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ABSTRACT Solvent microenvironments are formed around individual single-walled carbon nanotubes (SWNTs) by mixing SWNT
suspensions with water-immiscible organic solvents. These microenvironments are used to encapsulate the SWNTs with the monomer
sebacoyl chloride. Hexamethylene diamine is then injected into the aqueous phase so the formation of nylon 6,10 is restricted to the
interface between the microenvironment and water. This emulsion polymerization process results in uniform coatings of nylon 6,10
around individual SWNTs. The nylon-coated SWNTs remain dispersed in the aqueous phase and are highly luminescent at pH values
ranging from 3 to 12. This emulsion polymerization method provides a general approach to coat nanotubes with various polymers.
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INTRODUCTION

Single-walled carbon nanotubes (SWNTs) have at-
tracted much attention because of their mechanical
strength, chemical inertness, and electronic properties

(1-3). These properties make them ideal components for
many applications including field effect transistors, sensors,
and high strength composites. The tendency of nanotubes
to aggregate into bundles makes dispersion important to
many of these SWNT applications (4), especially in the
preparation of composites (3, 5-11). Numerous covalent
functionalization schemes have been developed to disperse
nanotubes (12 –14). However, the covalent functionalization
of SWNTs destroys the advantageous electrical, optical, and
mechanical properties. For this reason, surfactants are often
used to stabilize aqueous SWNT suspensions. The anionic
surfactants sodium dodecyl sulfate (SDS) and sodium dode-
cylbenzene sulfonate (SDBS) are frequently used because of
the high dispersion quality and near-infrared (NIR) fluores-
cence properties (15-17).

Although surfactants preserve the inherent SWNT proper-
ties, the dispersion stability and fluorescence emission of
SWNTs can be sensitive to extrinsic effects, including the
state of aggregation (18-21), polarizability of the surround-
ing environment (22, 23), pH of the suspension (24, 25),
sidewall defects (19, 25-28) and surfactant inhomogeneties
(19, 27-29). These changes in dispersion and fluorescence
can be used to monitor reactions (25, 30, 31) or sense
chemical components (32). However, in many applications,

these extrinsic factors limit the use of SWNTs, including
biomedical applications where the pH and salt concentration
in cells may influence the dispersion stability and fluores-
cence emission (33).

Some researchers already have developed processes to
control the surfactant structure around SWNTs. We recently
demonstrated that organic solvents (23) and shear (34) can alter
the surfactant shell around SWNTs. These processes “anneal”
the surfactant layer, providing better dispersion and protection
to quenching mechanisms. Kim et al. encapsulated SWNTs by
using surfactants with polymerizable counterions and a free
radical initiator (35). Duque et al. utilized the surfactant sur-
rounding SWNTs to create polymer-surfactant complexes that
maintained the fluorescent properties of SWNTs even in acidic
environments (24). Both of these studies demonstrated the
ability to resuspend the polymer-coated SWNTs after freeze-
drying. These initial approaches to control the surfactant
structure show improvement to the dispersion and fluores-
cence properties across a range of conditions; however, the
methods can not be generally applied to all polymer coatings.

In this study, a general method is developed for coating
SWNTs with polymer using emulsion-like microenviron-
ments surrounding SWNTs. Nylon 6,10 is chosen as a model
system for in situ emulsion polymerization. The reaction
occurs at the surface of the nanotube, providing a thin
polymer coating around individual SWNTs. Fourier trans-
form infrared spectroscopy (FT-IR) confirms the synthesis
of nylon while AFM and fluorescence spectroscopy confirms
that polymerization occurs on the surface of the SWNTs.
Fluorescence, absorbance, and Raman spectra show that
nylon is noncovalently bound to the nanotube without
affecting either the dispersion or fluorescent properties of
SWNTs. Further, these polymer coatings are shown to not
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only provide an adequate barrier to the quenching effects
of acid but also aid the redispersion of individual SWNTs in
water.

EXPERIMENTAL SECTION
Preparation of Aqueous SWNT Suspensions. Aqueous SWNT

suspensions were prepared with a given initial mass (40 mg)
of raw SWNTs (Rice HPR 122.1) and mixed with 200 mL of
aqueous sodium dodecyl benzene sulfonate (SDBS) (Sigma-
Aldrich) surfactant solution (1 wt %). High-shear homogeniza-
tion (IKA T-25 Ultra-Turrax) at 12 000 rpm for 2 h and ultra-
sonication (Misonix S3000) with 90% amplitude for 10 min
were used to aid dispersion. After ultrasonication, the SWNT
suspension was ultracentrifuged at 20 000 rpm (Beckman
Coulter Optima L-90 K) for 3 h to remove nanotube bundles.
The final concentration of suspended SWNTs is estimated to be
20 mg/L.

Interfacial Polymerization by Swelling Surfactant Micelles.
A sebacoyl chloride (Sigma-Aldrich, 98%) solution was prepared
(0.5 M) in carbon tetrachloride (Sigma-Aldrich, 99%). The
aqueous SDBS-SWNT suspension (5 mL) was then added slowly
to the sebacoyl chloride solution (5 mL). The mixture was
shaken vigorously with a Vortex stirrer at 2000 rpm for 30 s to
form the solvent-swelled microenvironments around SWNTs
(23). The aqueous SWNT suspension was carefully removed
from the bulk carbon tetrachloride after phase separation
(approximately 1 h) with a glass pipet to prevent shearing and
further emulsification. Hexamethylene diamine (Sigma-Aldrich,
97%) was liquefied at 50 °C prior to injection. Liquid hexam-
ethylene diamine (0.002 mL) was then added directly into the
solvent-swelled aqueous SWNT suspension. After hexamethyl-
ene diamine was injected into the aqueous SWNT suspension,
the color of the SWNT suspension gradually changed from black
to bluish-gray during the formation of the nylon coating.

Resuspension. Dry powder samples of SDBS-SWNTs and
polymer-coated SWNTs were obtained by freeze-drying (LAB-
CONCO Freeze-Dryer 8). The SWNTs were redispersed by
adding DI water (5 mL) to each powder sample and tip soni-
cating (Misonix S3000) with 10% amplitude for 1 min.

Characterization. NIR-fluorescence and vis-NIR absorbance
spectra of all aqueous SWNT suspensions were characterized
with an Applied NanoFluorescence Nanospectrolyzer (Houston,
TX) with excitation from 662 and 784 nm diode lasers. Raman
spectra of the aqueous SWNT suspensions and the solid pow-
ders of SWNTs before and after polymerization were recorded
with a Renishaw Invia Bio Raman with a 785 nm diode laser
source. All Raman spectra were normalized to the G-band
(∼ 1590 cm-1). The SDBS-SWNT and polymer-coated SWNT
suspensions were also spin-coated onto fresh mica to collect
tapping-mode AFM images on a Digital Instruments Dimension
3100. The diameters of SDBS-coated and nylon-coated SWNTs
were measured from 10 AFM images of each sample with the
NanoScope v5.30r1 software. At least 125 SWNTs were mea-
sured for each sample to generate the histograms.

The surfactant was removed for FT-IR analysis by adding
ethyl acetate (5 mL) to the polymer-coated SWNT suspension.
The mixture was then shaken with a Vortex stirrer at 2000 rpm
for 30 s to remove the SDBS surfactant. After phase separation,
the bulk ethyl acetate solution was removed and the polymer-
coated SWNT suspension was freeze-dried, yielding a dry gray
powder of polymer-coated SWNTs. The chemical structure of
the polymer-coated SWNTs was analyzed by FT-IR spectroscopy
(Nicolet MAGNA 760 FTIR).

RESULT AND DISCUSSION
The basis for the emulsion polymerization reaction is

shown in Figure 1. Previously, we showed that mixing

aqueous SWNT suspensions with immiscible organic sol-
vents changes the environment around the SWNT, resem-
bling an emulsion-like microenvironment around the nan-
otube (23, 36). These solvent-swelled systems provide a
controlled microreactor around the nanotube to conduct
emulsion polymerization. Nylon 6,10 forms instantly from
the condensation reaction of the two monomers: sebacoyl
chloride and hexamethylene diamine, as shown in reaction
Scheme 1. These two monomers can be dispersed sepa-
rately in oil and water phases so the reaction is limited to
the interface near the nanotube sidewall. The organic solvent
containing the monomer sebacoyl chloride surrounds the
nanotube by mixing the aqueous SDBS-SWNT suspension
with carbon tetrachloride. The excess organic solvent is
removed to prevent bulk interfacial polymerization. The
monomer hexamethylene diamine is then added to the
aqueous suspension to allow the polymerization reaction to
occur at the interface near the nanotube, resulting in a thin
polymer-coating of nylon 6,10 around the SWNT.

The first step in the encapsulation of SWNTs with nylon
6,10 is to bring sebacoyl chloride in close proximity to the
nanotube sidewall. Figure 2a shows well-resolved fluores-
cence spectra characteristic of the initial SDBS-SWNT
suspension. The fluorescence emission of SDBS-suspensions
slightly blue-shifts (see the (7,5) and (7,6) SWNTs) and shows
an increase in intensity when mixed with pure carbon
tetrachloride. These spectral changes are associated with the
formation of an emulsion-like microenvironment around the
nanotube (23, 36). The blue-shift represents a change to a
less polar environment, whereas the intensity increase could
be due to either solvent effects (36) or reorganization of the

FIGURE 1. Mechanism for coating individual SWNTs with nylon via
solvent microenvironments around the nanotube. Note that the
image is not drawn to scale.

Scheme 1. Reaction of Sebacoyl Chloride with
Hexamethylene Diamine To Form Nylon 6,10
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surfactant that minimizes quenching (23, 34). On the other
hand, mixing the initial SDBS-SWNT suspensions with
0.5 M sebacoyl chloride in carbon tetrachloride yields a
significant decrease in the fluorescence intensity of all SWNT
(n,m) types when compared to either the initial suspension
or the solvent-swelled states. The larger diameter SWNTs
appear to be more sensitive to the new microenvironment
and show the largest decreases in intensity. Several research
groups have also noticed the sensitivity of large diameter
SWNTs to quenching mechanisms (23, 29, 34, 36). Interest-
ingly, the peak positions are the same with or without
sebacoyl chloride added. The similarity in peak position
suggests the microenvironment around the nanotube is
similar (i.e., carbon tetrachloride). Therefore, the intensity
decrease is associated with the presence of the sebacoyl
chloride within the emulsion-like phase surrounding the
SWNT. The decrease in intensity could be from doping
(37-39) but, regardless, the spectral changes confirm the
presence of sebacoyl chloride surrounding the SWNTs.

The fluorescence changes observed after sebacoyl chlo-
ride addition are reversed once the monomer hexamethyl-
ene diamine is added. The most notable change observed
in Figure 2b is the increase in fluorescence intensity. The
intensity for nearly all (n,m) SWNT types has recovered to
values that are nearly identical to the initial SDBS-SWNT
suspension rather than the spectra for SWNTs encased in a
carbon tetrachloride shell. These differences are likely due
to pH changes caused from reaction Scheme 1, which are
shown below to affect the fluorescence intensity. The spectra
also show a red-shift of the spectra, indicating once again
that the environment surrounding the nanotube has been
altered. The change of the spectral properties is likely due
to the consumption of the sebacoyl chloride during reaction
with the hexamethylene diamine at the interface. Similar

fluorescence spectral changes are also observed during the
mixing and reaction phases when excited at 784 nm (not
shown).

Although the red-shifts observed after the reaction could
indicate that the nanotubes are aggregating during polym-
erization, both absorbance (Figure 3) and Raman (Figure 4)
spectra do not indicate that aggregation occurs. Figure 3a
shows the absorbance spectra of each SWNT suspension.
The spectra have well-resolved peaks associated with the
interband transitions of each (n,m) SWNT type. After the
SWNT suspension is mixed with sebacoyl chloride, there is
a slight red-shift and an increase in visible absorbance
(400-900 nm). The nylon-coated SWNTs still have well-
resolved peaks in the NIR region (900-1400 nm) but also
show a further increase in visible absorbance. The higher
absorbance background for the monomer- and polymer-
coated SWNT suspensions seen in the visible light region is
likely due to scattering from emulsions and polymer par-
ticles. After removing the effect of the background, which

FIGURE 2. (a) Fluorescence spectra (Ex. ) 662 nm) of the initial
SDBS-coated SWNTs (1) and SDBS-SWNTs mixed with only carbon
tetrachloride (2) or carbon tetrachloride containing sebacoyl chloride
(3). (b) Fluorescence spectra (Ex. ) 662 nm) of SWNTs before (3)
and after 5 min of polymerization (4) compared to the initial
SDBS-SWNT suspension (1).

FIGURE 3. (a) Raw and (b) background-corrected absorbance spectra
of SDBS-coated SWNTs (1), SDBS-coated SWNTs mixed with carbon
tetrachloride containing sebacoyl chloride (2), and nylon-coated
SWNTs (3).

FIGURE 4. Normalized Raman spectra of the (a) SWNT suspension
and (b) solid SWNT powder before and after polymerization. The
inset shows the SWNT RBMs of each sample.
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is shown in Figure 3b, the trend and intensity of the
absorbance spectra are similar at each stage of the polym-
erization reaction. Therefore, the large polymer particles
likely contain few nanotubes. The formation of the polymer
particles could be reduced by controlling the amount of
hexamethylene diamine injected.

The distinguishable and intense peaks in the NIR region
indicate that SWNTs are individually suspended throughout
the reaction. This conclusion is also supported by both liquid-
phase and solid-state Raman spectra shown in Figure 4. The
SWNT radial breathing modes (RBMs) of the liquid-phase
Raman spectra in the inset of Figure 4a show no changes
after polymerization to the so-called aggregation peak lo-
cated at ∼270 cm-1 (40). In addition, the solid-state Raman
spectra shown in Figure 4b have an upshift of approximately
2-3 cm-1 in the RBMs. These upshifts have been observed
for SWNTs embedded in polymer matrices (41). Buisson et
al. developed a model to relate the shift in the RBMs to the
structure of the polymer around the SWNTs (42). Their
model suggests that polymer coatings around SWNT bundles
should show a more significant upshift of the RBMs than
individually coated SWNTs. On the basis of this model, the
effect of nylon coating on either bundled or individual
SWNTs is estimated to be 41 and 13 cm-1, respectively.
Although the upshift observed in the RBMs of Figure 4b is
less than either estimate, the low magnitude of the shift
would suggest that nylon coats individual rather than bundled
SWNTs.

Pure nylon 6, 10 synthesized via interfacial polymeriza-
tion is a white powder with characteristic FT-IR stretches of
the amide-I peak at 1640 cm-1, the amide-II peak at 1545
cm-1, the C-H stretch at 2860 and 2940 cm-1, and the N-H
stretch at 3330 cm-1 (43). Figure 5 shows the FT-IR spectra
of raw SWNTs and polymer-coated SWNTs. The polymer-
coated SWNTs show amide-I, amide-II, and N-H stretching
groups at 1637, 1569, and 3338 cm-1, respectively. Com-
paring the FT-IR spectra of raw SWNTs to the polymer-
coated SWNTs provides evidence that nylon 6,10 is formed
through the interfacial polymerization reaction.

An AFM image of individual SWNTs suspended in SDBS
is illustrated in Figure 6a. The inset of Figure 6a shows the
diameter distribution is narrow with an average diameter
of 1.2 nm. Figure 6b shows the nanotubes after the nylon
6,10 polymerization reaction. Individual SWNTs are still

observed after the polymerization reaction; however, it is
clear that the surface morphology has changed around the
nanotube. After the polymerization reaction, the diameter
distribution for nylon-coated SWNTs in the inset of Figure
6b becomes broader with an average diameter of 7.3 nm.
The diameter distribution of the polymer-coated SWNTs
suggests that the coating thickness ranges between 0.5 and
8 nm with an average thickness of 3 nm.

The thin coating of nylon encapsulating SWNTs should
provide better protection to the fluorescence quenching
effects of acid (24, 25, 29, 31, 44). The better protection from
this layer was immediately obvious after polymerization
because the fluorescence intensity was high (Figure 2b)
despite the acidic pH generated from the reaction (Scheme
1). Figure 7 shows the effect of pH on the fluorescence
intensity of different (n,m) SWNT types. The fluorescence
intensity of all SWNT types in the initial suspension of SDBS-
coated SWNTs steadily decrease as the pH is lowered from
basic to acidic conditions, as observed by others (24, 25, 29,
31, 44). However, the fluorescence intensity of nylon-coated
SWNTs is generally higher and more stable than the fluo-
rescence of SDBS-coated SWNTs, especially for large diam-

FIGURE 5. FTIR spectra of raw and nylon-coated SWNTs.

FIGURE 6. AFM images and corresponding histograms of diameter
distribution for (a) SDBS-coated and (b) nylon-coated SWNT suspen-
sions.

A
R
T
IC

LE

1824 VOL. 1 • NO. 8 • 1821–1826 • 2009 Chen et al. www.acsami.org



eter SWNTs. For example, the (10,5) SWNT type typically
has an emission intensity that is 50-100% higher than the
SDBS-coated SWNTs at acidic pH. The (7,6) SWNT type also
has significant improvement across the acidic pH region,
whereas the (8,3) SWNT type has little improvement to the
emission intensity. The lack of any changes for the (8,3)
SWNT type likely indicates that the initial surfactant structure
provides a nearly ideal protective layer to pH quenching,
minimizing any benefit achieved by adding a nylon coating.

The nylon coating around SWNTs also helps to redisperse
the nanotubes in water. Images a and b in Figure 8 show
nylon-coated SWNTs after being freeze-dried and resus-
pended, respectively. The nylon-coated SWNTs are redis-
persed in water without any visible aggregation and the
fluorescence spectrum in Figure 8c shows well-resolved
peaks. The fluorescence intensity is less than half the initial
intensity; however, the nylon-coated SWNTs have four times
higher fluorescence intensity than freeze-dried SWNTs coated
with only SDBS.

An important feature of coating SWNTs through this
interfacial polymerization reaction is that the nylon coating
surrounding the nanotubes does not affect the optical prop-
erties of the SWNTs. The solid state Raman spectra shown
in Figure 4b shows no changes after polymerization to the
D-band (∼1290 cm-1) associated with covalent bonding to
the nanotube sidewall. These results are in agreement with
the intense fluorescence spectra seen in Figure 2b, which is
very sensitive to sidewall reactions (25). Therefore, the
polymer coating appears to be physisorbed onto the SWNT
sidewall, allowing the structure and properties of SWNTs to
be preserved.

CONCLUSIONS
Nylon 6,10 is noncovalently coated around individual

SWNTs by interfacial polymerization in solvent microenvi-
ronments that encase individual nanotubes. These nylon-
coated SWNTs are still well-dispersed in the aqueous phase
without any indication of aggregation based on Raman and
fluorescence spectroscopy. The nylon-coated SWNTs are
easily redispersed in water after freeze-drying. The fluores-
cence intensity of the nylon-coated SWNTs remains high at
both acidic and basic pH conditions. The generality of the
interfacial polymerization approach enables the synthesis of
many different polymer coatings around nanotubes.
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