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ABSTRACT A nanolatex copolymer (25-30 nm) of an imidalozium bromide acrylate is reported that provides stable waterborne
dispersions of single-walled carbon nanotubes (SWCNT) and thermally and electrically conducting coatings that adhere to plastics.
This approach to dispersing SWCNT leaps past previous reports by providing stabilization and binder functions simultaneously.
Resulting films exhibit 10-fold anisotropy in both thermal and electrical conductivity and appear free of interfacial phonon scattering
problems. The electrically conducting networks assembled upon film formation provide a new route to priming plastics for
electrodeposition in addition to providing simple antistatic layer formulations. The efficacy of these nanolatexes is assigned to the
imidazolium and bromide components shown in other studies to have an affinity for graphene surfaces.
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Interest in carbon nanotubes (CNT) has dramatically
increased since the first report in 1991 (1) to more than
104 publications per year. This interest is focused on

realized and anticipated superior electrical, mechanical,
optical, thermal, and chemical properties and applications
provided by CNT in various environments and hybrid ma-
terials. These application areas include nanoelectronics
(2, 3), quantum devices (4-6), sensors (7-9), and composite
materials of diverse types (10-14).

Although certain nanoelectronic applications such as
field-effect transistor sensors may require mechanical ma-
nipulation of individual CNT, most medium-tech applications
are based on more simple processing steps to create CNT
dispersions in water (15-19) or in nonaqueous solvents
(20, 21). The dispersion process generally involves two steps,
exfoliation of individual or small CNT bundles from larger
bundles and the stabilization of these exfoliated entities in
a solvent or other phase. Stabilization processes can be
characterized as being physical or covalent. Physical meth-
ods such as blending or mixing with another phase (22-24)
or with a stabilizer (25-27) in another phase are distin-
guished from surface modifications that covalently modify
the CNT to make them stable in a particular solvent or matrix
(28, 29). The latter are sometimes accompanied by a dete-
rioration of positive CNT properties.

Waterborne dispersions of CNT remain a focal point for
materials development because elimination of organic sol-
vents in coatings and processing operations remains a driver
toward more sustainable operations. The most widely used
approaches to obtain waterborne CNT dispersions use sur-
factants (30-36) or polymers (37-48) to stabilize the
SWCNT. There have also been several reports on the prepa-
ration of latex dispersions of SWCNT (49-51). Grunlan and
co-workers reported the use of polyvinylacetate emulsion
polymer latexes as binders in coatings of Gum Arabic
stabilized SWCNT 29% (w/w) in metal catalyst (49, 50); the
effects of the SWCNT and of the metal catalyst on conductiv-
ity were not deconvoluted. This approach resulted in a very
low percolation threshold to conductivity because of a large
excluded volume effect of the emulsion polymer particles.
Vandervorst and co-workers prepared SWCNT with COOH
surface functionalization and other SWCNT where the COOH
groups were esterified with polyvinylalcohol to make them
compatible with water (51). These SWCNT were mixed with
high Tg and low Tg latexes, and model films were cast and
evaluated.

Fukushima and Aida and co-workers (52-54) have shown
that imidazolium ionic liquids and polymers are excellent
stabilizers for SWCNT in polar and nonpolar media and also
promote exfoliation of SWCNT bundles. They demonstrated
that SWCNT gels may be obtained by dispersing SWCNT in
imidazolium-based ionic liquids. Dropping such gels into
water produced stable suspensions without inducing signifi-
cant precipitation (52, 53). Imidazolium-based ionic liquids
were also shown to stabilize SWCNT in vinyl monomer
suspensions so that elastic and conducting nanocomposites
could be made (54).
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It appears that the imidazolium group, besides having a
high tendency to be hydrated and to induce solubilization
in water, also has a significant polarizability with respect to
the surface of SWCNT. It has also been shown that bromide
ion exhibits a binding propensity to graphene sheets (55).
One might, therefore, expect that nanolatexes comprising
a very high proportion of imidazolium bromide groups may
be effective in stabilizing SWCNT.

Here we report the direct preparation of SWCNT nano-
latex (25-30 nm) dispersions by mixing and joint ultrasoni-
cation, resulting in well dispersed systems with SWCNT
concentrations of about 0.5% by weight. This is competitive
with the most concentrated aqueous suspensions reported
(43, 49, 51, 56) and 5-100 fold more concentrated than
most of the surfactant (35, 36) and polymer (38, 40, 41, 44,
45, 48, 57-59) stabilization and dispersion studies in water
previously reported. One of these dispersions was concen-
trated to 1.37% w/w and appears to be the most concen-
trated aqueous SWCNT dispersion documented to date.

Our nanolatex was prepared by microemulsion polymer-
izaton (60-62) in the ternary water, IL-Br, and MMA (me-
thylmethacrylate) system at a weight fractional composition
of 0.933, 0.040, and 0.027 for water, IL-Br, and MMA,
respectively. IL-Br is 1-(2-acryloyloxyundecyl)-3-methylimi-
dazolium bromide:

The nanolatex was concentrated to 15-20% by ultrafilt-
ation. A TEM of this nanolatex is illustrated in the Supporting
Information.

We prepared a dispersion of cleaned SWCNT in the above
latex by adding 3.98 g of nanolatex (14.5% solids) to 21.2
mg of cleaned SWCNT for a crude dispersion 0.527% in
SWCNT. The SWCNT remained at the bottom of the mixture.
We next subjected the mixture to very mild ultrasonication
for 2 min, using a small ultrasonic cleaning bath. The tightly
bundled and shiny SWCNT solids expanded to a gray and
fuzzy mass, indicating the onset of exfoliation. We then
initiated a regimen of more intense ultrasonication using a
microtip immersed in the dispersion for various time inter-
vals. After various cumulative dose times a drop of disper-
sion was taken, diluted, and the optical density was mea-
sured. These optical densities are illustrated in Figure 1 as a
function of dose time, and show that the degree of disper-
sion steadily increased throughout the treatment period. The
sonication was stopped after 840 s so that two thin wafers
of SWCNT nanolatex could be cast for further thermal and
electrical conductivity measurements.

Using the extinction coefficient of SWCNT at 500 nm (63)
of 28.6 cm2/mg, we would expect a maximum optical
density of 143 if the sample were completely dispersed. The
optical density of 79.5 in Figure 1 suggests the illustrated
treatment has reached a state of dispersion 56% of the

theoretical maximum. The TEM of Figure 2 show that the
state of dispersion is extensive but not complete. Figure 2a
shows a largely exfoliated bundle with exfoliation in progress
at the ends of small bundles. Figure 2b shows an in-plane
aggregate of SWCNT formed on drying with individual
SWCNT 2 nm in diameter and smaller.

The SWCNT nanolatex suspension was then cast into two
polypropylene 2.43 cm inner diameter molds (877 mg in
one and 892 mg in the other) and allowed to dry at ambient
overnight (see the Supporting Information). Each dried to
give a shiny black upper surface (the high gloss may be due
to sedimentation during drying) and dull black lower surface.
A 0% SWCNT latex control was prepared similarly. These
latex films were then separated from the polypropylene
molds by the mechanical stresses induced by cutting around
the outer periphery of the annular cup. These films, ap-
proximately 150-200 µm thick, were used for thermal and
electrical conductivity measurements.

Thermal diffusivity at 25 °C was determined by using a
xenon flash instrument. The results are listed in Table 1 for
both through-plane (⊥) and in-plane (|) geometries. The
nanolatex control film has an isotropic thermal diffusivity R
) 0.085 mm2/s. The corresponding thermal conductivity k
) RFCp ) 0.144 W/m/K (F ) 1.19 g/cm3; Cp ) 1.425 J/g/K)
is typical of many polymers and latex films (50, 64, 65) .

These films, made by casting, have a SWCNT content of
3.5% w/w after drying. The through-plane thermal diffusivity
and thermal conductivity are each increased about 50%
relative to the control film without SWCNT. This magnitude
of increase appears novel when compared to SWCNT latex
composites, where only a 7-10% increase was reported
with 3% SWCNT (50) and the cause for the small effect was
attributed to large thermal interface resistance also referred
to as interfacial phonon scattering. In that system the
SWCNT are stabilized in water by Gum Arabic and then
mixed with a polydisperse polyvinylacetate latex (50). Simi-
lar nanocomposites of MWCNT in waterborne polyurethane

FIGURE 1. Equivalent optical density at 500 nm as a function of
ultrasonic dose time for 0.5% w/w dispersion of SWCNT in aqueous
nanolatex. Drops of dispersion were diluted by factors of 50-160
with DI water and the OD500 nm was measured in a 1 cm cuvette.
The OD values plotted have been corrected for these dilution factors.
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(64, 65) exhibit more substantial increases as observed with
our nanolatex. Our use of a binder that also is a stabilizer is
key to the substantive reduction of interfacial phonon scat-
tering and results from the physical association of the
imidazolium bromide groups with the nanographene surface
of the SWCNT.

An in-plane thermal diffusivity of 1.086 mm2/s (Table 1)
shows that our use of a nanolatex allows the SWCNT to
template the anisotropy. Figure 2b shows that drying after
exfoliation can lead to highly anisotropic orientation when
highly diluted. The 8.8 fold anisotropy in thermal diffusivity
and thermal conductivity was produced by drying and not
by any rheological orienting force, although such forces are

commonly encountered in many coating and spinning
processes. The films produced by Grunlan and co-workers
(49, 50) rely on producing a microheterogeneous material
that maintains a basically cubic (isotropic) structure, wherein
the SWCNT are directed to interstices between large latex
particles. Nanolatexes of what is essentially a hydrogel
copolymer produce a more homogeneous film that is tem-
plated by the high aspect ratio SWCNT. The room-temper-
ature anisotropy of 8.8 can be compared with that for
pyrolytic graphite of 47 (66). The in-plane thermal conduc-
tivity of 1.83 W/m/K is a very respectable value in view of
the intrinsic value of 210 W/m/K obtained (67) for oriented
SWCNT. The 3.5% w/w corresponds to a volume fraction
of only 2.5%. The theoretical in-plane conductivity for fully
aligned and dispersed SWCNT is (0.975·0.144+ 0.025·210
)) 5.39 W/m/K. This film, therefore, exhibits an in-plane
thermal conductivity about 34% of the maximum achievable
at a volume fraction of 0.025.

Through-plane electrical conductivity spectra (see the
Supporting Information) obtained for one of these 3.5% w/w
SWCNT nanolatex films and for a nanolatex-only sample are
illustrated in Figure 3 at various temperatures. This particular
type of nanolatex has a significant amount of ionic conduc-
tivity due to the high fraction of imidazolium bromide
functional groups. However, at each temperature the SWCNT
nanolatex conductivity curve lies above the control curve,
but the increment decreases from 2 orders of magnitude at
-50 °C, to 1 order of magnitude at -25 °C, a factor of 3 at
0 °C, and a smaller difference at 25 °C.

Through-plane and in-plane conductivities were also
measured for the same film at 25 °C and at 44% rh using a
Solaratron-based impedance spectroscopy system (see the
Supporting Information). The in-plane measurements uti-
lized a four-probe technique. A through-plane conductivity
of 0.011 mS/cm was obtained and in-plane values of 0.135

FIGURE 2. Transmission electron micrographs of SWCNTs dispersed
in nanolatex after 840 s of cumulative dose. (a) Bundle of SWCNT
undergoing exfoliation along with a coiled cluster of SWCNT un-
dergoing exfoliation at the protruding ends; (b) high magnification
of exfoliated SWCNT forming a film on drying.

Table 1. Thermal Diffusivity (R) and Thermal
Conductivity (k) for SWCNT Film (25 °C)

R (mm2/s) k (W/m/K) anisotropy (|/⊥)

through-plane (⊥) 0.124 ( 0.001 0.322 ( 0.002
8.8

in-plane (|) 1.086 ( 0.002 2.82 ( 0.003

FIGURE 3. Conductivity spectra of cured latex films pre-equiibrated
at 44% rh: (top) SWCNT latex film; (bottom) clear latex control film.
Spectra measured over 0.1 Hz to 10 MHz. Temperatures vary from
-50 to 100 °C: -50 °C (9); -25 °C (•); 0 °C (2); 25 °C (1).
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mS/cm and 0.110 mS/cm were obtained for the shiny and
dull surfaces, respectively, of the film. The shiny black side
was the upper surface that dried in contact with air, and the
dull black side is the side that contacted the polypropylene
mold during drying.

These results are summarized in Table 2, where we see
that an electrical conductivity anisotropy of 10-15 was
observed. This anisotropy, as in the earlier examined case
of thermal conductivity, results from the nanoscale diameter
of the latex particles and the very high anisotropy of the
SWCNT. The large size of the latex particle studied by
Grunlan and co-workers (49, 50) produced nanocomposites
that had higher conductivity, but those systems are restricted
to being electrically isotropic. Indeed, when very small
latexes were used, a significantly lower conductivity was
observed (49). Comparison with SWCNT-doped HDPE indi-
cates the electrical percolation threshold of SWCNT in
polymer matrices is at about 3.5% w/w (68). An earlier
preparation using lower intensity sonication produced evi-
dence of through-plane network formation with electronic
conductivities of about 0.002 mS/cm over -50 to 0 °C.
Refinements of the compositions and processes described
herein should lead, therefore, to substantial increases in
electrical conductivity.

The number of useful applications of such SWCNT nano-
latexes is increased because of the excellent adhesion to a
variety of substrates provided by the nanolatex. A simple
primer was formulated using the nanolatex (see the Sup-
porting Information) to prime acetonitrile-butadiene-styrene
resin substrates, overcoating with a topcoat (a flat water-
borne latex topcoat and a two-part waterborne acrylic epoxy
topcoat), and then applying a cross-cut adhesion tape test.
Results are illustrated in Table 3. In both cases, the additional
adhesion provided by this nanolatex primer was significant.

A schematic illustrating a possible mechanism of nano-
latex stabilization is illustrated by the cartoon in Figure 4.
This cartoon illustrates that as exfoliation progresses, the
number of surface bonds to exfoliated tubes with imidazo-
lium bromide end groups can increase. The model also

illustrates how nanolatexes bound to partially exfoliated
tubes increase the effective inertia of the exfoliated seg-
ments. A 25 nm diameter latex particle has a mass over 2
× 106 times greater than a 25 nm length of SWCNT (assum-
ing the latex particle and the SWCNT have equal densities
and a 1.2 nm SWCNT diameter). Such an inertial imbalance
is expected to promote further exfoliation.

This study has demonstrated that SWCNT are easily
dispersed as waterborne latex dispersions at 0.5% by
weight. Coatings and castings of such dispersions may be
dried to form films approximately 3-3.5% by weight
SWCNT. Earlier SWCNT latex dispersion reports cited vari-
ous means to form stable SWCNT dispersions before mixing
in one kind of latex (emulsion polymer) or another (49-51).
Our direct approach uses the nanolatex as both a stabilizer
and as a binder.

Applications for such conductive films include photother-
mal coatings for light activated sealing, antistatic discharge
layers, ink jet writable conductive layers, and RFID devices,
and a general solution to making plastic components more
amenable to electrospray and electrodeposition, because
only charge generation and not high currents are required.
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Table 2. Electrical Conductivity (σ) for SWCNT Film
(25°C; 44% rh)

σ (mS/cm) anisotropy (|/⊥)

through-plane (⊥) 0.009-0.011

10-15
in-plane (|)
top 0.135 ( 0.001
bottom 0.110 ( 0.003

Table 3. Topcoat Cross-Cut Adhesion Results for
Nanolatex-Based Pigmented Primer on ABS
(acrylonitrile butadiene styrene resin) Plastic
Substrates

topcoat bare nanolatex primer

flat latex 35-65% of area
detached

small flakes detached along
edges and intersections;
5-15% of lattice
affected

acrylic-epoxy >65% of area
detached

no detachment

FIGURE 4. Two-dimensional model illustrating possible mechanism
of nanolatex stabilization of SWCNT during bundle exfoliation. The
nanolatex diameter to SWCNT diameter is approximated at about
27:1 nm in conformity with actual sizes. The mechanism of imida-
zolium bromide binding is illustrated as occurring through the
outermost groups of the nanolatex that bind to the SWCNT partially
before exfoliation and more so as the exfoliation progresses.
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permittivity, and dielectric loss spectra of initial SWCNT
castings, along with TGA, DSC, and SEM of SWCNT latex
films; details and support for the nanolatex adhesion test
results. This material is available free of charge via the
Internet at http://pubs.acs.org.
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