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Introduction

The preparation of polymeric nanocomposites filled
with single-walled carbon nanotubes (SWNTs) generally
requires the nanotubes being homogeneously dispersed
and compatible with the polymer matrix.!~3 An effective
approach for these requirements is to functionalize the
nanotubes with polymers that are identical or structur-
ally similar to the matrix polymers.* Among the widely
pursued functionalization strategies is the “grafting-
from” method, in which monomers or initiators are first
attached to the nanotubes to serve as starting points
for propagation.’=® The grafting-from strategy is gener-
ally similar to in situ polymerization,'® but in a more
controlled fashion. For example, the nanotube-bound
radical initiators were used in the atom transfer radical
polymerization to yield poly(methyl methacrylate)-,
poly(n-butyl methacrylate)-, or poly(tert-butyl acrylate)-
functionalized carbon nanotubes.?

Nylon is an important commodity polymer with a
wide variety of applications, and naturally, there has
been much interest in nanocomposites of nylon with
carbon nanotubes.!1716 For the investigation of these
materials, the preparation of nylon-functionalized car-
bon nanotubes is highly relevant and beneficial. In a
typical synthesis of nylon-6, e-caprolactam is used as
monomer in the efficient anhydrous polymerization with
a base (anionic) as initiator.1” In addition, the secondary
amine in e-caprolactam may be used to form an amide
linkage with the defect-derived carboxylic acid moiety
on the carbon nanotube surface. We report here that
the covalent attachment of ¢-caprolactam molecules to
SWNTs could be the first step in a two-step grafting-
from process of functionalizing the nanotubes with
nylon-6. The second step was the anionic ring-opening
polymerization of the nanotube-bound e-caprolactam
species with the same monomers in bulk (Scheme 1).18

Experimental Section

Materials. ¢-Caprolactam was purchased from Aldrich.
Thionyl chloride and sodium were obtained from Alfa Aesar.
Deuterated solvents for NMR measurements were supplied by
Cambridge Isotope Laboratories.

The sample of SWNTs (arc-discharge method) was supplied
by Carbon Solutions, Inc. It was purified by using a combina-
tion of thermal oxidation and oxidative acid treatment. In a
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Scheme 1. Synthesis of Nylon-6-Functionalized
Single-Walled Carbon Nanotubes (Nylon—SWNT)
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typical experiment, a nanotube sample (1 g) was thermally
oxidized in air in a furnace at 300 °C for 30 min. After the
thermal treatment, the remaining sample was added to an
aqueous HNOj solution (2.6 M), and the mixture was refluxed
for 24 h. Upon centrifuging at 1000g to discard the superna-
tant, the remaining solids were washed with deionized water
until neutral pH and then dried under vacuum.

Measurements. NMR measurements were performed on
a JEOL Eclipse +500 NMR spectrometer and a Bruker Avance
500 spectrometer that is equipped with a high-resolution
magic-angle-spinning (HR-MAS) probe designed specifically for
gel-phase NMR. Optical absorption spectra were recorded on
a Shimadzu UV3100 spectrophotometer. Raman spectra were
obtained on a Renishaw Raman spectrometer equipped with
a 50 mW diode laser source for 785 nm excitation and a CCD
detector. Thermogravimetric analysis (TGA) was carried out
on a Mettler-Toledo TGA/SDTAS851e system. Scanning electron
microscopy (SEM) images were obtained on a Hitachi S4700
field-emission SEM system. Atomic force microscopy (AFM)
analysis was conducted on a Molecular Imaging PicoPlus
system equipped with a multipurpose scanner. The height
profile analyses were assisted by using the SPIP software
distributed by Image Metrology.

Caprolactam—SWNT. A purified SWNT sample (50 mg)
was mixed with thionyl chloride (10 mL), and the mixture was
stirred and refluxed (70 °C) for 24 h. Upon removal of excess
thionyl chloride under vacuum, e-caprolactam (5 g, 44 mmol)
was added. The mixture was stirred at 110 °C for 24 h and
then cooled to room temperature. Chloroform (20 mL) was
added to the mixture, and the resulting suspension was filtered
(0.22 yum PVDF membrane). The solid sample from the
filtration was extracted with chloroform for 6 h in a Soxhlet
extractor to remove any residual e-caprolactam. Upon drying
in a vacuum at room temperature, the e-caprolactam-func-
tionalized SWNTs (caprolactam—SWNT) were obtained as a
dark-colored powdery sample.

Nylon—SWNT. A caprolactam—SWNT sample (50 mg) was
mixed with e-caprolactam (10 g, 88 mmol), and sodium (40 mg,
1.7 mmol) was added to the mixture as initiator for the
polymerization reaction at 140 °C under nitrogen protection
for 24 h (Scheme 1). The reaction mixture was dissolved in
formic acid (10 mL), precipitated into water (50 mL), and
filtered (0.22 um PVDF membrane). The resulting solid sample
was washed successively (25 mL each) with formic acid, water,
and formic acid again to remove sodium salts and those
polymers not attached to the nanotubes (until no such poly-
mers found in the filtrate). The cleaned sample was dispersed
in formic acid (10 mL), followed by centrifuging (3000g) to
retain the dark-colored supernatant. The solvent formic acid
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Figure 1. (A) 'H NMR spectra of e-caprolactam-functionalized
single-walled carbon nanotubes (caprolactam—SWNT) dis-
persed in deuterated formic acid (top: measured in solution
probe; middle: in high-resolution magic angle spinning probe)
are compared with that of e-caprolactam (bottom). (B) A
comparison of 'H NMR spectra of nylon-6-functionalized
SWNTs (nylon—SWNT, top) and nylon-6 (bottom) in deuter-
ated formic acid solutions.

was removed on a rotatory evaporator to yield nylon-6-
functionalized SWNTSs (nylon—SWNT) as black solids.

Results and Discussion

The functionalization of SWNTs with e-caprolactam
was the first step in the grafting-from process. The
caprolactam—SWNT sample was generally insoluble in
common organic solvents. Nevertheless, its dispersion
in formic acid was used for 1H NMR measurement,
yielding rather broad resonances (Figure 1). The broad-
ening was probably due in part to the heterogeneous
nature of the dispersion, in addition to the high molec-
ular weight and low mobility of carbon nanotubes.
Better resolved proton signals were obtained from the
same dispersion by using a high-resolution magic-angle-
spinning (HR-MAS) probe designed specifically for gel-
phase NMR (Figure 1). The resonances of the nanotube-
attached e-caprolactam were systematically shifted
upfield from those of the starting e-caprolactam, espe-
cially for the methylene protons near the expected amide
linkage (3.24 and 2.50 ppm vs 3.03 and 2.25 ppm, Figure
1). In the literature,2%-2! similar upfield shifts have been
attributed to effects associated with the large aromatic
ring current in nanotubes, which are more pronounced
when the protons are closer to the nanotube surface.
The NMR results are consistent with the covalent
attachment of e-caprolactam molecules to SWNTs.

The FT-IR spectrum of the caprolactam—SWNT
sample exhibited absorptions at 2930 and 2860 cm™1,
corresponding to the stretching modes of alkyl C—H in
e-caprolactam. As compared in Figure 2, the Raman
spectrum (785 nm excitation) of the caprolactam—
SWNT sample is similar to that of purified SWNTs,
showing typical radial breathing mode (170 cm™1),
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Figure 2. Raman spectra (785 nm excitation) of the purified
single-walled carbon nanotube (SWNT) sample (a), caprolac-
tam—SWNT (b), and nylon-6-functionalized SWNTs (nylon—
SWNT) before (¢) and after (d) thermal defunctionalization
(800 °C, No).

D-band (1310 em™1), tangential G-band (1580 cm™1), and
D*-band (2660 cm™!) features. The absence of lumines-
cence interference reflects the expected low functional
group content in the caprolactam—SWNT sample, also
consistent with the poor solubility of the sample. In
thermogravimetric analysis (TGA) of the sample under
inert atmosphere, the covalently attached e-caprolactam
on the nanotube surface could be selectively removed
(or “thermal defunctionalization”),}46-8 which allowed
an estimate of the e-caprolactam content in the sample.
The content was indeed low, ~7% (w/w), as expected. It
corresponds to on average one e-caprolactam for every
125 nanotube carbons.

The second step in the grafting-from process was the
sodium-initiated anionic ring-opening polymerization to
obtain nylon-6-functionalized SWNTSs. The final nylon—
SWNT sample contained more than 70% of the starting
SWNTs. The sample was soluble in some organic
solvents, such as formic acid and m-cresol, resulting in
dark-colored but optically transparent solutions.

The 'H NMR spectrum of nylon—SWNT in deuterated
formic acid is compared with that of commercially
available nylon-6 (Acros, M,, ~ 10 000) in Figure 1. The
chemical shifts in the two spectra are generally similar,
but the resonances of the nanotube-bound nylon moi-
eties are obviously broader. Unlike in the dispersion of
caprolactam—SWNT discussed above, the broadening
here is probably due entirely to the nylon species being
associated with the nanotubes (high molecular weight
and low mobility) because the nylon—SWNT solution is
homogeneous.

The nylon functionalities on the nanotube surface
could also be selectively removed in TGA under an inert
atmosphere (thermally defunctionalized), similarly al-
lowing an estimate of the nanotube content. According
to the amount of residue at 500 °C, the nylon—SWNT
sample contained about 40% (w/w) of nanotubes.?2
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Figure 3. Absorption spectra of nylon-6-functionalized single-
walled carbon nanotubes (nylon—SWNT, top) and the purified
SWNT sample (bottom) on glass substrate.

The optical absorption spectrum of nylon—SWNT is
shown in Figure 3. The broad Si; and Syz bands at 1870
and 1050 nm, respectively, are characteristic of the
electronic transitions associated with the van Hove
singularity pairs in semiconducting SWNTs.23 The
spectral similarity to that of purified SWNTSs suggests
that neither the polymerization reaction nor the pres-
ence of nylon functionalities on the nanotube surface
changes in any substantial fashion the electronic transi-
tions. Apparently, the nanotube electronic structures are
largely preserved in the nylon-functionalized SWNTSs,
as also found in a number of other functionalizations
that target the nanotube surface defect-derived car-
boxylic acids.*7

The Raman characterization of nylon—SWNT was
hindered by overwhelming luminescence interference,
quite different from the same characterization of the
precursor caprolactam—SWNT (Figure 2). As reported
recently,?* the substantial difference in the extent of
luminescence interference in Raman measurements is
an indication on how well the nanotubes are dispersed
and functionalized. In the nylon—SWNT sample, soluble
in selected solvents to form transparent solutions, the
nanotubes were well-dispersed, and their surface defects
were likely passivated as a result of the effective
functionalization, thus corresponding to stronger nano-
tube defect-derived luminescence.l?* The thermal de-
functionalization obviously “undispersed” the nano-
tubes, suppressing or completely eliminating the lumi-
nescence interference. As compared in Figure 2, the
Raman spectrum of the thermally defunctionalized
nylon—SWNT sample again exhibits features similar to
those of purified SWNTs.

A direct SEM imaging of the nylon-functionalized
SWNTs was somewhat difficult because of a significant
amount of soft (nylon polymer) materials in the speci-
men (Figure 4). However, the removal of nylon via
thermal defunctionalization obviously made the SEM
analysis more straightforward, with the resulting image
showing abundant SWNTSs (Figure 4). AFM is applicable
to the direct analysis of functionalized carbon nano-
tubes. For nylon—SWNT, the specimen for AFM analy-
sis was prepared by spraying a dilute formic acid
solution of the sample onto a mica substrate. During
the spraying, the substrate was kept at 120 °C to
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Figure 4. Scanning electron microscopy (SEM) images of the
nylon-6-functionalized single-walled carbon nanotubes (nylon—
SWNT) sample before (top) and after (bottom) thermal de-
functionalization (800 °C, Ny).

facilitate rapid solvent evaporation in an effort to
preserve the original nanotube dispersion in the solu-
tion. A representative AFM topographic image from the
analysis of such a specimen is shown in Figure 5. There
are apparently abundant nanotubes of different lengths
(hundreds of nanometers), mostly well-dispersed to the
individual nanotube level according to the height analy-
sis (Figure 5). It seems that the AFM specimen was
unusually well-prepared (with a significant population
of well-dispersed individual SWNTs), which probably
benefitted from the use of the highly polar solvent formic
acid. The solvent effect might be that the nanotube
surface is charged, as in the superacid dispersion?® or
electrolyte-assisted dispersion of carbon nanotubes,?¢
thus resulting in more efficient exfoliation of the nano-
tube bundles (or preventing the functionalized SWNTs
from aggregating).

In summary, the functionalization of SWNTs with
nylon-6 was accomplished by using the grafting-from
strategy in a two-step process, where the covalent
attachment of e-caprolactam molecules to nanotubes
was followed by the anionic ring-opening polymerization
of these bound e-caprolactam species with the same
monomers in bulk. The resulting sample was character-
ized systematically, and the results were supportive of
the expected covalent functionalization of SWNTs by
nylon-6. This is a relatively convenient but still reason-
ably controllable method to chemically modify carbon
nanotubes with a commodity polymer of extremely wide
uses. The solubility of the functionalized nanotube
sample in some organic solvents may prove valuable to
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Figure 5. Atomic force microscopy (AFM) topography image
(top) and height analysis (bottom) of a nylon-6-functionalized
single-walled carbon nanotubes (nylon—SWNT) specimen (pre-
pared by spraying the sample solution onto a heated mica
substrate).

the homogeneous dispersion of SWNTs in nylon for
high-quality nanocomposite materials.
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