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A new class of single-walled carbon nanotube (SWNT) deriv-
atives have been synthesized by means of an oxidation route
that leads to shortened nanotubes bearing carboxylic acid
end groups. The simultaneous attachment of poly(ethylene
glycol)amine (PEG-NH,) and amine derivatives of aromatic
fluorophores was achieved through the formation of amide
bonds. Different soluble products have been obtained from
2-aminofluorene, 2-aminoanthracene and 1-aminomethyl-

naphthalene. Basic spectroscopic characterization revealed
peculiar features, such as quenching of the fluorescence, that
suggest intramolecular interactions between the tubes and
the attached aromatic moieties. The proposed co-function-
alization procedure could be easily extended to obtain a wide
range of soluble organic derivatives of SWNTs.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Since their first observation in 1991™7 carbon nanotubes
(NTs), and especially single-walled carbon nanotubes
(SWNTs)>3! have attracted great attention because of their
unique properties.[*71 After the earlier example of chemi-
cally functionalized NTs, that was reported at the end of
the 19905, a great deal of functionalized NTs appeared in
the literature.” !4 In fact, the route toward application of
SWNTs in biology and material science passes through the
chemical modification of NTs, that allows the preparation
of soluble compounds and the derivatization with func-
tional molecular moieties. Sidewall functionalizations!!> 18]
with different methods!!®?7] have been reported, while a dif-
ferent approach is based on the end functionalization
through oxidation routest®!328-3% that lead to shortened
nanotubes bearing carboxylic acid end groups.['!-31-33]

Recently, covalent and noncovalent functionalization
strategies have been employed for the preparation of several
derivatives of SWNTs bearing dye units.3¢#! Despite the
interesting properties shown by such compounds, their sol-
ubility, when reported, is found to be of the order of
10" mg/mL or less. Besides, the nature of the molecular
moiety grafted to the NT rules the method of preparation
and the solubility of the product.

We now report an application of the end-functionali-
zation route to soluble derivatives of SWNTs bearing poly-
cyclic aromatics with fluorescence properties. Poly(ethylene
glycol) (PEG) was selected as solubilizing moiety because it
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is widely used for such purpose,*? especially in medicinal
chemistry, and also in the field of NTs it has been already
experimented.’14341 We ourselves reported a procedure
for the microwave-assisted synthesis of an SWNT-PEG de-
rivative.[46]

Results and Discussion

Co-functionalization of SWNTs with PEG and polycy-
clic aromatics with fluorescence properties was obtained by
an amidation reaction, on the basis of established literature
procedures (Scheme 1).

Commercial HiPco SWNTs were cut and etched accord-
ing to a reported procedure,?®! to give shortened SWNTs
bearing carboxylic groups at their ends and also as defect
sites on the sidewalls (sh-SWNT-COOH). Sonication dur-
ing the cutting protocol was reduced to 35 min. In a pre-
viously reported study on HiPco SWNTs, we found that
this treatment time leads to a good degree of functionali-
zation while avoiding excessive degradation of SWNTSs.[47]
According to the original work by Haddon and co-
workers,®l carboxylic groups were activated through SOCI,
treatment to obtain the corresponding acyl chlorides (sh-
SWNT-COCI), that were then allowed to react with excess
of poly(ethylene glycol)monoamine (PEG-NH,, molecular
weight 5000) together with an amine derivative (25% by
weight) of three different polycyclic aromatics: 2-aminoflu-
orene, 2-aminoanthracene and 1-aminomethylnaphthalene.
According to Scheme 1, the resulting co-functionalized
products have been named sh-SWNT-AF (2), sh-SWNT-
AA (3), sh-SWNT-AM (4), while the reaction of sh-SWNT-
COCIl with neat PEG-NH, afforded sh-SWNT-PEG (1).

All amidation reactions were carried out under the same
conditions, without solvent, under inert gas at 90 °C for
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Scheme 1.

96 h. At such temperature PEG-NH, (m.p. ca. 70 °C)
forms a viscous fluid that can be stirred and homoge-
neously mixed with the other reactants. The reaction mix-
ture was diluted with warm water, then filtered through a
0.1-um membrane and washed successively with water, eth-
anol and methanol. From the black solid a soluble fraction
was extracted by means of sonication/centrifugation cycles
with different portions of CH,Cl, (DCM). From the com-
bined colored DCM supernatants, functionalized SWNTs
were precipitated with cyclohexane. The product was re-
peatedly washed with cyclohexane and the washings
checked by UV/Vis spectroscopy to assess the absence of
any residual fluorophore. Then the samples were dried in
vacuo at 70 °C overnight.

The SWNT derivatives 1-4 were found to exhibit good
solubility (up to 5 mg/mL) in chloroform, tetrahydrofuran,
dichloromethane, and slightly lower (about 1 mg/mL) in
water.
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sh-SWNT-AF

2

In order to confirm the amide nature of the bond be-
tween the SWNTs and the functionalizing moieties, a test
was done by applying the same procedure, but omitting the
SOCI, activation. No soluble SWNT derivatives were ob-
tained under these conditions, thus excluding any hypothe-
sis of non-covalent linkages, such as polymer wrapping or
salt formation. Moreover, the absence of unreacted fluoro-
phores in the final material has been confirmed by GC-MS,
that showed the release of the polycyclic moieties only for
the mixtures of SWNTs and fluorophores and not for the
derivatives 2—4.

Soluble products were characterized by thermogravime-
tric analysis (TGA), Raman, NMR, IR, UV/Vis and fluo-
rescence spectroscopy.

The Raman spectra of the derivatives 1-4 show all the
features of original HiPco NTs, confirming that the basic
structure of the NTs is substantially unperturbed upon the
chemical processing.
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The loading of PEG in functionalized SWNTs can be
determined from TGA.PU Figure 1 shows the TGA graph
for sh-SWNT-PEG (1), where two distinct decompositions
are visible. The first one (below 450 °C) is assigned to the
PEG chain, by comparing with the thermogram for PEG—
NH, (dotted line), while the second one (above 450 °C) is
related to the depletion of SWNTs with diverse diameters
(continuous line). The amount of PEG loading estimated
from the graph is about 45% by weight. The fraction of
carbon atoms that are functionalized with PEG (molecular
weight 5000) can then be calculated with the following
equation: (0.45/5000)/(0.55/12) = 0.2%.
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Figure 1. TGA graph for sh-SWNT-PEG 1 (continuous) and PEG—
NH, (dashed).

Unfortunately, TGA measurements on co-functionalized
derivatives (2-4) do not allow to distinguish between the
decomposition of the two functional moieties.

'"H NMR (250 MHz, CDCls) spectra of the derivatives
1-4 show a resonance centered at 6 = 3.64 ppm due to the
methylene groups of PEG chains and, for co-functionalized

derivatives 2-4, also some signals of aromatic protons on
the fluorophore units can be recognized. Compared with
the amine precursors,*® % such resonances are strongly
broadened, in agreement with previous functionalization
studies reporting the widening and weakening of signals for
protons in proximity to SWNTSs.[8:25-29:31.321 Sych effect can
be ascribed to the slow tumbling of SWNT derivatives in
solution and to the presence of strong ring currents in the
tube walls.[-2>-2%1 It is worthy of note that the band broad-
ening is especially pronounced for the protons closer to the
amide group and thus to the NT wall. Such protons are in
fact subjected to a wide range of chemical environments
depending on their position along the tube. For sh-SWNT-
AA (3) these weak signals are at 6 = 6.98 and 7.08 ppm
(Figure 2).

IR spectra of the products show some characteristic fea-
tures of carboxylic derivatives of SWNTs.[8:2%-33] The spec-
trum of derivative 2, for example, is shown in Figure 3,
where the band at 1647 cm™! can be assigned to the C=0
stretching of the amide carbonyl vibration, while the band
at 1731 cm™! can be assigned to the C=O stretching of the
residual carboxylic acid groups on functionalized SWNTs.
Similar bands in the same spectral regions are found also
for the products 3 and 4.

Compound 1 shows non-vanishing absorption in the
UV/Vis range, with characteristic van Hove singularities in
the Vis/NIR region of the spectrum. Superimposed to those
features, the derivatives 2-4 show also the characteristic ab-
sorption bands of each fluorophore (Figure 4).

These bands appear substantially unchanged except for
a broadening and a shift of the maximum (up to 5 nm for
compound 3).1531 Such variations are symptomatic of elec-
tronic communication between the m-structures of the flu-
orophore moiety and the nanotube.[*"]

UV/Vis spectroscopy can also be used to obtain a rough
estimate of fluorophore loading. By subtracting the absorp-
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Figure 2. 'H NMR spectrum of sh-SWNT-AA (3).
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Figure 3. IR spectrum (KBr pellet) of sh-SWNT-AF (2). Inset: en-
largement of the C=0 stretching region.
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Figure 4. UV/Vis spectra of derivatives 1 (dotted), 4 (continuous),
and 1-(aminomethyl)naphthalene (dashed).

tion spectrum of soluble SWNTs (without fluorophores)
from those of the adducts 2-4, we calculated the fluoro-
phore amount as weight fraction: 4% for derivative 2, 6%
for derivative 3, and 2% for derivative 4.

The emission spectrum of each co-functionalized deriva-
tive has been compared with that of the corresponding ami-
nofluorophore, considering pairs of solutions with match-
ing absorption. All the species show substantial quenching
of fluorescence, again suggesting an energy exchange be-
tween the excited fluorophore and the NT.4%4! Figure 5
shows the fluorescence spectra of compound 3 and 2-ami-
noanthracene for solutions of matching absorption.

The quenching factor is 6.4, while for compound 4 it is
quantitative. For derivative 2 (Figure 6), fluorescence
quenching is accompanied by the growth of a second
broader emission band at longer wavelengths (480 nm), that
can be ascribed to the formation of a complex at the excited
state.

In order to confirm that the observed spectroscopic fea-
tures are originated by a covalently bound SWNT-fluoro-
2520
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Figure 5. Emission spectra (in CH,Cl,) of 2-aminoanthracene
(3.80-10° M) (dotted) and derivative 3 with equivalent absorbance
at 261 nm (continuous) in CH,Cl,.
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Figure 6. a) Emission spectra of derivative 2 (continuous) and 2-
aminofluorene (dashed) in CH,Cl,. b) Plot of emission intensity of
2 at 480 nm vs. emission intensity at 330 nm at different concentra-
tions.

phore system, simple solution mixtures of derivative 1 and
2-aminofluorene have been examined, while varying the
concentration ratio in a wide range. No one of such mix-
tures showed the band at 480 nm observed for material 2.
Moreover, the intensity ratio between the emission at
480 nm to that at 330 nm is independent of the solution
concentration (see Figure 6). This behavior is consistent
with the formation of a complex of intramolecular nature
(i.e. a covalent link between the NT and the fluorophore).
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Conclusions

In summary, we propose here a strategy to obtain soluble
SWNT derivatives bearing a functional moiety that, in prin-
ciple, can be extended to a wide range of functional ad-
dends. Good solubility, independent from the functional
moiety, is provided by PEG chains, that usually do not in-
fluence physico-chemical properties such as photophysical
and electrochemical behaviors, and that is also compatible
with biological environments. In particular we have tested
our co-functionalization method with three functional units
belonging to the family of polycyclic aromatic fluorophores.
The resulting SWNT derivatives show interesting spectro-
scopic properties that are worthy of deeper investigations.
Thanks also to their solubility properties, the reported
products could be useful models for a further development
of SWNT-based advanced materials.

Experimental Section

General: For all sonications a 150-W ultrasonic cleaning bath, op-
erating at 45 kHz, was used. NMR spectra were recorded with a
Bruker AC 250 spectrometer (5.9 T, 250.1 MHz for 'H). UV/Vis
spectra were recorded with a Perkin—Elmer Lambda 45 spectrome-
ter, fluorescence spectra were recorded with a Perkin—Elmer LS 55
spectrometer with excitation wavelength at the absorption maxi-
mum, Raman spectra were registered with a Renishaw InVia micro-
raman spectrometer, IR spectra were recorded with a Nicolet 5700
FT-IR spectrometer. GC-MS was performed with a Agilent 6850
series GC system.

Starting Materials: Purified HiPco SWNTs were purchased from
Carbon Nanotechnologies Inc., Houston, TX. Poly(ethylene
glycol)monoamine (PEG-NH,, molecular weight 5000) was pur-
chased from Nektar Therapeutics, Huntsville, AL. All remaining
reagents and solvents were purchased from Sigma-Aldrich.

Cutting and Activation of SWNTs: Shortened SWNTSs bearing car-
boxylic groups (sh-SWNT-COOH) at their open ends were pre-
pared from HiPco SWNTs according to ref.[>8! with a cutting time
reduced to 35 min.[*”) Carboxylic groups were activated by SOCI,
according to ref.®l to obtain the corresponding acyl chlorides (sh-
SWNT-COCI).

sh-SWNT-PEG (1): PEG-NH, (300 mg) and sh-SWNT-COCI
(13 mg) were stirred at 90 °C under dry nitrogen for 96 h. The black
solid obtained after cooling the viscous reaction mixture was di-
luted with warm water, then filtered through a polycarbonate mem-
brane (Millipore VCTP, 0.1 um pore size) and washed with water
(830 mL), ethanol (15 mL) and methanol (15 mL). The solid ma-
terial was dispersed in CH,Cl, (DCM, 10mL), sonicated for
15 min and centrifuged. The solid residue was separated from the
supernatant and further washed with DCM (5% 10 mL). The com-
bined DCM washings were concentrated at reduced pressure, and
the solid product was precipitated upon addition of cyclohexane
(5 mL) and centrifuged. The product was then washed with cyclo-
hexane (6 X 5 mL), and dried in vacuo to afford 7.5 mg of a black
solid material.

SWNTs Derivatives 2—4: The fluorophore-grafted derivatives 2—4
were obtained according to the same procedure as for 1, by replac-
ing neat PEG-NH, with a mixture of PEG-NH, and the proper
aminofluorophore (25% by weight): 2-aminofluorene for sh-
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SWNT-AF (2), 2-aminoanthracene for sh-SWNT-AA (3) and 1-
(aminomethyl)naphthalene for sh-SWNT-AM (4).

Supporting Information (see footnote on the first page of this arti-
cle): Raman spectrum for compound 2; NMR spectra for 2 and 4.
IR spectra for 3 and 4. UV/Vis spectra for 2 and 3; emission spectra
for 3 and 4.
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