluble gadonanotube MRI probes.
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Table 1. Characterization of the Gadonanotubes and Their Derivatives

a From combined XPS (for C, N, and S) and TGA data. The range of values shown is for three different sample preparations. Reference 13 describes
the method used to determine the number of groups nm-1. b Determined by UV-vis spectroscopy, using the method described in ref 13. The range of
values shown is for three different sample preparations. c T1-weighted relaxivity per Gd3+ ion at 1.5T and 40 °C. All compounds, except IVd and IVf,
were suspended in 1% Pluronic F 108 solution (aq.); IVd and IVf were suspended in DI water. d The sample was prepared using US-tubes (no Gd3+).
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