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Abstract: Single-walled carbon nanotubes were functionalized along their sidewalls with phenol groups
using the 1,3-dipolar cycloaddition reaction. These phenols could be further derivatized with 2-bromoiso-
butyryl bromide, resulting in the attachment of atom transfer radical polymerization initiators to the sidewalls
of the nanotubes. These initiators were found to be active in the polymerization of methyl methacrylate
and tert-butyl acrylate from the surface of the nanotubes. However, the polymerizations were not controlled,
leading to the production of high molecular weight polymers with relatively large polydispersities. The resulting
polymerized nanotubes were analyzed by IR, Raman spectroscopy, DSC, TEM, and AFM. The nanotubes
functionalized with poly(methyl methacrylate) were found to be insoluble, while those functionalized with
poly(tert-butyl acrylate) were soluble in a variety of organic solvents. The tert-butyl groups of these appended
polymers could also be removed to produce nanotubes functionalized with poly(acrylic acid), resulting in
structures that are soluble in aqueous solutions.

Introduction

The potential utility of single-walled carbon nanotubes
(SWNTs)1 in a variety of technologically important applications,
such as molecular wires and electronics,2,3 sensors,4 high-
strength fibers,5 and field emission,6 is now well established.
The conductivity and tensile strength7 properties of this new
class of nanoscale materials have attracted a great deal of
investigation, which has immensely expanded their scope of
applicability. For example, the recent work of Dekker,8-10

Lieber,11-14 and Avouris2 has demonstrated that SWNTs can
not only be utilized as the semiconducting channels in functional
field effect transistors (FETs), but that they can also outperform

comparable Si-based devices. In addition, Dai and co-workers
have shown that SWNTs can act as chemical sensors, where
exposure to specific gases, including NH3, NO2, and H2, alters
nanotube conductivity by up to 3 orders of magnitude within
several seconds of exposure.15,16However, despite this signifi-
cant research progress, several major limitations have yet to be
overcome and currently preclude the widespread commercial
utility of carbon nanotubes. Among these, the inherent insolubil-
ity of SWNTs in most organic and aqueous solvents is a limiting
factor that must be overcome if carbon nanotubes are to be
utilized within widespread applications such as the preparation
of blends with conventional polymers, molecular electronics,
and the production of homogeneously dispersed conducting
layers within electroluminescent devices.

Recently, a number of research groups have focused on the
functionalization of carbon nanotubes, and especially SWNTs
with various organic, inorganic, and organometallic structures
using both covalent and noncovalent approaches.17 The primary
focus of many of these studies has concentrated on improving
the solubility properties of nanotubes. Initial success was
achieved by functionalizing carboxylic acid groups, formed at
the ends and defect sites of SWNTs during oxidative purifica-
tion/shortening,18,19 through amidation with alkylamines such
as octadecylamine. Over the past five years, this approach has
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been extended to the attachment of organometallic complexes,
including Vaska’s complex20 and Wilkinson’s catalyst,21 inor-
ganic nanocrystals such as CdSe22,23 and Au,24 DNA,25,26 and
various other biological molecules,27-30 dendrons,31 and poly-
mers.32

Another strategy for SWNT functionalization involves the
use of sidewall reactions such as fluorination with elemental
fluorine,33 1,3-dipolar cycloaddition,34,35electrochemical reduc-
tion of diazonium salts,36 and direct addition of nitrenes,
carbenes, and radicals to the unsaturatedπ-system of the
nanotubes.37 These covalent functionalization strategies have
opened up a wide range of chemistry that can be performed on
the sidewalls of carbon nanotubes, allowing chemists to control
the properties of these nanoscale materials. Additionally, a
number of recent reports have concentrated on supramolecular
functionalization of SWNTs, especially with polymeric struc-
tures. The aromatic sidewalls of nanotubes provide the pos-
sibility for π-stacking interactions with conjugated polymers38-43

as well as polycyclic aromatic hydrocarbons. The use of
substituted pyrene molecules for surface attachment of a number
of functionalities has also been implemented, where the ap-
pended structure has been used to attach proteins,44 polymeri-
zation initiators,45 or aqueous solubilizing groups46 in a non-
covalent fashion.

With the goal of improving the solubility properties of carbon
nanotubes kept in mind, it is reasonable to assume that

attachment of large, soluble molecules to carbon nanotubes in
either a covalent or a noncovalent manner should have the
largest impact on solubility. Indeed, this has been the impetus
for functionalization of nanotubes with dendrons and poly-
mers.31,32However, until now, covalent attachment of polymers
to carbon nanotubes has been mainly accomplished using a
“grafting to” approach, in which the polymer is first prepared
and then reacted with the carboxylic acid functionalities of the
SWNTs. Here, we describe a “grafting from” approach to the
“growth” of polymers from the surface of nanotubes by first
covalently attaching polymerization initiators and then exposing
the nanotube-based macroinitiators to monomers. Because this
approach strictly involves the reaction of the nanotubes with
small molecules, it was expected that a higher incorporation of
polymers would result relative to the “grafting to” approach.
In addition, this approach is highly modular, allowing for the
preparation of nanotube-based macroinitiators that can be used
to polymerize a wide range of monomers. We have chosen to
investigate the use of atom transfer radical polymerization
(ATRP),47 which has been shown to be a highly versatile
technique for the controlled radical polymerization of acrylate-
based monomers from the surface of nanoscale structures.48,49

Results and Discussion

Nanotube Shortening.The carbon nanotube starting materi-
als we utilized were approximately 1.5-2 µm in length, and
1-1.5 nm in diameter. Because our primary goal for polymer-
functionalized nanotubes was enhanced solubility, we postulated
that functionalization of shortened nanotubes would have a
higher probability of producing soluble structures. The shorten-
ing procedure we followed was a slightly modified version of
the procedure published by Smalley and co-workers.18 Our only
modification was a reduced sonication time in the 3:1 mixture
of H2SO4:HNO3 from 24 h to approximately 3 h. In our hands,
and with our ultrasonicator (Branson Ultrasonics B1510), it was
found that sonication for more than 6 h leaves no trace of carbon
nanotubes, as determined by atomic force microscopy (AFM).
This may be due to a difference in sonicating power between
the Branson (70 W) sonicator we used and the Cole Parmer
(20 W) sonicator used by Smalley. Figure 1 shows AFM images
of carbon nanotubes at different sonication time periods. It is
clear that a substantial length decrease is occurring after only a
short period of sonication. It should be noted that the purchased
nanotube samples are polydisperse in terms of length, and,
therefore, a variety of different lengths can be observed in each
AFM image. Length analysis of 100 different nanotubes after
2 h of shortening indicated an average length of 334( 123
nm. The shortened SWNTs were isolated by filtration through
a polycarbonate membrane having a pore size of 100 nm. The
product of this procedure was characterized by IR spectroscopy
and exhibited the expected CdO stretch at 1741 cm-1 arising
from the carboxylic acid groups introduced as a result of the
shortening process (Figure 2A).19,50The large IR band observed
at ca. 3400 cm-1 and the weak one at 1627 cm-1 are attributed
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to the asymmetrical stretching and scissoring vibrations, re-
spectively, due to traces of water in the KBr pellet used for the
analysis. The trace water could not be removed even with
extensive drying of the KBr at elevated temperatures and
prolonged purging of the instrument with a stream of nitrogen
gas.

Functionalization of Shortened SWNTs with ATRP Initia-
tors. Alkyl halides, and especially alkyl bromides, can generally
act as excellent atom transfer radical polymerization initiators.47

We chose to functionalize the sidewalls of our shortened
nanotubes with alkyl bromide moieties using a two-step
procedure involving first a 1,3-dipolar cycloaddition34,35 to
introduce phenol functionalities, followed by an esterification
with 2-bromoisobutyryl bromide (Scheme 1). Addition of
4-hydroxyphenyl glycine and octyl aldehyde to a suspension
of shortened SWNTs in DMF, followed by heating at 130°C
for 5 days, resulted in the incorporation of phenol-functionalized
pyrrolidine rings on the surface of the SWNTs. This was
evidenced by the appearance of a clear C-H stretch at ca. 2900
cm-1 and the appearance of an aromatic C-C stretch at 1634
cm-1 in the IR spectrum (Figure 2B). The surface phenol
functionalities could then be treated with 2-bromoisobutyryl
bromide in DMF at 70°C to introduce the initiating species on
the sidewalls of the tubes (Scheme 1). This functionalization
reaction was again followed by IR spectroscopy to monitor the
appearance of C-H stretches (ca. 2900 cm-1) from the alkyl
portions of the attached initiators, and the appearance of a strong
CdO stretch (ca. 1730 cm-1) arising from the ester linkages
(Figure 2C). Elemental analysis of2 revealed the presence of
both nitrogen (∼3%) and bromine (∼1%), providing further
evidence that the functionalization was successful in introducing
the desired alkyl bromide functionalities.

Polymerization of Methyl Methacrylate (MMA) Using
SWNT Macroinitiators. Atom transfer radical polymerization
(ATRP) of MMA is known to be a facile process that occurs
efficiently in solution due to the relative ease of activation of
the capped radical species and the favorable ATRP equilibrium
constant.47 For these reasons, we initially chose MMA for
polymerization using our SWNT macroinitiators (Scheme 2).
To successfully carry out this polymerization, it was necessary
to choose a solvent in which the functionalized SWNTs could
be well dispersed. It was also necessary to perform this reaction

Figure 1. AFM images of the shortening process for SWNTs. (A) As-received SWNTs; (B) SWNTs after sonication for 1 h; (C) SWNTs after sonication
for 2 h.

Figure 2. IR spectra for the shortened, unfunctionalized SWNTs (A),
phenol-functionalized SWNTs (B), and initiator-functionalized SWNTs (C).

Polymerization from the Surface of SWNTs A R T I C L E S
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at a low temperature to minimize any spontaneous thermal
polymerization and to prevent cleavage of the phenolic ester
linkage between the initiating site and the nanotube. We found
that an 8:3 mixture of DMF:H2O as the solvent system allowed
for adequate dispersion of the macroinitiators, and CuBr/2,2′-
dipyridyl (bpy) as the catalyst/ligand combination could be used
to carry out the polymerizations efficiently at room tempera-
ture.51 In a typical polymerization, one flask was charged with
4 mg of macroinitiator (2), 11 mL of a DMF/H2O mixture (8:3
v/v) as solvent, and 3 mL of MMA. This heterogeneous mixture
was degassed by bubbling with a stream of N2 for 30 min. A
separate flask was charged with CuBr (40 mg) and bipyridine
(175 mg) and was kept under an Ar atmosphere. Upon
completion of the bubbling, the macroinitiator-containing
suspension was transferred to the catalyst-containing flask via
cannula, and this reaction flask was sealed. The resulting
suspension was stirred at room temperature for various periods
of time, ranging from 1 to 48 h. The polymerization was then
worked up by dilution with THF and filtration though a 200
nm pore Teflon (Millipore) membrane. The residue was washed

with THF, CH2Cl2, and MeOH (200 mL of each) to remove
excess monomer, the catalyst complex, and any unattached
polymer that may have been formed in the polymerization
process. After the residue was dried under vacuum, a gray
powder was isolated. This isolated product was then analyzed
by IR and Raman spectroscopy, differential scanning calorim-
etry, as well as AFM and TEM to determine its composition.

Figure 3A illustrates the IR spectrum of a SWNT sample
after 48 h of polymerization, clearly indicating the expected
carbonyl stretch at∼1730 cm-1 and C-H stretches at∼2950
cm-1 arising from the nanotube-attached PMMA in the sample.
The presence of carbon nanotubes in this residue was confirmed
by Raman spectroscopy, which revealed their characteristic
tangential G-band at ca. 1590 cm-1 and radial breathing modes
at 184 and 205 cm-1, corresponding to 1.2 and 1.1 nm diameter
tubes, respectively.52 The peak at 1338 cm-1 corresponds to
the presence of a relatively small amount of sp3-hybridized
carbon atoms, formed as a result of sidewall functionalization
(Figure 3B).36,53 This combination of IR and Raman data
indicates that both components are present in the sample and
cannot be separated by washing with good solvents for the
polymer. It should be noted that in a control experiment, where
nanotubes were mixed with preformed PMMA, filtration and
washing using the same protocol as outlined above resulted in
complete removal of the free polymer from the nanotube residue,
as indicated by the absence of IR stretches at∼1730 and∼2900
cm-1.

Figure 4 illustrates the differential scanning calorimetry traces
for bulk PMMA (Mn ) 8972, PDI) 1.16) and PMMA prepared
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Scheme 1

Scheme 2

Figure 3. (A) IR spectrum of SWNT-PMMA polymerized product; (B)
Raman spectrum of SWNT-PMMA polymerized product.
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using the SWNT macroinitiators. It was observed that the glass
transition temperature (Tg) of the polymer increased from 122
°C in the bulk to ca. 128°C when attached to the nanotubes. It

has previously been shown that constraint of polystyrene chains
due to their attachment to silica surfaces results in an increase
in the Tg.54 The same phenomenon may be occurring in this
case, where attachment of the polymer chains to the nanotube
surface imposes constraints over their mobility, resulting in the
observed 6°C increase inTg. In addition, polymers cleaved from
the nanotubes under basic conditions (see below) were analyzed
by DSC and exhibited a drop in theTg back to 121°C, again
indicating that the elevatedTg was the result of nanotube
attachment.

Further evidence for the formation of nanotube-polymer
composites can be ascertained from microscopy studies. Figure
5 illustrates atomic force microscopy images of (A) initiator-
functionalized and (B) polymer-functionalized (48 h polymer-
ization) SWNTs. The measured height profiles of representative
initiator-functionalized tubes ((i) and (ii) in Figure 5A) revealed
that they were bundles, ranging in height between 5 and 15
nm. This indicates that sidewall functionalization of the tubes
with relatively small structures does not lead to the dissociation
of nanotube bundles. Upon polymerization of MMA, it is clear
that large, globular structures became associated with the carbon
nanotubes. It is postulated that these structures correspond to
nanotube-attached PMMA. The height profiles of the larger
globular structures indicate heights ranging from 20 to 40 nm.
Smaller polymer-associated nanotube structures can also be
observed. Interestingly, in Figure 5B (box), a portion of a single
SWNT can be seen spanning the distance between two polym-
erized areas, indicating that either initiator functionalization is
not homogeneously spread over the entire length of the SWNTs
or that some initiator sites are not active during the polymeri-
zation. Additionally, the height of this nanotube structure was
measured to be on the order of 0.9 nm, indicating that it is a
single tube, rather than a bundle of tubes. It is possible that,
during polymerization, at least some of the SWNTs initially
present in bundles are separated into individual tubes, presum-

Figure 4. DSC traces for PMMA (A) and PMMA polymerized from the
surface of SWNTs (B).

Figure 5. AFM images and height profiles of initiator-functionalized carbon nanotubes before (A) and after (B) polymerization of MMA. Arrows indicate
the location at which the cross-sectional height profiles were obtained. The polymerized sample was obtained after a 48 h polymerization time. In (B), the
box surrounds a feature in which a single SWNT spans the distance between two areas of polymer.
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ably due to steric repulsion caused by the growing polymer
chains.

Polymer coated SWNTs were also observed by transmission
electron microscopy (TEM). Samples were prepared by dispers-
ing suspensions of the polymerized nanotubes onto a holey
carbon-coated copper grid. These samples produced a film in
which it was possible to discern embedded SWNTs. Upon
irradiation with the electron beam, the polymer film was
observed to craze and dewet such that it became closely
associated with the nanotube skeleton to produce structures in
which individual nanotubes and small nanotube bundles are
sheathed by regions of amorphous carbon, presumably corre-
sponding to the polymer portion of the sample (Figure 6). In
some areas, these sheathed structures were found to contain gaps
that were bridged by SWNTs (Figure 6, inset). The structures
produced after the dewetting process were more stable to the
electron beam than the original polymer film, indicating that
the SWNT skeleton reinforces the overall composite structure.
Figure 6 again provides some evidence that larger nanotube
bundles are separated into smaller bundles or even individual
tubes through the polymerization process, likely as a result of
steric repulsion between growing polymer chains.

To gain insight into whether the nanotube-initiated MMA
polymerization process is a controlled/living polymerization, a
study was performed in which the sample mass increase and
the polymer molecular weight were correlated to the polymer-
ization time. The mass increase of the samples after a specific
polymerization interval was measured gravimetrically after
filtration, washing with excess solvent, and thorough drying of
the samples in vacuo. The molecular weight of the polymers
was measured by GPC after cleaving the phenolic ester bond

that links the initiator to the nanotube using excess NaHCO3 in
a mixture of MeOH/CH2Cl2 (2:7 v/v).55 After cleavage, the
polymer was isolated by first diluting the reaction mixture with
THF and then passing the solution through a plug of silica gel
with THF as the eluent. Any SWNTs present in the sample were
easily removed by this procedure, allowing the isolation of pure
polymer samples. It was found that the mass of the nanotube
sample increased with time in a nearly linear fashion, but the
polymer molecular weight did not follow this trend (Figure 7).
In fact, extremely high molecular weights, in excess of 300 000
g/mol, were observed even after relatively short polymerization
times (2 h). In addition, the polydispersity index (PDI) of the
recovered polymer chains was consistently greater than 1.6.
These results indicate that, as the polymerization time lengthens,
the elevation in sample mass results from an increased number
of nanotube-bound initiators promoting rapid, uncontrolled
growth of polymer chains, rather than any controlled polymer
molecular weight increase over time. Furthermore, all attempts
to chain-extend the grafted polymers did not result in any
significant mass enhancement, again indicating that the poly-
merizations were not living and had terminated irreversibly. It
is possible to utilize the measured polymer molecular weight
data, along with the sample mass increase, to make an initial,
very crude estimate of the average number of polymer chains
that are attached to an individual SWNT. Using an approximate
nanotube molecular weight of 668 000 g/mol56 and an initial
sample mass of 4 mg, we estimated that the number of attached
polymer chains varies between 7 and 21 per nanotube, depend-
ing on the sample (see Supporting Information).

A recent report has shown that ATRP using surface-bound
initiators results in uncontrolled, very rapid polymerization due
to an extremely low concentration of the deactivating CuBr2

species in solution.57 It was demonstrated that addition of either
sacrificial initiator or the CuBr2 deactivator to the reaction
mixture resulted in recovery of control over the polymerization
from silicon substrates.57,58 We postulated that similar ap-
proaches might help to control the SWNT-initiated polymeriza-
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Figure 6. TEM micrograph of SWNT-PMMA conjugate. Inset shows a
close-up view of a nanotube-bridged gap in the polymer structure.

Figure 7. Evolution of the mass increase of the nanotube-PMMA
composites and polymer molecular weight as a function of polymerization
time.
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tions and produce narrow polydispersity chains attached to the
nanotubes. However, our attempts to add sacrificial initiators
to the nanotube-initiated polymerizations resulted in the exclu-
sive formation of free polymer in solution, with no observable
mass increase in the recovered nanotube samples. Clearly, the
extremely low number of nanotube-attached initiating sites could
not compete with the unattached initiators in the reaction
mixture. Additionally, control experiments in which ATRP using
unbound initiators was carried out in the presence of unfunc-
tionalized SWNTs, under conditions identical to those of our
SWNT-initiated polymerizations, resulted in the production of
free polymers having broad polydispersities (PDI> 2.5) and
higher than expected molecular weights. This indicates that it
may be the presence of the nanotubes that prevents the
polymerization from being a “living” process. It should be noted
that solution polymerizations in the absence of SWNTs, using
the same conditions as above, consistently yielded well-defined
polymers having the expected molecular weights and narrow
polydispersities (PDI< 1.2). Addition of CuBr2 rather than
sacrificial initiator to these experiments similarly did not result
in any improved “living” character, again resulting in polymers
having broad polydispersities (PDI≈ 3.45). These results
indicate that the presence of carbon nanotubes causes a decrease
in the concentration of the persistent radicals in solution,59

thereby decreasing the degree of control over the polymerization
process. Recently, it has been shown that radical species
produced when benzoyl peroxide is decomposed in the presence
of alkyl iodides can be used to functionalize the sidewalls of
carbon nanotubes.60 In these reactions, the nanotubes act as
radical scavengers, thereby removing radical species from
solution. We believe that similar reactions may be occurring in
our experiments, resulting in the elimination of the radical
capping agents that are necessary for control of the polymeri-
zation process.

Solubility of Polymerized SWNTs.Considering our initial
goal of improving nanotube solubility and processability, we
investigated the solubility of the polymerized SWNTs in various
organic solvents. We were disappointed to find that the PMMA
chains attached in our initial experiments did not impart any
enhanced solubility to the nanocomposites in CH2Cl2, CHCl3,
THF, acetone, or even DMF and DMSO. When the high
solubility of PMMA in organic solvents such as THF was
considered, it was surprising that no solubility enhancement was
observed for these samples. One possible explanation for the
poor solubility of the nanocomposites is the potential for cross-
linking to occur during polymerization as a result of radical
coupling of the growing polymer chain ends. Such cross-linking
can occur between chain ends of polymers growing from a single
nanotube, or between polymers growing from different SWNTs,
possibly within a nanotube bundle. The former case would
prevent polymers from extending into solution, decreasing their
solubility. In the latter case, large networks of nanotubes
interconnected by polymer chains could be formed and would
be too large to allow for effective solubilization. Although these
structures were not soluble, TEM comparison of the polymerized
nanotubes to control experiments in which the initiators were

not bound to the nanotubes clearly demonstrated a significant
difference in nanotube dispersion (Figure 8). In the control
experiments, the nanotube distribution was not nearly as
homogeneous as it was in the samples where polymers were
covalently attached to the nanotubes. The control experiments
exhibited many regions containing only clusters of carbon
nanotubes with very little associated polymer, whereas the
covalently functionalized nanotubes were very evenly distributed
throughout the sample. This is consistent with the previously
observed phase separation of nanotubes from bulk polymers in
simple mixtures of the two materials.61 This phase separation
is caused by the substantial van der Waals interactions that occur
between nanotubes and precludes the homogeneous dispersion
of unfunctionalized nanotubes in bulk polymers.

To further explore the possibility of solubilizing SWNTs, we
chose to investigate the polymerization oftert-butyl acrylate
(tBuA). We postulated that the bulkiertert-butyl group on each
monomer unit might enhance the solubility of the polymerized
tubes and possibly decrease the chance of cross-linking by
radical coupling. In addition, it is well known that removal of(58) Husseman, M.; Malmstrom, E. E.; McNamara, M.; Mate, M.; Mecerreyes,

D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang, E.; Russell, T. P.;
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S. E.; Connell, J. W.; Siochi, E. J.; Harrison, J. S.; Clair, T. L. S.Chem.
Phys. Lett.2002, 364, 303-308.

Figure 8. Transmission electron micrographs of (A) a sample of SWNTs
mixed with PMMA and (B) a sample of polymerized SWNTs. In the former
case, agglomeration of carbon nanotubes is clearly visible with very little
associated polymer. In the latter case, carbon nanotubes are embedded within
polymer regions in a much more uniform manner.

Polymerization from the Surface of SWNTs A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 51, 2003 16021



the tert-butyl groups can be efficiently performed under acidic
conditions, leading to the formation of poly(acrylic acid), which
is soluble in aqueous solutions. The prospect of modulating the
solubility of the nanocomposites through postpolymerization
chemistry was appealing and was a motivating factor for
switching to this particular monomer.

The SWNT macroinitiator2 was used to polymerizetBuA
under conditions identical to those of the polymerization of
MMA (Scheme 3). After polymerization, the SWNT nanocom-
posites were isolated using procedures identical to those used
for the PMMA-functionalized nanotubes. The IR and Raman
spectra for this sample are given in Figure 9. Characteristic IR
stretches at ca. 1730 cm-1 and ca. 2950 cm-1 indicate the
presence of polymer, while Raman signals at ca. 185 and 1590
cm-1 correspond to the radial breathing modes and the tangential
modes of the SWNT. It is not entirely clear why the radial
breathing mode in this sample corresponds solely to nanotubes
having a diameter of 1.2 nm, but this is likely due to
heterogeneity of different batches of starting material. In
addition, a significant disorder peak at 1338 cm-1 is apparent,

corresponding to the presence of sp3-hybridized carbon atoms
within the nanotubes formed as a result of the functionalization
process. This disorder peak is proportional to the extent of
nanotube functionalization. DSC performed on this sample
indicated aTg of 46.6 °C, which is slightly higher than theTg

of poly(tert-butyl acrylate), observed at 43.1°C.
The poly(tert-butyl acrylate)-functionalized nanotubes (4)

were found to be soluble in a range of organic solvents,
including CH2Cl2, CHCl3, and THF (Figure 10). Using UV/vis
absorption spectroscopy at 500 nm and the reported specific
extinction coefficient ofε500 ) 28.6 cm2/mg,62 the estimated
nanotube concentration in the THF solution was 50.3 mg/L.
Solution NMR spectroscopy also provided evidence that the
polymer is present within this material (Figure 11). Aliphatic
proton signals were observed in the region between 0.8 and
1.8 ppm, corresponding to the polymer backbone protons as
well as thetert-butyl side chains. No signals corresponding to
the aromatic protons of the phenol linker between the pyrrolidine
ring and the polymer were observed due to the extremely low
concentration and mobility of these groups within the structures.

The solubility of the poly(tert-butyl acrylate)-functionalized
nanotubes could be drastically affected by removal of thetert-
butyl groups. This was accomplished by stirring the nanotubes
in a 10% trifluoroacetic acid (TFA)/CH2Cl2 solution (v/v) for
12 h (Scheme 3). Upon evaporation of the solvent and acid,
the resulting PAA-functionalized nanotubes (5) were found to
be soluble in a 10 mM NaOH solution (Figure 10C) and

Scheme 3

Figure 9. Analysis of poly(tert-butyl acrylate)-functionalized SWNTs using
(A) FT-IR and (B) Raman spectroscopy.

Figure 10. Solutions of polymerized nanotubes. (A) Poly(tert-butyl
acrylate)-nanotube sample in THF; (B) poly(tert-butyl acrylate)-nanotube
sample in a mixture of H2O/CH2Cl2; (C) poly(acrylic acid)-nanotube sample
in H2O; (D) poly(acrylic acid)-nanotube sample in a mixture of H2O/CH2-
Cl2.
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completely insoluble in organic solvents such as CH2Cl2. UV/
vis measurements were again used to estimate the nanotube
concentration, which was found to be approximately 19.7 mg/L
in this solution. Furthermore, the solution remained stable for
several weeks, with no apparent precipitation of the polymerized
SWNTs.

Conclusions

The 1,3-dipolar cycloaddition reaction on the surface of
SWNTs using octanal and 4-hydroxyphenyl glycine resulted in
phenol-functionalized tubes that could be further derivatized
with 2-bromoisobutyryl bromide. The resulting modified SWNTs
served as ATRP initiators for MMA andtBuA, allowing for
the formation of SWNT-polymer nanocomposites. IR, Raman,
and DSC analysis indicated that both nanotubes and polymers
were present within the material isolated from the polymeriza-
tion reaction. Unlike simple blends of polymers and nanotubes,
the two components of our composites could not be separated
from one another by extensive filtration and washing, indicating
that they are covalently bound. Analysis of these structures by
AFM and TEM provided further evidence for the formation of
polymerized nanotubes and indicated that, in some instances,
large nanotube bundles could be dissociated by the growth of
polymers from their surface. Further, it was found that the
attached polymers could be cleaved from the nanotubes. SEC
analysis of the cleaved polymers demonstrated that the surface
polymerizations were not controlled and resulted in extremely
high molecular weight and PDI values. Attempts to add
sacrificial initiators or CuBr2 to the polymerizations were
unsuccessful in improving control. Although the PMMA-
functionalized tubes were not soluble in organic solvents, the
poly(tert-butyl acrylate)-functionalized tubes did exhibit good
solubility in organic solvents such as CH2Cl2, CHCl3, and THF.
Upon removal of thetert-butyl groups, the resulting PAA-
functionalized tubes became soluble in aqueous solvents.

Experimental Section

General.Single-walled carbon nanotubes (SWNTs) were purchased
from Carbon Nanotechnologies, Inc. (Houston, TX).N-(4-Hydroxy-
phenyl) glycine was purified by recrystallization from distilled H2O.
Methyl methacrylate (MMA) andtert-butyl acrylate (tBA) were purified
by passing through basic alumina and were stored in the refrigerator.
All other reagents and solvents were purchased from commercial
suppliers and used as received. FTIR was performed on a Bio-Rad FTS-
40 instrument. All samples were prepared as pellets using spectroscopic
grade KBr in a Carver press at 15 000 psi. Laser Raman spectroscopy

was performed on a Jobin-Yvon SR-3000 macro/micro-Raman spec-
trometer operating with a 514.5 nm Ar ion laser (Spectra Physics).
Atomic force microscopy was done using a Digital Instruments
NanoScope IIIa Multimode AFM, with samples prepared by drop
casting sample solutions or suspensions on either HOPG or freshly
cleaved mica substrates. The images were recorded with standard tips
in tapping mode at a scan rate of 1.0 Hz. TEM analysis was performed
using a Philips CM12 operating at 120 keV. NMR was performed on
a Bruker 200 MHz instrument in CDCl3. Differential scanning
calorimetry (DSC) was performed on a TA 2100 modulated differential
scanning calorimeter with a temperature gradient of 15 deg/min.
Ultrasonication was done in a Banson Ultrasonics B1510 bath sonicator.
Filtration was done through either a 100 nm-pore polycarbonate
membrane (Millipore) or a 200 nm-pore Teflon membrane (Millipore).
Polymer molecular weight and polydispersity index (PDI) were
estimated by gel permeation chromatography (GPC) using a Waters
2695 Separations Module equipped with a Waters 2996 photodiode
array detector, a Waters 2414 refractive index detector, a Waters 2475
Multi λ fluorescence detector, and four Polymer Labs PLgel individual
pore size columns. Polystyrene standards were used for calibration,
and tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0
mL/min. The concentrations of the soluble polymer-functionalized
SWNTs were calculated from UV/vis absorption spectra measured using
a Cary 50 UV-visible spectrophotometer.

Shortening and Purification of SWNTs.A 250 mL flask charged
with 50 mg of SWNTs and 100 mL of a H2SO4/HNO3 (v/v 3/1) solution
was sonicated for 2 h. The mixture was then diluted with 200 mL of
distilled water. After being cooled to room temperature, the diluted
solution was filtered through a 100 nm-pore polycarbonate membrane.
The black material collected from the membrane was further treated
by stirring with 50 mL of H2SO4/H2O2 (9/1) in a 250 mL flask for 30
min at room temperature. Another 50 mL of H2SO4/H2O2 (9/1) was
added, and the solution was sonicated for 5 min. After dilution using
200 mL of distilled water, the solution was filtered through a 100 nm-
pore polycarbonate membrane. The resulting mat of SWNTs was
washed thoroughly using first a 10 mM NaOH solution, and then
distilled water until the pH of the filtrate was 7. The purified SWNTs
were then dried under vacuum overnight. IR (KBr pellet): 1741 (s),
1627 (m) cm-1.

Synthesis of Macroinitiator (2). Step 1: Purified SWNTs (30 mg),
octyl aldehyde (2 mL, 0.012 mol), andN-(4-hydroxyphenyl) glycine
(50 mg, 3.0× 10-4 mol) were dispersed in 50 mL of DMF in a 250
mL round-bottom flask. The mixture was stirred at 130°C under argon
for 5 days with further addition of 50 mg (3.0× 10-4 mol) aliquots of
N-(4-hydroxyphenyl) glycine once every 24 h. At the end of this
process, the product was collected by filtration through a 200 nm-pore
Teflon membrane and was then washed thoroughly with CH2Cl2 (100
mL), THF (50 mL), and methanol (50 mL), and finally dried under
vacuum overnight. IR (KBr pellet): 3437 (s), 2926-2855 (m), 1634
(s) cm-1.

Step 2: A 50 mL flask was charged with anhydrous DMF (20 mL),
phenol-functionalized SWNTs (20 mg), 2-bromoisobutyryl bromide (1
mL, 8 mmol), and triethylamine (1 mL, 7 mmol). The mixture was
stirred at 70°C under argon for 48 h. The product was isolated by
filtration through a 200 nm-pore Teflon membrane and thoroughly
washed with CH2Cl2 (100 mL), THF (50 mL), and methanol (50 mL),
and then dried under vacuum overnight. IR (KBr pellet): 2918-2849
(m), 1759 (s), 1652-1609 (m) cm-1. Elemental analysis: C, 67.10;
H, 4.33; N, 2.99; Br, 0.90.

Synthesis of Poly(methyl methacrylate)-Functionalized Nano-
tubes (3).Four milligrams of SWNT macroinitiator (2) was dispersed
in 8 mL of DMF, 3 mL of deionized H2O, and 3 mL (28 mmol) of
MMA in a 25 mL flask. The mixture was degassed by bubbling with
N2 for 30 min and was then transferred using a cannula to another 25
mL flask charged with 2,2′-dipyridyl (175 mg, 1.12 mmol) and CuBr
(40 mg, 0.28 mmol) under argon. The polymerization was carried out

(62) Bahr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J.
M. Chem. Commun.2001, 193-194.

Figure 11. 1H NMR spectrum of poly(tert-butyl acrylate)-functionalized
SWNTs in CDCl3.
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at room temperature for 24 h. The polymer-functionalized SWNTs were
purified by washing with THF, CH2Cl2, and methanol (200 mL of each)
successively during filtration through a 200 nm-pore Teflon membrane.
The isolated gray product from the membrane was dried under vacuum
overnight. IR (KBr pellet): 2999-2954 (m), 1733 cm-1 (s).

Synthesis of Poly(tert-butyl acrylate)-Functionalized Nanotubes
(4). Polymerization oftert-butyl acrylate was accomplished under the
same conditions as those used for the polymerization of MMA. Upon
precipitation, centrifugation (5000 rpm, 10 min) was used instead of
filtration to isolate the product due to its tackiness. Suspensions of the
product in THF were centrifuged three times, decanting the supernatant
after each centrifugation cycle to remove any free polymer that may
have formed in the reaction. The resulting black film (residue) was
dried under vacuum overnight.1H NMR (200 MHz, CDCl3): δ 2.23
(broad), 1.70 (broad), and 1.43 (broad) ppm. IR (KBr pellet): 2978-
2931 (m), 1730 cm-1 (s).

Synthesis of Poly(acrylic acid)-Functionalized SWNTs (5).Poly
(tert-butyl acrylate) (PtBA)-functionalized SWNTs (10 mg) were
deprotected by stirring in a mixture of trifluoroacetic acid (TFA) (1
mL) and anhydrous CH2Cl2 (10 mL) at room temperature under argon
for 12 h. The product was isolated by flowing nitrogen gently into the
flask to remove the TFA and CH2Cl2, followed by drying under vacuum
overnight. IR (KBr pellet): 2924-2854 (m), 1717 cm-1 (s).

Cleavage of Poly(methyl methacrylate) from the SWNTs.In a
typical cleavage experiment, 30 mg of PMMA-functionalized SWNTs
was mixed with 7 mL of CH2Cl2 in a 25 mL flask, followed by the
addition of 2 mL of a saturated solution of NaHCO3 in methanol, and
a further 100 mg of NaHCO3. The mixture was stirred overnight at
room temperature. The cleaved polymer was isolated by filtering
through a 200 nm-pore Teflon membrane and thoroughly washing the

residue with THF. The filtrate was concentrated in vacuo, and the
cleaved polymer was isolated by precipitation into 20 mL of MeOH.
After filtration, the product was dried under vacuum overnight.1H NMR
(200 MHz, CDCl3): δ 3.59,δ 1.81-1.87,δ 0.84-1.02 ppm.

Typical Polymerization of Acrylate Monomers in Solution. A 25
mL flask was charged with 8 mL of DMF, 3 mL of deionized H2O,
and 3 mL (28 mmol) of MMA, and the resulting mixture was degassed
by bubbling with N2 for 30 min. This degassed solution was transferred
using a cannula to another 25 mL flask charged with 175 mg of 2,2′-
dipyridyl (1.12 mmol) and 40 mg of CuBr (0.28 mmol) under argon.
The polymerization was carried out at room temperature for 24 h. The
product was precipitated into 200 mL of MeOH and, after filtration,
was dried under vacuum overnight (yield, 85%).
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