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In this work, we probed the effects of shear flow on the alignment of dispersed single-walled carbon nanotubes
in polymer solutions. Two different systems were compared: Single-walled carbon nanotubes dispersed using an
anionic surfactant and single-walled carbon nanotubes dispersed using an anionic surfactant and a weakly binding
polymer. It was determined that the addition of the weakly binding polymer increased the degree of dispersion of the
carbon nanotubes and the ability to induce their alignment when subjected to shear forces.

1. Introduction
Carbon nanotubes have been shown to possess unique and

superior properties that can be useful in a variety of materials-
related applications.1-3 Since the nanotubes are essentially rolled-
up graphite sheets, they can exhibit either semiconducting or
metallic properties4 and are expected to have a very high elas-
tic modulus, high toughness, and good mechanical proper-
ties.4,5 Bothmultiwalled carbon nanotubes (MWNT) and single-
walled carbon nanotubes (SWNT) have been studied by various
methods and were determined to exhibit high tensile strengths,
on the order of 11 and 20 GPa, and Young’s moduli, on the order
of 0.4 TPa and upward of 1 TPa, respectively.2,6-12 Carbon
nanotubes have been used as a reinforcement in differentmatrices
including polymer, ceramics, resins, metals, and other matrix
materials.7,10,13-17 Most notably, the incorporation of carbon
nanotubes in polymer matrices has generated a great deal of
interest and high expectations regarding the possibility of a
dramatic enhancement of themechanical, electronic, and thermal
properties of such nanocomposites, especially in caseswhere the

carbon nanotubes are aligned.1-3 It has been shown, however,
that randomly oriented carbon nanotubes embedded in polymer
matrices have failed to generate composites in which the full
potential of the mechanical and conductive properties of the
nanotubes is exhibited.7 It is believed that this phenomenon is
due to the poor dispersion of the carbon nanotubes in the polymer
matrix. Therefore, the use of carbon nanotubes as strengthening
agents, even via a random distribution in the matrix, is hindered
by their tendency to clump together as a result of van der Waals
attractions due to their high surface energy.18 Hence, the main
conclusion drawn from previous experiences with nanotube-
filled polymer matrices is the crucial impact of the degree of
dispersion of the carbon nanotubes on their ability to enhance
the mechanical properties of the composites that they form. It
has been found that SWNTs are insoluble both in water and
organic solvents.18,19 Due to this, surfactants have been used to
facilitate the dispersion and introduction into a polymer matrix,
by reducing the van der Waals attraction between the individual
tubes.18,19The surfactants are able todisperse the carbonnanotubes
by increasing the repulsive forces due to their hydrophilic and
hydrophobic components. The addition of a surfactant creates
a metastable array of carbon nanotubes, which allows the carbon
nanotubes to remain dispersed in solution for long periods of
time.18-21
In addition to the impact of the degree of carbon nanotube

dispersion on composite properties, their degree of alignment in
the respectivematrix plays a crucial role aswell. There are several
different methods available to align carbon nanotubes, including
slicing,22 chemical vapor depositon,23 melt processing,24 me-
chanical stretching,25 electrophoresis,5 application of magnetic
fields,2,26,27 and electrospinning.28-31A problem with most
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alignment processes ariseswhen combining the carbon nanotubes
with the polymer matrix to form the composite materials. Under
the experimental conditions, a well-aligned array of carbon
nanotubes tends to become isotropic and cluster upon mixing
into the composite. Hence, the alignment of the carbon nanotubes
prior to mixing into a composite is reversed, and once again,
they may disperse into random orientations.27
In this present work, shear flow was used to align the carbon

nanotubes in a surfactant/polymermatrix. This alignmentmethod
has some advantages over electrospinning because it can generate
polymer sheets rather than polymer fibers in a single step,
providing a cheaper alternative. However, although it is possible
to create a nanocomposite in which the SWNT are organized as
2D layers using the shear flow method, the highly confined 1D
sequences generated by electrospinning can be further aligned
to form 2D layers as well, with a higher degree of orientation.
Nevertheless, a smaller shear stress will be required to orient the
SWNT in a 2D polymer film than into a polymer fiber generated
by electrospinning.32,33
The nanotubes were initially dispersed with sodium dodecyl

benzene sulfonate, NaDDBS, an anionic surfactant, and placed
in a polymer solution that was subjected to a circular shear flow,
resulting in a well-dispersed, uncoiled, and aligned carbon
nanotube structure within the matrix. The addition of a weakly
binding polymer, such as carboxymethyl cellulose, CMC, serves,
in this case, two purposes: constituting the polymer matrix in
which the SWNT will be dispersed and aligned and providing
a secondary mechanism for the promotion of carbon nanotube
dispersion. Samples of the polymer-carbonnanotube suspensions
were collected while under the shear flow, both parallel to the
shear flow and perpendicular to it. Both the efficiency of the
dispersion process and the carbon nanotube alignment in the
polymer solutionwere analyzedbymeans of transmission electron
microscopy (TEM).

2. Experimental Procedure
The carbon nanotubes used in this work were used as purchased

from Carbon Nanotechnology, Inc., in high purity form (>90%)
synthesized by the laser ablation process. Sodium dodecyl benzene
sulfonate (NaDDBS,molecular weight of 348.48 g/mol) (fromTCI)
was used in the same concentrations and methods as described in
Matarredona, et al.19 Two different solutions were prepared, one
solution made of 50 mL, 1.2 mM NaDDBS, with 0.4 mg carbon
nanotubes and the second solution consisting of 25 mL, 1.2 mM
NaDDBS, with 0.4 mg carbon nanotubes. Both solutions were then
placed in a vibracell sonicator (Sonics and Materials, Inc., 20 kHz)
at 14% amplification for 30 min. After sonication, 25 mL of a 1 wt
% carboxyl methylcellulose (CMC,Mh w ) 350 000 g/mol) solution
was added to the NaDDBS/SWNT solution, and the new combined
solution was again placed in the vibracell sonicator at 14%
amplification for 30 min. After sonication, TEM samples of both
solutions were taken to determine the extent of SWNT dispersion:
a droplet of solution was placed onto a TEM grid (Ted Pella, Inc.
carbon coated copper, PELCOCenter-Marked Grids, 400 mesh, 3.0

mm O.D.) and allowed to dry for later analysis in the TEM. The
solutions were then re-sonicated at 14% amplification for 30 min.
The solutionswere then placed in a 27.5mmdiameter (I.D.) stainless
steel cylinder. A Brookfield DV-E viscometer with a stainless steel
rotating spindle, having 19.0 mm diameter (O.D.) and 65.0 mm in
length, was used for viscosity measurements.
The sample solutions were placed in the 8.5 mm gap between the

outer cylinder and the spindle, as shown in Figure 1a. In turn, the
spindle was allowed to rotate for 1 week at several different angular
velocities ranging from 12 to 100 rpm, corresponding to ap-
proximately 1-10 rad/s. A second set of TEM samples were taken
in situ from the solutions flowing in circular motion in the gap
between the outer cylinder and inner cylinder (spindle). The sample
grids were affixed to a small diameter wire, and slowly dipped into
the solution parallel and perpendicular to the flow, as illustrated in
Figure 1b, to determine the position ofmaximum stress after analysis
in the TEM. These samples were then analyzed using the JEOL
100CX II, 100 kV transmission electron microscope (TEM).
Samples for Raman spectroscopy were prepared as follows: 20

mL of the CMC/NaDDBS/SWNT solution was mixed with 10 mL
of epoxy. The mixture was placed it in a Brookfield viscometer
equipped with a UL attachment, creating a very small gap (Rb/Rc
e 0.1) that allowed the achievement of higher shears in viscous
fluids. Once the shear flow was adequately developed, a hardener
was added in order to promote cross-linking in the epoxy, thus
rapidly increasing the solutionviscosity as to prevent the de-alignment
of the SWNT in the solution. The samples were tested on a, Holo
Probe VPT system, with integrated fiber coupled Raman system
(KaiserOptical Systems, Inc.), using a 731nm incident laser radiation
andVV (parallel/parallel) configuration, to determine orientation of
SWNTs.34-37 The sampleswere tested at various polarization angles
raging from 0 to 90°, to determine the development of SWNT
orientation after being subjected to shear flow.

3. Results and Discussion
3.1. Dispersion of SWNT. The high degree of aggregation

of SWNT is due to the high cohesive energy of the tubes that
has been estimated to be on the of order of 36 kT for each
nanometer of length overlap between adjacent tubes, translating
into several thousand kT for micron-long tubes.38 Since
maintaining a stable dispersion is a necessary condition for the
utilization of SWNTs in various composite applications, the
promotion of exfoliation and dispersion of SWNT has been a
very active field of research in recent years. Most notable
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Figure 1. Schematic representation of the experimental setup: (a)
Concentric cylinder arrangement in the Brookfield viscometer; (b)
TEM sample retrieval and preparation.
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approaches consisted of either the use of surfactants18-21,39-41
or polymers.42-46 Coupling the effects of both surfactants and
polymers, such as treatmentwithNaDDBS andCMC,may result
in a superior and more stable dispersion of SWNTs, as shown
schematically in Figure 2.
An example of an aqueous suspension of carbon nanotubes

without proper dispersion is illustrated by the TEM image in
Figure 3a. The addition of NaDDBS, an anionic surfactant, to
the suspension results in the exfoliation and dispersion of the
carbon nanotubes, as shown in Figure 3b. NaDDBS dissociates
in an aqueous environment to generate a sulfonium group, as

shown below: The hydrocarbonmoiety interacts with the surface

of the carbon nanotube, whereas the anionic group is solubilized
by the surroundingwatermolecules. This increases the solubility
of the carbonnanotubes and allows their exfoliation anddispersion
in the aqueous medium. Conversely, since the experimental
procedure involves the sonication of the SWNT suspensions, it
is also quite likely that this generates considerable exfoliation
of the nanotubes, followed by the adsorption of the surfactant
molecules, which in turn, stabilizes the nanotubes due to steric
repulsion.20,21,42,43
The addition of CMC to the SWNT/NaDDBS solution has a

moderate effect on the resulting dispersion as shown in the TEM
image in Figure 3c. CMC adsorbs weakly on the surface of the
carbonnanotubes,most likely via the interactions of the!1moiety
with the SWNTs.20,21 Because at low concentration the CMC
molecules are largely uncoiled (intrinsic persistence length Lp0
) 160 Å, indicating a semi-flexible polymer47), this interaction
is most likely to occur with the polymer end segments, e.g. as
shown below:

The abundance of carboxylic functional groups along the
polymer chain will ensure the presence of a large number of
associated water molecules, effectively increasing the hydro-
dynamic radius of the individual chains (Rg ! 1000 Å,48 as
compared to !20 Å, the size of the NaDDBS molecule), thus
introducing a large steric hindrance into the system, that promotes
additional dispersion and separation of the carbon nanotubes.
3.2. Orientation of SWNT in Shear Flow. A Brookfield

viscometer was used to generate a shear flow for the alignment
of the carbon nanotubes. Predictions for optimal shear forces
generated by this setup (see Figure 1) were based on non-
Newtonian flow characteristics of theCMC-containing solutions
(the fluid constants for this system were established separately)
and on a gap for which the ratio of the inner cylinder and outer
cynlinder radii, Rb/Rc, respectively, is 0.69, i.e., between 0.5 and
0.99 forwhich themodel holds.49 Themeasurement of the torque,
T, necessary to maintain a constant angular velocity " of the
inner cylinder, is related to the shear stress #w according to the
relationship #w ) T/2$Rb2L, where L is the length of the inner
cylinder in contact with the fluid. The shear rates and shear
stresses obtained for the various systems that were examined are
summarized in Table 1 and Figure 4a. In the absence of polymer,
the shear stresses that are due to the presence of the carbon
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Figure 2. Schematic representation of the stabilization mechanism
of carbon nanotubes: Interaction between SWNT with NaDDBS,
followed by the addition of CMC. It is important to note that the
moleculeswere not drawn to scale, and the dimension of the polymer
molecules is about 2 orders of magnitude larger that the dimension
of the surfactant molecules (Rg ! 1000 Å for CMC as compared to
!20 Å for NaDDBS).

Figure 3. TEM micrographs of SWNT at different levels of
dispersion and stabilization efficiency: (a) Undispersed carbon
nanotubes; (b)Carbonnanotubes dispersedwithNaDDBS; (c)Carbon
nanotubes dispersed with NaDDBS and CMC. Note that the black
spherical aggregates present in the image are the remnant metallic
oxide catalyst particles used in the synthesis of the SWNT.
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nanotubes are negligible at low angular velocities, but become
considerable at high angular velocities, as shown in Figure 4b.
For example, at 6.28 rad/s (60 rpm), the shear stress at the wall,
#w exerted by the carbon nanotubes is"30 kPa, whereas at 10.48
rad/s (100 rpm), it is "350 kPa. Conversely, the presence of
CMC in the solution has the effect of increasing the shear stresses
of the system at all angular velocities, due to the higher viscosities
exhibited by the polymer medium. Moreover, the shear stresses
that are due only to the presence of the carbon nanotubes in the
solution are small, but increase linearlywith the angular velocity,
as shown in Figure 4b. It is important to note that CMC may be
considered as a uniformly charged semiflexible cylinder with a
radius of 0.95 nm and an average coiled length of"250 nm, and
hence, each chain may be viewed as having comparable
dimensions to those of SWNT. Under these circumstances, the
presence of the CMC chains in solution “catalyzes” the dynamic
behavior of the carbon nanotubes and in effect attenuates the
development of the stresses associated with their movement in
the solution.50 This is due to the fact that the CMC molecules
are tethered to the carbon nanotubes (albeit viaweak interactions)
and, hence, create a network of entanglements that in effect
lowers the change in shear stress of the system.
The development of directional anisotropy in carbon nanotube

solutions, when subjected to shear flow stresses, was possible
only in systems in which the carbon nanotubes were dispersed

by the cooperative surface interactions with both NaDDBS and
CMC. Subjecting a SWNT suspension to shear flow at high
angular velocities did neither contribute to their exfoliation nor
to their orientation, as shown in Figure 5a. No noticeable
orientation of the SWNT was observed in systems in which the
dispersion was achieved with NaDDBS only.
For systems in which effective dispersion of the carbon

nanotubeswas achieved by the combined action of bothNaDDBS
andCMC,noalignmentwasobserved for lower angular velocities,
as can be seen in Figure 5b,c. The only system in which tube
alignment was observed was for the NaDDBS/CMC/SWNT
solution thatwas subjected to shear stresses at the highest angular
velocity used in the experiments (10.48 rad/s), as shown in Figure
5d.
Additional confirmation for the results illustrated by TEM

regarding the alignment of the SWNTwas obtained with Raman
spectroscopy. Since the Raman intensity of a vibration depends
on the relative directions of the crystal axis and the electric wave
polarization of the incident and scattered light, this technique
may also be used to determine the orientation of nanotubes in
polymer matrices.34-37,51-56 Figure 6a shows the orientation-
dependentRaman spectra of SWNTwith different angles between
the polarization of the incidence laser light and the nanotube axis
using VV (parallel polarization of the incidence and scattered

Figure 4. Summary of the calculated shear stresses of the various
SWNT-containing solutions used in the various experiments: (a)
Plots of shear stresses as a function of angular velocity; (b) Plots
of the shear stresses originating from the contribution of pure SWNT
in the various systems as a function of angular velocity.

Table 1. Summary of the Mechanical Properties of the Various SWNT-Containing Solutions
conditions NaDDBS NaDDBS/SWNT CMC/NaDDBS CMC/NaDDBS/SWNT
angular
velocity
(rad/s)

shear
rate
(s-1)

shear
stress
(MPa)

shear
rate
(s-1)

shear
stress
(MPa)

shear
rate
(s-1)

shear
stress
(MPa)

shear
rate
(s-1)

shear
stress
(MPa)

1.26 4.27 0 4.70 0 4.70 0.35 4.70 0.36
3.14 10.67 0.20 11.75 0.12 11.75 1.14 11.75 1.15
5.24 17.78 0.33 19.58 0.33 19.58 1.86 19.58 1.87
6.28 21.34 0.45 23.49 0.48 23.49 2.21 23.49 2.22
10.48 35.57 0.74 39.15 1.10 39.15 3.65 39.15 3.68

Figure 5. TEM micrographs of the orientation attempts of several
systems containing SWNT: (a) Undispersed carbon nanotubes in
a 1 wt % CMC suspension subjected to shear flow at 100 rpm; (b)
Carbon nanotubes dispersedwith NaDDBS andCMC and subjected
to shear flow at 30 rpm; (c) Carbon nanotubes dispersed with
NaDDBS and CMC and subjected to shear flow at 60 rpm; (d)
Oriented carbon nanotubes dispersed with NaDDBS and CMC and
subjected to shear flow at 100 rpm. The inset image is a 4-fold
magnification of the larger image (same scale bar) 5 nm) showing
in more detail the local orientation of the surface-modified SWNT.
Note that the black spherical aggregates present in these images are
the remnant metallic oxide catalyst particles used in the synthesis
of the SWNT.
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light) configuration. The G band at 1594 cm-1, corresponding
to the resonantly excited metallic SWNT, shows a maximum
intensitywhen the polarization of the incident radiation is parallel
to the nanotube axis (i.e., R ) 0°) and is minimal when the
polarization of the incident radiation is perpendicular to the
nanotube axis (i.e., R ) 90°).52-56 The Raman spectra allow a
direct comparison of experimental data with theoretical calcula-
tions, as shown in Figure 6b. The experimental angular
dependencies in our system exhibit a nonnegligible deviation
from the selection rules predicted by theoretical studies, where
intensities scalewith cos4R.55 These differencesmaybe attributed
to depolarization effects generated by the pronounced anisotropic

structure of the nanotubes and to electronic resonance effects.
As shown in Figure 6, there appears to be some fluorescence due
to the CMC matrix, but it also illustrates that the nanotubes are
highly oriented in the polymer matrix.
These results illustrate the fact that the orientation of carbon

nanotubes in a polymer matrix by the application of shear forces
can be achieved only if two requirements can be satisfied: (a)
the carbon nanotubes are well dispersed in the polymer matrix
and (b) the shear forces applied to the dispersed carbon nanotubes
are large enough to induce their orientation. In general, the
presence of the CMCmolecules, given their size and their semi-
flexible characteristics, provided a molecular template that
promoted carbon nanotube alignment at lower shear stresses.

4. Conclusion
In this work, we have shown that the addition of an anionic

surfactant to a carbon nanotube aqueous suspension facilitated
their dispersion but was ineffective as a tool for enhancing the
ability to orient them when subjected to shear forces. We have
also determined that the addition of CMC, a weakly binding,
semiflexible ionic polymer and mild detergent, to the surfactant/
nanotube system helped increase carbon nanotube dispersion
and was a necessary condition for the onset of the orientation
of the carbon nanotubes in the polymer solutions, provided the
shear stresses that developed in the system were sufficiently
high.
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Figure 6. Raman spectra of samples containing SWNT that were
subjected to shear flow: (a) Orientation-dependent Raman spectra
of SWNT with different angles (from 0 to 90°) between the
polarization of the incidence laser light and the nanotube axis using
VV (parallel polarization of the incidence and scattered light)
configuration. (b) The direct comparison of the experimental relative
intensities of the 1594 cm-1 G band as a function of the angle of
polarization of the incident radiation, with theoretical calculations.
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