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bstract

Nanocomposites of a polymer and carbon nanotubes exhibit high electrical and thermal conductivity and enhanced mechanical properties in
omparison to the polymer alone. Film formation from latex dispersions is an ideal way to create nanocomposite coatings with the advantages of

olvent-free processing and a high uniformity of dispersion. It is shown here that carbon nanotubes functionalised with poly(vinyl alcohol) (PVA)
an be blended with two types of acrylic latex to create stable colloidal dispersions without the need for added surfactant or emulsifier. Waterborne
anocomposite films with optical transparency can be formed. Microscopic analysis shows that the PVA-functionalized nanotubes are finely and
niformly dispersed in the polymer matrix.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As a result of efforts worldwide by theorists and experimen-
alists, a very good understanding of the mechanisms of latex
lm formation has been achieved. There has been a clear identi-
cation of the factors that influence the uniformity of the drying
f latex films in both directions: lateral [1] (i.e. parallel to the
ubstrate) and vertical [2,3] (i.e. normal to the substrate). Fur-
hermore, there is now an enhanced understanding of the particle
eformation mechanisms because of insight gained from the
rocess model of latex film formation, proposed by Routh and
ussell [4]. Experimental results are broadly consistent with the
odel’s predictions [5].
This understanding of latex film formation can now be

xploited to underpin the processing of new types of coat-
ngs and adhesives. In particular, latex particles can be con-
idered to be the “building blocks” in the creation of nano-
aterials. For instance, through careful control of the film
ormation conditions, and through the use of core-shell [6] or
wo-phase particles, the material’s structure can be controlled
n the scale of tens of nanometers [7]. The blending of latex

� This paper is part of the special issue “Coatings Science International Con-
erence Program 2005” which was published in February 2006 in issue 55/2.
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articles and inorganic nanoparticles provides a facile means
f ensuring dispersion at the nanometer scale in composite
oatings.

Ever since the first scientific report of carbon nanotubes
CNTs) in 1991, these materials have attracted enormous interest
wing to their potential applications in field-emission devices,
lectronics, fibers, composites, sensors, detectors, capacitors,
ydrogen storage media, and fuel cells, among others [8]. As of
anuary of 2004, 152 patents relating to nanotube applications
ad been issued, and another 274 were pending. Recent work
y numerous groups has demonstrated how nanocomposites of
olymers and CNTs offer the advantages of polymers, such as
ptical clarity, viscoelasticity and good barrier properties, com-
ined with the strength [9] and the high thermal and electrical
onductivity [10] of CNTs. Seven patents have already been
ssued for CNT nanocomposites and fibers.

Four of the most common processing routes for this class
f nanocomposites are (1) in situ polymerization [11], (2) melt
rocessing and extrusion [12], (3) casting from a common sol-
ent [13], and (4) functionalisation of the CNT by polymers
14]. Recently, nanocomposite films were prepared from CNTs
hat were functionalized with poly(vinyl alcohol) (PVA) to make

hem dispersible in water [15]. The PVA-functionalized CNTs
ere then dispersed in an aqueous PVA solution and cast to cre-

te a nanocomposite film with a PVA matrix. This approach does
ot require emulsifiers or surfactants to disperse the CNTs. How-
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ver, the final nanocomposite film is water-soluble, of course,
nd of limited applicability as a protective coating.

Within the past few years, it has been realised that the pro-
essing of latex dispersions offers an opportunity for blending
NTs with polymers at the nanometer scale to achieve a good
ispersion in a coating matrix that is not water-soluble. The key
hallenge in the processing of waterborne nanocomposite coat-
ngs is to achieve the low percolation thresholds of CNTs that
re predicted by theory [16]. In one of the first such reports [17],
styrene-butyl acrylate latex was blended with multi-walled
NTs that had been suspended in water using sodium dodecyl

ulfate (SDS). More recently, Regev et al. [18] created nanocom-
osite films of poly(styrene) and poly(methyl methacrylate)
sing compression molding. They likewise did not function-
lize the CNTs but dispersed them in water using SDS or gum
rabic. A possible drawback of this approach is that it could
ncrease the hydrophilicity of the coating. Grunlan et al. [19] pre-
ented evidence that they had achieved a highly-uniform disper-
ion of single-wall carbon nanotubes (SWNTs) in a poly(vinyl
cetate) latex film. The SWNTs were stabilized with either GA
r poly(vinyl pyrrolidone). According to their measurements of
lectrical conductivity, percolation of the CNTs occurred at a
oncentration of 0.04 wt.%. In this present work, we show that
rack-free, water-resistant, and optically clear nanocomposite
oatings can be created using latex processing and functional-
zed SWNTs. In this approach, there is no requirement for added
urfactant or emulsifier.

. Materials and techniques

.1. Materials

Two types of latex were used. The first type is an acrylic
ased on a random copolymer of 2-ethyl hexyl acrylate, butyl
crylate (BA), ethyl acrylate, methyl methacrylate (MMA), and
ther monomers. It was prepared by semi-batch emulsion poly-
erization. The polymer has a low glass transition temperature

Tg = −45 ◦C) and has applications as a pressure-sensitive adhe-
ive. The latex dispersion has an average particle size of 190 nm.
he second latex polymer is a random copolymer of BA, MMA
nd methacrylic acid (MAA) in a molar ratio of BA:MMA:MAA
f 85:10:5. With its Tg of 20 ◦C, this latex has applications
s a protective coating. The dispersion has a solids content of
0 wt.% and an average particle size of 270 nm.

SWNTs, from two different sources and with two different
unctionalities, were used. One type was produced by the elec-
ric arc-discharge of Ni–Y catalyzed graphite electrodes (Carbon
olutions Inc., CA, USA). The material was purified with nitric
cid and left in a highly-functionalized form. The resulting
WNTs contain 4–6 at.% carboxylic acid (COOH) and have a
arbonaceous purity of 80–90%. These COOH-CNTs were dis-
ersed in dimethyl formamide (DMF) with ultrasonication for
0 min to create a dispersion containing 0.55 wt.% CNT. The

OOH-CNT/DMF dispersion was blended with the latex disper-

ions while stirring, relying on the solubility of DMF and water.
second type of SWNT was produced via the arc-discharge

ethod at Clemson University. The nanotubes were purified

a
a
a
a

anic Coatings 57 (2006) 91–97

nd then functionalized with poly(vinyl alcohol) via an ester-
fication reaction, as described elsewhere [15]. The weight ratio
f PVA:CNT is approximately 10:1. A dispersion of 1.5 wt.%
VA-CNTs in water was mixed with the concentrated latex dis-
ersions in various proportions while stirring.

.2. Techniques

With two types of latex (low-Tg and high-Tg) and with two
ypes of SWNT (COOH and PVA), nanocomposite films based
n the four different combinations were created. The final con-
entrations of CNTs were as high as 3.5 wt.% on the polymer.
atex films were cast on clean, glass plates with a cube applica-

or having a gap of 100 �m. The high-Tg latex films were dried
t room temperature and then heated to 90 ◦C for 30 min. They
ypically had a final film thickness of 35–40 �m. The low-Tg
atex films were dried at room temperature and were typically
0 �m thick.

The optical absorption coefficients of the films were obtained
sing a UV–vis spectrophotometer (Camspec, UK). The distri-
ution of CNTs in the films was determined using atomic force
icroscopy (NT-MDT Ntegra Laboratory, Moscow, Russia) in

he intermittent contact mode. High tapping free amplitudes and
relatively stiff cantilever (spring constant k = 46 N/m) were

sed. Electron microscopy was performed using an Hitachi S-
000 cold field emission scanning electron microscope using a
0 kV beam with an emission current of 10 �A. Cross-sections
f the high-Tg latex were prepared for analysis by scanning
lectron microscopy (SEM), as follows. The latex dispersion
ere cast on sheets of poly(propylene) and film-formed in the
sual way. The films were immersed in liquid nitrogen, and then
he brittle films were fractured. The cross-section surfaces were
oated with a thin film of Au/Pd prior to SEM analysis.

. Results

.1. Colloidal stability

Each of the two types of CNT could be blended with each
f the two types of latex dispersion. The latex dispersions con-
aining PVA-CNTs were found to be highly stable. There is no
ignificant amount of phase separation or sedimentation over
period of weeks. Similarly, the COOH-CNTs exhibited good

tability in the low-Tg latex. However, in blends with the high-Tg
atex, the COOH-CNTs were seen to rise to the top of the dis-
ersion slowly over a period of several weeks. The differences
n the stability of the two types of blends might be because the
ow Tg latex exhibits some adhesion with the COOH-CNTs that
s not found with the high Tg latex.

The colloidal interactions between the latex particles and the
NTs were further explored using atomic force microscopy. A
ery dilute blend of the low-Tg latex and COOH-CNTs was cast
nto freshly-cleaved mica sheets. Fig. 1 shows the observed dis-
ribution of CNTs and latex particles. Nanotube structures with

verage lengths of ca. 1 �m and heights of ca. 2 nm (typical for
single SWNT) are observed. The resolution of the technique,

s determined by the AFM tip geometry, does not enable a reli-
ble measurement of the diameter of the structure, however. The
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ig. 1. AFM images (height image on the left and phase contrast image on the
ica surface. The arrows indicate where three latex particles are clustered on a

alue of the height is consistent with what is expected if exfoli-
tion of the SWNTs had been achieved in the dispersion.

There is also evidence for attraction between the two phases,
s some latex particles can be observed in Fig. 1 to cluster around
SWNT. In most instances, one or more latex particle was

ttached to the SWNTs. Further indication of the clustering of
atex particles around the CNTs was given by the visual appear-
nce of the dispersions. When the low-Tg latex was blended with
he CNTs, the dispersion became blue. Although the reasons for
his observation are not known with certainty, it is likely to be
he result of the diffraction of light from the latex particles. The
enter-to-center distance of the particles in the clusters is on the
rder of one-half the wavelength of blue light. If the particles
re held in place at this separation distance, they would diffract
ight.

In further support of this explanation, other investigations
sing latex with a larger particle size found that the color was
ed-shifted as the latex diameter was increased. Furthermore, the
igh Tg latex became gray with the additions of SWNTs. One
eason for this result is that these latex particles are less adhesive
nd do not cluster around the SWNTs.

.2. Film formation

Nanocomposite films with good film integrity and notice-
ble tack were obtained from the low-Tg latex when cast at
oom temperature. When casting the blend of the high-Tg acrylic
nd COOH-CNT solution at room temperature, crack-free films
ere obtained, whereas as-cast films from the parent latex had
icro-cracking and were opaque. The quality of the film for-
ation improved with the addition of the COOH-CNT because
he dimethyl formamide used in the processing has a plasticiz-
ng effect on the acrylic. As the PVA-CNTs were waterborne,
hey had no plasticizing effect. Hence, nanocomposite films of
he high-Tg latex and the PVA-CNTs were heated at 90 ◦C for
0 min to achieve good film formation.

e
a
c
S
e

t) of a dilute blend of the low-Tg latex and COOH-CNTs (0.4 wt.%) cast on a
T. Area of image is 6 �m × 6 �m.

.3. Dispersion of SWNTs

Percolation theories predict the volume fraction of nanotubes,
c, above which they can create a percolating network in an

sotropic matrix. This theory treats carbon nanotubes as cylin-
rical rods that do not interact with each other and are randomly
rranged in the matrix. It is known from the theory [20], as
ell as from computer simulations [16], that φc for carbon
anotubes is inversely proportional to the tube’s aspect ratio,
, defined as the ratio of its length, L, to its diameter, d. As
n example, for a nanotube with L = 2 �m and with d = 2 nm,
= 103. Then φc is predicted to be less than 10−3. Because of

he high aspect ratio of CNTs, percolation in latex films has
een observed elsewhere at concentrations as low as 0.04 wt.%
18].

According to AFM analysis, both types of SWNT ranged in
ength from L = 0.25 to 2 �m, with the majority being less than
�m in length. The average L of the COOH-SWNTs was greater

han that of the PVA-SWNTs. The values of d ranged between 2
nd 6 nm for the COOH-SWNTs and between 2 and 7 nm for the
VA-SWNTs. The slightly larger d for the PVA-functionalized
WNTs is attributed to a thin layer of PVA on the nanotube
urfaces. The aspect ratios thus spanned the range from about
02 to 103. In order to achieve the very low φc values that are
redicted by theory, the nanotubes must be finely and randomly
ispersed in the polymer matrix.

.3.1. Nanocomposites of COOH-SWNTs and latex
It is apparent from visual observation of the nanocompos-

te films that the COOH-SWNTs were not uniformly dispersed
n the acrylic matrix. Black specks were visible to the naked
ye, especially at higher SWNT concentrations. These specks

re attributed to large clusters of nanotubes. Fig. 2 shows opti-
al micrographs of nanocomposite films containing COOH-
WNTs. In both types of latex, clusters of nanotubes are appar-
nt, but the size and shape of the clusters differ. The clusters tend
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F . (a) 0.2 wt.% COOH-SWNTs in the high-Tg latex; (b) 0.15 wt.% COOH-SWNTs in
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ig. 2. Optical micrographs of nanocomposite films containing COOH-SWNTs
he low-Tg latex. The scale bar represents 200 �m.

o be larger and more needle-like in the low Tg latex. The sur-
ace of the high-Tg film is rougher, which is attributed to poorer
evelling in comparison to the low Tg latex.

Atomic force microscopy found regions of the surface of
he low Tg latex in which clusters of the COOH-SWNTs
ad emerged. By comparison, thorough AFM analysis of the
igh Tg nanocomposites did not reveal any nanotubes at the
lm surface. This result indicates that the clusters that are
bserved optically are embedded in the film below the sur-
ace. Fig. 3 shows examples of the two types of nanocomposite
lm.

There was also evidence for clustering of the COOH-SWNTs
n the bulk of the high-Tg films. Cross-sectional SEM analy-
is found a heterogeneous distribution of nanotubes, with some
egions showing clusters (Fig. 4) and other areas having no nan-
tubes. In the image at higher magnification, the diameter of the
anotube structures is seen to be approximately 30 nm. Accord-
ng to this measurement, this structure is likely to be a bundle
f CNTs. Although the resolution is poor, there is evidence in
he image for individual nanotubes within the bundle structure.
ncidentally, this analysis also found that complete particle coa-
escence had been achieved. The fracture surfaces have a ridge
attern that is typical of glasses, but there is no evidence for
ndividual acrylic particles.

The nanotube cluster formation is attributed to the relatively
oor solubility of the COOH-CNTs in the water/DMF solution.
ikewise, in the low-Tg films, the COOH-SWNTs might adsorb
t (or segretate at) the water/air interface because of their relative
ydrophobicity. The use of COOH-SWNTs imposes a further
isadvantage, as they require an organic solvent (DMF) for their
ispersion. COOH-SWNTs are therefore unacceptable for appli-
ations that must be waterborne.

.3.2. Nanocomposites of PVA-SWNTs and latex
The PVA-SWNTs offer the advantage of completely water-
orne processsing. A second important advantage is that the
VA-CNTs are much more finely and uniformly dispersed in the
olymer matrix in comparison to the COOH-CNTs, as found in
icroscopic analysis.

Fig. 3. AFM images of the surfaces of latex films containing COOH-SWNTs. (a)
Phase image of the low-Tg latex with 0.4 wt.% COOH-SWNTs; (b) topographic
image of the high-Tg latex with 0.2 wt.% COOH-SWNTs. Each image shows a
10 �m × 10 �m area.
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ig. 4. SEM image of the cross-section of a nanocomposite film of the high-Tg lat

The good dispersion of the PVA-SWNTs is indicated first
f all by their visual appearance. As demonstrated in the pho-
ographs in Fig. 5, high-Tg films (35–40 �m thick) are optically
ransparent up to PVA-SWNT concentrations of about 1 wt.%

on the polymer). At higher PVA-SWNT concentrations, the
lms develop a gray tint. Films made with the low-Tg latex
how similar optical transparency at lower PVA-SWNT con-

ig. 5. Image of nanocomposite films made from PVA-SWNTs and the high-Tg

crylic latex and cast on glass plates. The PVA-SWNT concentration (wt.% on
he polymer) is indicated.

p
i
t
T
n
t
w
t
t
T
h
t
t
S
b
c
t
s

3

fi
m
s
c
a
i
m
m
t

n
h
T
a

d 0.27 wt.% COOH-SWNTs. (a) Lower magnification; (b) higher magnification.

entrations. Optical microscopy (Fig. 6) of the nanocomposite
lms found no evidence for nanotube clusters. The microgaphs
nly show a difference in surface roughness between the low
nd high-Tg latex nanocomposites.

AFM analysis of the surfaces of the PVA-SWNT nanocom-
osites of both types of latex found no evidence for either
ndividual nanotubes or clusters, even at SWNT concentra-
ions as high as 1.4 wt.% on the polymer. Surveys of the low-
g latex surface in SEM analysis revealed a few instances of
anotubes at the air surface. Analysis of the cross-sections of
he high-Tg latex nanocomposites revealed that the nanotubes
ere uniformly distributed throughout the film. In most cases,

he nanotubes are found in isolation rather than in a clus-
er. Fig. 7 gives an example of the observed microstructures.
he Au/Pd coating, which was required for SEM analysis,
as the effect of masking fine features. It also might make
he diameter of the SWNTs appear larger. The resolution of
he image is not sufficient to say with certainty whether the
WNTs are exfoliated or are present in the form of ropes or
undles. As there was no plasticizing effect from DMF in this
ase, the particle coalescence is less complete in comparison
o the COOH-SWNT nanocomposites. Interparticle voids are
een.

.4. Optical absorption of nanocomposite films

Measurements of optical clarity are a good indicator of how
nely nanotubes are dispersed in a matrix. Quantitative assess-
ent of the optical clarity of the nanocomposite films is pre-

ented in Fig. 8. For both types of latex, the optical absorption
oefficient of nanocomposite films containing PVA-CNTs is
bout an order of magnitude lower than that of nanocompos-
tes containing COOH-CNTs. This result is consistent with the

icrostructural analysis that indicated that the PVA-CNTs are
uch more finely dispersed in the polymer matrix in comparison

o the COOH-CNTs.

The small amount of PVA that is added to the high-Tg

anocomposite does not have any noticeable effect on the
ydrophilicity of the coating. Water uptake is minimal. The low-
g latex exhibits some water-whitening, but this is not adversely
ffected by the addition of PVA.
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Fig. 6. Optical micrographs of nanocomposite films containing PVA-SWNTs. (a) 2.5 wt.% PVA-SWNTs in the high-Tg latex; (b) 3.1 wt.% PVA-SWNTs in the
low-Tg latex. The scale bar represents 200 �m.

Fig. 7. SEM image of the cross-section of a nanocomposite film of the high-Tg latex
The cracks that appear in (b) are in the Au coating.

Fig. 8. Optical absorption coefficients at a wavelength of 600 nm for four types
of nanocomposite film. Triangles indicate nanocomposites containing COOH-
C
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NTs; squares indicate those with PVA-CNTs. The filled symbols are for the
ow-Tg latex; the open symbols are for the high-Tg latex.
. Conclusions

Single-wall carbon nanotubes were functionalized with
oly(vinyl alcohol) to render them water-soluble. The CNT solu-

A

t

and 1.26 wt.% PVA-CNTs. (a) Lower magnification; (b) higher magnification.

ions were blended with acrylic latex dispersions to produce
anocomposite wateborne coatings. Analysis by microscopy
howed that the PVA-functionalized CNTs were finely dispersed
n the polymer matrix. The nanocomposite films exhibited low
ptical absorption coefficients. It is expected that this type of
anocomposite coating will potentially exhibit high thermal and
lectrical conductivity along with high wear-resistance while
ffering the advantage of solvent-free processing.

COOH-functionalized CNTs were dispersed in dimethyl for-
amide and were similarly blended with latex dispsersions. In

ontrast to the PVA-functionalized CNTs, this type of nanotube
as not as uniformly dispersed in the latex, resulting in higher
ptical absorption. Microscopy provided evidence for nanotube
undles. In some cases, larger clusters were even apparent to the
aked eye.

Further study of the mechanical properties of the nanocom-
osites is underway in our laboratory. Because the use of surfac-
ants or other dispersants are avoided, the coating’s hydrophilic-
ty and barrier properties are expected to be comparable to that
f the parent latex coating.
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