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ABSTRACT: Nanotube functionalization with 4-hydroxymethylaniline (HMA) via the diazonium salt
method has been done on SWNT produced by the CoMoCAT process. Thermal analysis indicates 1 out of
every 33 C atoms remains functionalized. Raman, FTIR, and optical absorption spectroscopy confirm the
side-wall functionalization and show that it can be reversed by thermolysis. The OH group that is
generated from the functionalization was used to start the ring-opening polymerization of e-caprolactone.
The polymer thus produced (PCL) remains grafted to the nanotube as demonstrated by FTIR and a
dramatic increase in suspendibility in chloroform. By combining several techniques (TGA, TPD, and TPO)
a quantification of the number of polymer chains attached to the nanotube and their average length has

been attempted.

1. Introduction

Because of their exceptional electronic and mechan-
ical properties, single-walled carbon nanotubes (SWNT's)
have stirred the interest of academic and industrial
researchers worldwide.2 However, several technical
challenges need to be overcome before the extraordinary
properties of these unique materials can be fully uti-
lized. For example, as produced SWNT are typically
bound into intertwined bundles that exhibit very low
solubility in either water or organic solvents. Several
approaches have been investigated to improve disper-
sion and solubility of nanotubes, such as milling,3*
ultrasonication,® and high-shear-flow mixing,® combined
with the addition of surfactants and dispersing agents.”8
Another approach that has opened a large number of
research opportunities and potential applications is
chemical functionalization. Some of the functionaliza-
tion approaches previously reported have involved the
formation of covalent bonds® 12 while others have
employed noncovalent interactions.'®~16 The initial at-
tempts for covalent functionalization took advantage of
the higher reactivity of carbon atoms at the ends of the
nanotubes to carry out the series of reaction steps
leading to the covalent attachment. The disadvantage
of this type of functionalization is that only a small
fraction of the carbon in the nanotube becomes func-
tionalized.l” More recent approaches have made side-
wall functionalization possible with high functionality-
to-carbon ratio.!912 This type of side-wall covalent
functionalization significantly alters the optical proper-
ties of the nanotubes due to the modifications introduced
in the graphene structure. As a result, spectroscopic
techniques such as UV—vis—NIR optical absorption and
Raman can be effectively used to monitor the extent of
functionalization. In addition, side-wall functionaliza-
tion provides anchoring sites at the nanotube wall to
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improve the interaction of the nanotube with a poly-
meric matrix.

In this contribution, we report a novel functionaliza-
tion that follows the approach of the diazonium salts
developed by Tour et al.,11:12.18 but in this case, we have
employed 4-hydroxymethylaniline (HMA) as the regent
for the generation of the diazonium salt (see Scheme
1). The purpose of using HMA is to leave the function-
alized nanotube with a nonphenolic OH group accessible
for further reaction in order to start the ring-opening
polymerization (ROP) of e-caprolactone. We show here
that, by this route, an effective anchoring of the result-
ing polymer to the nanotubes can be attained. As
illustrated in Scheme 2, the grafted polymer that results
should have a structure similar to that of star polymers
of PCL19722 and represents a novel example of the
nanotube—polymer composite of the type known as
“grafted-from”.23-26 We have chosen polycaprolactone
due to its potential applications in the biomedical
industry.27-28 While it has good water, oil, solvent, and
chlorine resistance, polycaprolactone is fully biodegrad-
able, biocompatible, and nontoxic to living organisms.
It has been used in the development of controlled drug
delivery systems as well as in surgical sutures and other
resorbable fixation devices. The potential uses of this
polymer in tissue engineering have prompted us to
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investigate the grafting to the side walls of single-walled
carbon nanotubes.

2. Experimental Section

The nanotubes used in this study have been obtained by
the catalytic CoMoCAT method developed in our group,?
which employs a silica-supported Co—Mo powder to catalyze
the selective growth of single-walled carbon nanotubes by
disproportionation of CO. As previously shown, adjustment of
the reaction parameters allows for a fine control of the
nanotube structure.?®?! The nanotubes used in this study have
an average diameter of 0.8 nm and have majority of (6,5)
among the semiconducting nanotubes present in the sample.??
The SWNT grown by this method remain mixed with the spent
catalyst, containing the silica support and the catalytic Co and
Mo species, which are eliminated in a two-step purification
step. First, the raw material is placed in an oven at 250 °C for
10 h to oxidize the Co and Mo species remaining in the product.
The second step is the dissolution of the catalyst in HF solution
(33% in water), followed by thorough washing in water. The
resulting nanotube material has an excellent quality, as
verified by TEM, SEM, and the D/G band ratio in the Raman
spectra obtained at laser excitations of 633, 514, and 488 nm,
as well as a low impurity content (less than around 10 wt %
of Co, Mo, and Si oxides and carbides), as determined by XPS
analysis.

The functionalization was carried out following a methodol-
ogy similar to that established by Tour et al.!® In a typical
experiment, a 20 mg (1.67 mmol) sample of SWNT was horn-
sonicated for 30 min in 25 mL of o-dichlorobenzene, using a
Fisher Scientific model 550 homogenizer (550 W output)
operated at 35% amplitude. This suspension was placed in a
two-neck round-bottom glass flask together with a solution of
0.788 g (6.4 mmol) HMA in 12.3 mL of acetonitrile. With a
reflux condenser in one of the flask necks, the mixture was
stirred for 10 min by bubbling nitrogen. Next, 1.17 g (10 mmol)
of isoamyl nitrite was added to the mixture, which was then
heated to 60 °C and kept at this temperature for 15 h, under
continuous stirring. After cooling to 35—45 °C, the mixture
was diluted with 75 mL of dimethylformamide (DMF) and
filtered through a PTFE membrane (0.2 um pore size). The
solid retentate was first washed with copious amounts of DMF
and then further washed in sequential cycles of sonication in
2-propanol (30 min each), followed by filtration until the liquid
filtrate came out colorless. The resulting purified solid was
vacuum-dried overnight at room temperature.

To quantify the degree of functionalization, a combined TPD/
TPO technique was employed. This is a in-house built unit
consisting of a flow reactor cell connected to a gas chromato-
graph (HP 5890). The reactor cell, in which a known amount
of solid sample is placed, is heated with a linear ramp in an
oven controlled by a programmable temperature controller. In
the TPD mode (TPD = temperature-programmed desorption),
the functionalized nanotubes were heated in a linear temper-
ature ramp up to 650 °C in flowing He. The exit stream was
directly connected to a flame ionization detector (FID), whose
signal was calibrated to quantitatively determine the moles
of carbon atoms. In the TPD stage, thermolysis causes the
evolution of the functional groups, which are oxidized and
quantitatively detected in the FID. In the TPO mode (TPO =
temperature-programmed oxidation), the regenerated pristine
nanotubes are oxidized and converted to CO and COs, which
are subsequently quantitatively converted to CH4, which is
detected and measured in the FID. The combined TPD/TPO
measurements indicated that 1 out of every 33 carbon atoms
was functionalized. We estimate that the error in this mea-
surement is less than 10%.

Detailed characterization of the nanotubes after the various
steps investigated was carried out by a combination of Raman
spectroscopy, optical absorption, TEM, and SEM. The Raman
spectra were obtained in a Jovin Yvon-Horiba LabRAM HR-
800 equipped with a CCD detector and with three different
laser excitation sources, having wavelengths of 633 nm (He—
Ne laser) and 514 and 488 nm (Ar laser). This system is
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equipped with an in-situ reaction chamber that can be heated
to more than 1000 °C under flowing gases. To study the
thermolysis of the functionalized nanotubes, the sample was
placed in the in-situ cell and then exposed to a continuous flow
of pure He while the temperature was increased up to 400 °C
and kept at that temperature for either 30 or 60 min. After
heating was stopped, Raman spectra were obtained at room
temperature under the same flow. Functionalized and defunc-
tionalized samples were analyzed by optical absorption in DMF
suspensions. The suspensions were prepared by horn-sonicat-
ing the SWNT samples in DMF (~0.01 mg/mL) for 15—30 min.
Also, pristine SWNT were analyzed in surfactant suspension
by adding them to an aqueous solution containing sodium
dodecylbenzenesulfonate (SDDBS) at twice its critical micelle
concentration and horn-sonicated for 1 h. This procedure
generated a stable suspension of individual and bundled
nanotubes, which was then centrifuged for 1 h at 15 000 rpm
to separate residual metallic catalyst particles and suspended
bundles from the lower density surfactant-suspended indi-
vidual nanotubes. Finally, the supernatant liquid was with-
drawn for spectral analysis. The absorption of light as a
function of wavelength was measured using a Bruker Equinox
55 FTIR/FTNIR/FTVis; 60 scans at 30 cm™! resolution were
averaged on each spectrum in order to achieve a high signal-
to-noise ratio.

The SEM images of the solid samples were obtained in a
JEOL 880 scanning microscope. Solid samples of the pristine,
functionalized, and polymer-attached SWNT were also studied
by FTIR in the Bruker Equinox 55 to investigate the presence
of different functional groups. In these measurements, pellets
of solid samples were prepared mixing the nanotubes with
KBr.

The nanotube-based polymerization of e-caprolactone was
carried out via the ring-opening reaction (ROP) in which the
OH groups present in the nanotube-grafted functionalities
acted as initiators of the polymerization reaction. The ROP is
catalyzed by tin 2-ethylhexanoate, and it is well-known that
it follows an insertion—coordination mechanism. In the par-
ticular experiment conducted in this case, 10 mg (0.83 mmol)
of functionalized SWNT was suspended in 15 mL of o-
dichlorobenzene by sonicating with the horn sonicator (35%
amplitude) for 30 min. The suspension was then transferred
to a two-neck vessel (absolutely dry) and mixed with 2 mL
(18.66 mmol) of e-caprolactone (Aldrich, 99%) and Sn(Oct)s
catalyst (Aldrich, 95%) (0.1% molar with respect to ¢-CL) under
nitrogen flow. The two-neck vessel was then connected to a
reflux condenser where the ROP reaction was allowed to occur
in the liquid phase, under nitrogen constantly bubbling, for
24 h at 130 °C. At the end of this reaction period, the hot liquid
was transferred from the vessel into a beaker containing cold
n-hexane, which caused the precipitation of the polymeric
material, which was subsequently filtered through a PTFE
membrane and copiously washed with the solvent. Afterward,
to eliminate the free polymer, the solid retentate was treated
with 30 mL of chloroform at room temperature, since free PCL
is very soluble in chloroform. The remaining black solid was
washed several times with more chloroform. To confirm the
absence of any free polymer, a few drops of filtrate were
contacted with n-hexane. The absence of any precipitate
confirmed that no free polymer remained after the thorough
washing process. The final solid was dried overnight in a
vacuum at room temperature. The resulting SWNT/PCL
composite was characterized by TGA and DSC. The TGA were
conducted in a Shimadzu TGA-50, under air at a heating rate
of 5 °C/min, from room temperature to 800 °C. The DSC was
conducted in a Perkin-Elmer, model Pyris 1 at a heating rate
of 10 °C/min from —30 to 150 °C under a flow of nitrogen.

3. Results and Discussion

The formation of covalent bonds following the func-
tionalization procedure was confirmed by FTIR. The
mid-IR spectrum of the purified nanotubes is shown in
Figure 1a. The most distinct features are two bands that
can be ascribed to the stretching modes of OH groups
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Figure 1. FTIR spectra of (a) purified SWNT (starting
material) and (b) HMA-functionalized SWNTs.

(3430 cm™1) and C=O0 groups (1726 cm™1). Similar bands
have been previously observed on acid-purified SWNT
and typically ascribed to carboxylic acid groups located
at defects and/or ends of nanotubes. A significant change
is observed in the spectrum obtained after the function-
alization routine shown in Figure 1b. New bands
provide evidence for the presence of functional groups
definitely bound to the nanotubes. The presence of the
aromatic ring (stretching C—C, 1598 ecm™!, bending
C—H, 827 cm™1), the CH; group (1384 cm™1), and the
alcoholic C—OH (bending, 1500 cm™!; stretching, 1103
ecm™1) is positively demonstrated.

Figure 2 illustrates the Raman spectra of the nano-
tubes after the different steps using an excitation laser
with wavelength 633 nm. Comparing parts a and b of
Figure 2, a drastic difference in the relative intensity
of the D band (1290 cm™1) with respect to the main G
band is evident. The increase in the D band has been
previously reported3® and used as an indication of
covalent side-wall functionalization, as it reflects the
conversion of the hybridization of some C atoms on the
nanotube wall from sp? to sp°. At the same time, the
heavy functionalized nanotubes show the disappearance
of the RBM bands in the low-frequency region. Finally,
as shown in Figure 2¢, when the functionalized material
was heated to 400 °C in pure He for 30 min, the original
Raman spectrum was almost restored. That is, the D/G
band ratio became again very low and the RBM bands
reappeared, which, as previously shown,33 indicate the
recovery of the delocalized  system in the SWNTs and
demonstrate that the removal of the functionalities by
thermolysis leaves the CoMoCAT nanotubes intact. In
fact, a closer examination reveals that a small difference
in the size and shape of the D bands of the pristine and
regenerated nanotubes exists. Also, the suspendibility
of the nanotubes is clearly different. This effect is
illustrated in Figure 3, which compares the UV—vis—
NIR absorption spectra of the three samples suspended
in DMF after horn sonication for 15—30 min with the
pristine SWNT suspended in SDDBS surfactant solu-
tion. On the material suspended in the surfactant
solution (Figure 3) prominent bands near 976 and 566
nm are clearly observed, and they correspond to the S11
and S22 transitions of the (6,5) nanotube,3* which
constitutes the majority of the semiconducting nano-
tubes present in the CoMoCAT material.?2 DMF was
not so effective as the surfactant to exfoliate the
bundles. As a result, even for the pristine nanotube
samples, the absorption bands are much less intense
and broader than those obtained with SDDBS.
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Figure 2. Raman spectra (633 nm excitation) of (a) SWNT,
(b) HMA-functionalized nanotubes, and (¢) defunctionalized
nanotubes after heating in He at 400 °C.

After functionalization the bands completely disap-
pear due to the disruption of the 7 system by the newly
formed covalent bonds. This disappearance has been
previously seen and interpreted in this way.3? However,
to our knowledge, the optical absorption spectrum of the
regenerated nanotubes after thermolysis of the func-
tionalities has not been reported before. It is important
to note that, despite a strong recovery of the Raman
spectrum, the reversibility of the optical absorption is
only partial. In fact, absorption bands are indeed
observed to come back, which confirms the elimination
of the functionalities and the restoration of the 7 system,
but the bands are now broader and of lower intensity
than those of the pristine nanotubes. This difference
might indicate that the defunctionalized, regenerated,
nanotubes have a lower dispersibility in DMF than the
original nanotubes.
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Figure 3. Absorption spectra of (a) pristine SWNT suspended
in SDDBS surfactant solution, (b) pristine SWNT suspended
in DMF, (c) HMA-functionalized nanotubes suspended in
DMF, and (d) defunctionalized nanotubes after heating the
HMA-functionalized sample at 400 °C, suspended in DMF.

Another interesting comparison of the microstructure
of the material after the different procedures was made
by SEM. The state of aggregation of the pristine,
functionalized, and regenerated nanotubes is illustrated
in parts a, b, and c of Figure 4, respectively. It is
interesting to point out the “ribbonlike” structure of the
12—25 nm bundles observed for the functionalized
nanotubes. It is possible that the presence of —OH
groups on the functionalized nanotubes generate hy-
drogen-bond-type interactions. By contrast, the regener-
ated sample shows a bundle morphology that looks very
similar to that of the pristine nanotubes. However,
although the morphology as observed by SEM shows no
significant differences, both Raman and the lower
suspendability of the sample after defunctionalization
indicates that the reversibility is not complete.

The characterization of the nanotube-grafted PCL
material was conducted by FTIR spectroscopy. As shown
in Figure 5, when the mid-IR spectrum is compared to
that of the corresponding functionalized material with-
out polymer, new bands are clearly seen. One of them
appears at 2924 cm~! and is ascribed to the stretching
mode of the CHy groups of the PCL. Another band that
becomes more prominent is the one at 1726 cm ™!, which
can be assigned to the carbonyl group of the ester group
present in the polymer. Although this band was present
in the pristine nanotubes resulting form carboxylic acid
groups, now it is much more intense. The presence of
the ester groups is also demonstrated by the bands at
1157 and 1095 cm !, which correspond to the stretching
of the C—O single bond of the ester bonds in the
polymer.

In addition, the suspendibility of the nanotube-grafted
PCL in chloroform was compared to that of a compa-
rable amount of functionalized nanotubes. As mentioned
above, PCL is very soluble in chloroform, and we expect
that an effective anchoring of the polymer to the
nanotubes could impart a higher suspendibility to the
nanotubes. To conduct this comparison, 2 mg of func-
tionalized nanotubes (SWNT-HMA) and nanotube-
grafted PCL (SWNT-HMA-PCL) were placed in separate
vials. 10 mL of chloroform was added to each vial
followed by horn sonication for 20 min (35% amplitude).
A remarkable difference in suspendibility was observed.
As illustrated in Figure 6, while the SWNT-HMA
sample could not be suspended in chloroform, a stable
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100 nm

Figure 4. SEM images of (a) pristine SWNT, (b) HMA-
functionalized nanotubes, and (c) defunctionalized nanotubes
after heating the HMA-functionalized sample at 400 °C.

suspension was generated with the SWNT-HMA-PCL
sample.

The TGA thermograms were used to determine the
relative amount of polymer grafted onto the nanotubes.
As shown in Figure 7, the attached polymeric chain
starts decomposing at ~200 °C, together with the
functional groups, while the SWNT remain stable up
to about 450 °C, at which temperature they start
oxidizing. With such a wide difference in stability it is
possible to measure the amounts of polymer and SWNT
in a given sample. Accordingly, these results indicate
that about 37 wt % of the sample is composed by SWNT
while the remaining 63 wt % can be ascribed to the
combination of polymer and functionalities. Therefore,
taking into account that the combined TPD/TPO mea-
surements indicated 1 functionality every 33 C atoms
(£3) in the SWNT, and assuming that a polymer chain
grows from each functionality, one can calculate the
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Figure 5. FTIR spectra of (a, top) nanotube-grafted poly-
caprolactone (SWNT-HMA-PCL) after functionalization with
HMA and ring-opening polymerization of caprolactone and
(b, bottom) HMA-functionalized SWNT (same as Figure 1b).
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Figure 6. Comparison of chloroform suspensions of (a, left)
nanotube-grafted polycaprolactone (SWNT-HMA-PCL) after
functionalization with HMA and ring-opening polymerization
of caprolactone and (b, right) HMA-functionalized SWNT.
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Figure 7. Thermal gravimetry analysis (TGA in air) of the
SWNT (a) and SWNT/PCL composite (b).

average length of the PCL chain. Accordingly, short
chains of five CL units in average can be estimated. This
is indeed a very short chain length. Two reasons can be
proposed to explain this short length. In the first place,
the presence of nanotubes in the polymerization me-
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Figure 8. Differential scanning calorimetry (DSC in nitrogen)
thermogram of the SWNT-PCL sample.

dium may act as terminators of the chain growth, which
will limit the chain length. At the same time, we believe
that it is possible that there is water adsorbed on the
nanotube surface, and each adsorbed water molecule
can act as an initiator of the ring-opening polymeriza-
tion, generating as a result a large amount of free PCL.
Accordingly, to increase the length of the PCL attached
to the nanotubes, one should eliminate the adsorbed
water from the nanotubes.

Further information about the nature of the polymer
chains can be obtained from the DSC thermogram
shown in Figure 8. The single endothermic peak ap-
pearing at 52 °C is due to the melting of the polymer;
the integration of the area of this peak relative to the
amount of polymer in the composite yields the specific
heat of fusion. The resulting value of 29 J/g is low and
would correspond to a 20% crystallinity of the polymer,
based on a heat of fusion of 16.9 kJ/mol of repeating
units when crystallinity is 100%.35 This low degree of
crystallinity is consistent with the short chains pre-
dicted above and with the possible structural disorder
imparted by the presence of the SWNT.

4. Conclusions

Functionalization with 4-hydroxymethylaniline (HMA)
has allowed us to achieve a successful grafting of poly-
e-caprolactone (PCL) to SWNT prepared by the Co-
MoCAT process, which contain the majority of (6,5)
semiconducting nanotubes. The PCL-modified nano-
tubes show a markedly increased suspendibility in
chloroform due to the high solubility of PCL in this
solvent. The impact of PCL as a biodegradable and
biocompatible polymer, and its applications in tissue
engineering give significance to these results, which
could lead to the incorporation of nanotube-based ad-
vanced materials for biomedical purposes. At the same
time, these results can be generalized to other mono-
mers that polymerize via the same mechanism as PCL
as well as to the generation of copolymers by using
appropriate combinations of monomers. Also, the ter-
minal OH groups of the grafted PCL can be used for
further functionalization or attachment to other matri-
ces.
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