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Abstract: Single walled carbon nanotubes (SWNTs) are an extremely attractive material due to their unmatched electronic,
mechanical, and thermal properties, however; their hydrophobicity results in strong van der Waals interactions. This, combined
with extremely high aspect ratios and flexibility, causes SWNTs to adhere strongly into tightly bundled ropes. In these bundles,
SWNTs are not as useful as their linearized unbundled equivalents. In this contribution, the characterization of a system
containing SWNTS, centrimonium bromide (CTAB) and the polymer, polyvinylpyrrolidone (PVP) is reported. Results indicate
that although individually CTAB and PVP are poor dispersants of SWNTs, together they show a synergic effect.
Characterizations studies on the obtained SWNT dispersions suggest that the polymer hydrodynamic radius should have a
minimum length that corresponds to intertube separation distance to achieve stable nanotube dispersions and that the effective
polymer contact area with the suspended nanotube, rather than the polymer molecular weight regulates ability for SWNT
dispersion. The results present a series of considerations that are relevant for the use of polymers as nanotube dispersing agents
and an overall facile way of augmenting current dispersion techniques, potentially allowing for increased usage of applications
of these versatile materials.
Keywords: Single Walled Carbon Nanotubes (SWNTs), Dispersion, Surfactant, Polymers, Rheology,
Cetyltrimethylammonium Bromide (CTAB), Polyvinylpyrrolidone (PVP)

1. Introduction
Part of the fullerene class of nanomaterials, single walled
carbon nanotubes (SWNTs) are known to possess superior
mechanical, electrical, and thermal properties [1]. This makes
them extremely attractive for applications in many different
fields across science and engineering. Their potential
applications
include
nano-electrical
systems
[2]
reinforcement for composites [3], diagnogtics and drug
delivery [4], and catalysis [5]. However, one of the primary
challenges in the development of carbon nanotube-based
technologies is the inherent difficulty to properly disperse
them in hydrophilic environments due to the hydrophobicity
of carbon and the subsequent strong van der Waals intertube
interactions they experience. This is a significant hurdle
because nanotubes show their highest performance potential
only when fully dispersed to their highest aspect ratio and

surface area forms.
Several research groups have worked to develop methods
to disperse nanotubes in aqueous solutions. One of the most
used methods that has been developed involves shearing by
ultrasonication followed by either covalent or non-covalent
modifications. While both seek to attach a more hydrophilic
moiety onto the surface of nanotube, covalent modifications
can involve the introduction of functional groups to the
nanotube wall, normally carried under severe conditions,
which has been shown to potentially damage a nanotubes
structure and affect its unique properties. On the other hand,
non-covalent modifications use amphiphatic molecules such
as surfactants (cationic, anionic, or neutral) or polymers to
disperse the nanotubes [6]. Amphiphatic molecules contain
both hydrophobic and hydrophilic components – the
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hydrophobic component adsorbs to the surface of nanotubes
while the hydrophilic component interacts with water.
Therefore, without the need to perform destructive chemistry,
non-covalent strategies typically preserve the unique
properties of nanotubes. This makes the non-covalent
strategy generally more favored and there has been an
abundance of work done in seeking optimal surfactant or
polymer conditions for dispersing nanotubes.
Among non-covalent approaches for SWNT dispersion,
several authors have explored the use of a variety of
surfactants for nanotube dispersion. For instance, Tan and
Resasco used UV-Vis-NIR to evaluate the degree of
nanotube dispersions using several surfactants at their listed
optimal concentrations in the literature [7]. Compounds
containing aromatic moieties seem to consistently lead to
better dispersions for SWNTs. This is primarily thought to be
due to π-π stacking interactions between π-orbitals of the
nanotube and the aromatic ring of the surfactant [7, 8].
Weaker in dispersion ability are alkyl chain surfactants,
though if the surfactant contains charged groups these type of
surfactants can enhance dispersion through electrostatic
repulsion [9]. Surfactants with shorter hydrophobic chains
also appear to be more effective at nanotube dispersion. It has
been proposed that long chain surfactants would have a
harder time penetrating the intertube region of a nanotube
aggregate making shorter chains more effective [7] and that
ionic surfactants with shorter hydrophobic moieties allow for
the surfactant to be readily adsorbed onto the nanotube
surface [10]. However the exact mechanism of SWNT
dispersion remains elusive. Though it was initially thought
that micelles formed on the nanotube surface, more recent
evidence indicates that random adsorption of surfactant
monomers takes place on the nanotube surface, particularly
for alkyl chain surfactants [11].
Polymer-aid SNWT dispersion is another non-covalent
strategy for SWNT dispersion. For this specific case, there
are currently two main theories on the mechanism of
dispersion: wrapping and non-wrapping. The two models
differ in the strength of adsorption between the polymer and
nanotube. Wrapping occurs when a strong monolayer of
polymer adsorbs to and helically wraps a nanotube whereas
for non-wrapping, polymers are weakly interacting with the
nanotube through Van der Waals forces [12]. Wrapping was
first postulated by O’Connell arguing that changes in the
length and height distributions of their SDS-dispersed
nanotubes seen through atomic force microscopy (AFM)
images were consistent with the adsorption of a monolayer of
polymer [13]. Maity and collaborators demonstrated
wrapping was indeed possible for the case of poly-Nvinylcarbazole (PNVC) onto SWNTs and multiwalled carbon
nanotubes (MWNTs) [14]. Similarly, Zheng and coworkers
used polythymine (T) and found that π-π stacking was a
spontaneous process with energies favoring the polymernanotube instead of nanotube-nanotube binding [15]. A nonwrapping mechanism has been also observed for the case of
nanotubes dispersed with either Gum Arabic (GA) or an
alternating copolymer of styrene and sodium maleate

97

(PSSty). GA is a highly branched polysaccharide while
PSSty is a linear copolymer of alternating hydrophobic and
hydrophilic units [16]. This type of interaction was also
reported by Granite and collaborators for SWNT suspension
using PVP [17]. Cotiuga also reported a no- wrapping
mechanism for the case of carbon naontubes dispersed using
a polystyrene-block-poly (ethylene oxide) polymer [18].
As described above, much work has been done in seeking
to understand how different dispersing agents act, however,
much of the current research compares these agents one at a
time. On the other hand, in most commercial applications
carbon nanotubes would likely be incorporated into a multicomponent system involving multiple dispersing agents
and/or binders. Early studies exploring SWNT dispersion in
systems with more than one component include the use of a
sodium cholate (SC) - sodium dodecylsulfate (SDS) and a
SDS-carboxymethylcellulose system [19]. Additionally, a
three-component strategy (hexadecyltrimethylammonium
bromide, polyacrylic acid, and polyethylene oxide) has also
been tested for the dispersion of nanotubes prior to their
incorporation into a SiO2 ceramic matrix, resulting in
different levels of improvement in the mechanical properties
of the ceramic [20]. Earlier work by our group, indicated
that,
compared
to
SWNT-free
chitosan,
a
polyvinylpyrrolidone centrimonium bromide (PVP/CTAB)
system for the dispersion of carbon nanotubes led to a
dramatic 20 fold increase in Young’s modulus of a SWNTchitosan matrix [21]. In this contribution, a framework for
understanding the mechanism for which this particular
surfactant/polymer system (PVP/CTAB) is able to
successfully disperse SWNTs. Is presented A combination of
characterization techniques including optical spectroscopy,
viscosity measurements, surface tension, atomic force
microscopy and dynamic light scattering were used. The
results show that the PVP CTAB system is synergistic and is
ultimately a result of PVP acting through a physical contact
mechanism where steric interactions play a fundamental role.

2. Materials and Methods
2.1. Materials
The surfactants, centrimonium bromide (CTAB) and
sodium deoxycholate were obtained from Sigma Aldrich
(BioXtra). Polyvinylpyrrolidone (PVP) with different
molecular weights (10,000 g/mol, 40,000 g/mol, 360,000
g/mol, and 1,300,000 g/mol) were obtained from SigmaAldrich as well. PVP at molecular weight of 3,500 g/mol,
and 8,000 g/mol were sourced from Acros Organics. From
this point onward, the different molecular weights of PVP
will be denoted as PVP 3.5, PV 8, PVP 10, PVP 40, PVP
360, and PVP 1300 where the digits correspond to the
molecular weight in thousands. Single-walled carbon
nanotubes (SWNT) at a purity of >90% (SKU#0101) were
sourced from CheapTubes Inc. These materials were used
without further purification. GPC chromatography was used
to confirm and evaluate the molecular weight distribution of
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the PVP polymer (Section 2.2.7).
2.2. Methods
2.2.1. Nanotube Suspension Preparation
CTAB at 0.1% wt/v and PVP of a specific molecular
weight at concentrations of 0, 0.25, 0.75, 1.1, 4, 6, 9% wt/v
were dissolved together in pure water. From the resulting
solution, 25 mL was poured into a 40 mL glass vial
containing 5 mg of either nanotubes or fullerenes to bring the
carbonaceous compound to a concentration of 0.2 mg/mL.
The solution was then mixed via sonication for 2 hours in an
ice bath using a Fisher Scientific Model 500 Ultrasonic
dismembrator equipped with a step-horn and a half-inch nut.
The horn frequency used was about 19.850 – 20.050 kHz.
Other settings on the device include 180 W (i.e. 45%
amplitude of a maximum of 400 W) and a sonication interval
of 0.3 seconds ON and 0.7 seconds OFF. The solution was
then centrifuged at 50,000 RPM for 1 hour using a Thermo
T-1270 Fixed Angle Titanium Rotor placed in a Sorvall WX
series ultracentrifuge to separate dispersed and undispersed
nanotubes. Lastly, the top half of the resulting supernatant
was filtered through 2 pieces of Whatman Grade 1
Qualitative Filter Paper to remove any large undispersed
solids.
2.2.2. Spectroscopic Characterization
Optical absorption spectra of the samples were obtained
using a Shimadzu UV-3600 from wavelengths of 400 nm to
1,400 nm with a slit width of 8.0 and a medium scan speed.
The contents of the blanks of all nanotube dispersions were
of the same material and concentrations of the samples
themselves without the nanotubes present in solution. The
dispersion area was then analyzed using Origin 8.5 s Peak
Analyzer tool whereas the total area under the curve was
analyzed with the Integration function available in the same
program.
2.2.3. Atomic Force Microscopy
To obtain images of nanotube distributions for length and
radius, 20 µL of sample was pipetted onto a cm2 of silicon
wafer and spread into a thin film using a disposable cell
spreader. The wafer was then heated at approximately 185°C
for 4 hours followed by a wash with 1.5 mL of pure water
and dried again at the same temperature for 10 minutes. They
were then brought to the atomic force microscope (AFM,
Dimension 3100, Veeco Inc) for imaging. All images were
captured under tapping mode with a silicon nitride cantilever
with a nominal spring constant of 40 N/m and a tip radius of
around 10 nm. Distributions from the images were then
processed using the Gwydion software.
2.2.4. Dynamic Light Scattering (DLS)
This technique was used to determine and verify the size
distribution of the particles within the solutions. All samples
were prepared at a polymer concentration of 1.1% wt/v or
less through simple mixing and diluting. This was done to
avoid any significant viscosity changes which would effect
results automatically calculated by the instrument software.

The samples were then filtered using 2 pieces of Whatman
Grade 1 Qualitative Filter Paper to remove large dust
particles. Samples were then transferred into a cuvette and
placed inside Brookhaven’s ZetaPlus Zeta Potential
Analyzer. Using the BIC Particle Sizing program (which runs
Brookhaven’s MAS OPTION software), 10 runs of each
sample were analyzed at a temperature of 25°C, angle of 90°,
and a wavelength of 659 nm. The run time of each
experiment varied between samples and was set to the
amount necessary to obtain a suitable exponential decay
autocorrelation curve. The Multi-modal Size Distribution
(MSD) analysis tool which uses the non-negative least square
(NNLS) algorithm was then used to resolve multimodal
particle distributions.
2.2.5. Surface Tension Measurements
Surface tension measurements were carried using a First
Ten Angstroms 1000 B Class contact angle and surface
tension instrument. The corresponding software, FTA 32, can
be used to capture images and automatically uses the YoungLaplace equation relating interfacial tension to a drop shape
produced at the end of a needle. Before each sample was
analyzed, 0.5 mL of it was sacrificed for rinsing of the needle
to minimize contamination. Afterwards, sufficient amounts
of the sample was aspirated and the needle which had a blunt
ended bevel was then loaded onto the machine apparatus. For
each sample, several pictures were taken to avoid error that
may occur from asymmetrical droplet formation which can
cause minute errors in the determination of surface tension.
After each sample, the needle was rinsed with pure water and
compressed air was gently flowed through it to ensure no
dilution when rinsing with the next sample. To obtain values
such as the CMC, two lines were firstly drawn at regions of
linearity: one with decreasing points of surface tension
indicating the saturating droplet surface and the other with
points after the surface droplet had saturated with the
surfactant. The intersection of these two lines was
determined to be the critical micelle concentration (CMC).
The 95% confidence interval (CI) of the CMC values were
calculated using previously reported methodology [22].
2.2.6. Viscosity Measurements
To obtain viscosity values, 1.5 mL of the samples were
placed onto the stage of an AR 1500 EX rheometer. A 40 mm
4° steel cone was lowered to a gap height of 162 µm and the
sample was subjected to steady state flow tests with a shear
rate ramp from 0.02864 s-1 to 2,000 s-1 in a logarithmic step.
Viscosity values were taken at 25°C under Newtonian
behavior.
2.2.7. Gel Permeation Chromatography (GPC)
To ensure the quality of the PVP from suppliers, samples
were sent to PolyAnalytik in London, Ontario, Canada. Their
procedure involved analysis using 3 methacrylate-based gel
columns PAA-206M, PAA-203, PAA-202 in a mobile phase
of 0.1 M NaNO3 on a Viscotek Tetra Detector Array at a flow
rate of 0.5 mL/min and a temperature of 30°C. The Tetra
Detector Array included a Refractive Index detector (660 nm
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LED), UV detector (Deuterium lamp), Light Scattering
detector (670 nm laser, 7° and 90° degrees) and Viscometer
detector (four-capillary bridge). The samples were dissolved
in pure water and shaken overnight. The samples were
filtered either through a 0.2 µm (PVP samples) or a 0.45 µm
(nanotubes) Nylon filter before injection. The injection
volume used was 100 µL-150 µL. For polymer samples, a
combination of the Refractive Index and Light Scattering
detector were used to determine the molecular mass while the
Viscometer detector was used to determine the hydrodynamic
radius. The results obtained are shown in Table 1. For
samples containing SWNT, a combination of the Refractive
Index and UV detectors were used. These results are shown
in Table 2.

3. Results
3.1. SWNT Dispersion Characterization
Vis-NIR spectroscopy was used to characterize nanotube
dispersion. This technique was chosen to takeadvantage of
the unique electronic band structure of nanotubes. Nanotubes
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of different diameters and chiralities have district electronic
structures and thus would lead to optical absorption spectra
with different absorption bands. In a sample with nanotubes
of different diameters and chiralities, the optical absorption
bands overlap and create a convoluted distribution of peaks.
The resolution of the peaks is strongly dependent on how
well dispersed the nanotubes are in solution. Nanotubes that
are aggregated in bundles generally give poorly resolved
spectra because of light scattering by the nanotube bundles.
Therefore, a well dispersed sample would result in spectra
with sharp resolved peaks in the Vis-NIR region, these peaks
are linked to van Hove transitions and represent the
quantization of the density of states of the SWNTs [23].
These peaks can be integrated with respect to the scattering
background, since an increase in these area values is
indicative of a greater degree of dispersion. To quantify the
degree of nanotube dispersion, the area under the van Hove
peaks observed in the Vis-NIR spectra were taken relative to
a localized scattering baseline (non-resonant background). A
detailed description of this methodology has been previously
published [21].

Table 1. Summary of GPC results for the analysis of PVP materials of different molecular weight.
Nominal molecular weight of
polymer sample
3500
8000
10,000
40,000
360,000
1,300,000

Peak Ret. Vol.
(mL)
22.414
21.723
23.694
22.373
19.731
19.862

Mn (g/mol)

Mw (g/mol)

Mz (g/mol)

1,551
3,568
4,359
21,516
279,736
240,318

3,527
8,009
14,171
53,200
803,087
605,688

6,296
14,720
37,087
131,185
2,128,000
1,395,000

Intrinsic
viscosity (dL/g)
0.05
0.07
0.08
0.20
1.26
1.13

Hydrodynamic
radius (nm)
1.3
1.9
2.4
5.1
22.9
20.4

Table 2. Summary table of GPC results for a SWNT dispersed in a solution of 0.75% PVP 10, 0.1% CTAB. The nanotube nominal concentration is 0.2 g/L
SWNT.

Peak 1
Peak 2

Peak Ret. Vol. (mL)
18.153
23.837

Mn (g/mol)
358,736
6,056

Mw (g/mol)
646,103
12,696

Results of previous research indicate that the surfactant
centrimonium bromide (CTAB) and polyvinylpyrrolidone
(PVP) at 10,000 g/mol are able to disperse nanotubes in
aqueous solutions [21]. To validate this experimental
methodology, 5 mg of SWNT were placed in 25 mL of 0.1%
wt/v solution of CTAB and/or 6% wt/v PVP 10,
ultrasonicated to mix, and ultracentrifuged to remove
impurities to ultimately achieve the dispersed sample. Figure
1 provides the obtained spectral profile for the three samples.
The presence of peaks in the resulting spectra is indicative of
the dispersion quality of the obtained nanotube suspension.
By integrating with respect to the resonant area, as previously
described21, a total value of approximately 26.8 was found
for SWNT dispersion prepared using CTAB alone, 6.34 for

Mz (g/mol)
1,020,000
28,583

IV (dL/g)
15.526
0.0761

Concentration (mg/mL)
0.027
7.959

SWNT dispersion using PVP 10 alone, and 94.3 for a SWNT
dispersion prepared using both CTAB and PVP 10 together.
Quite noticeably, there is almost a 3-fold increase compared
to 0.1% wt/v CTAB alone and almost a 9-fold increase
compared to 6% wt/v PVP 10 alone when both CTAB and
PVP 10 are combined. From this dramatic increase, the effect
appears synergistic and not additive. To gain a better
understanding on how the concentration and molecular
weight of polymer affects the resonant area, and thus SNWT
dispersion, SWNT suspensions were prepared using CTAB
6% PVP, using PVP materials with different molecular
weights: 3,500 g/mol, 8,000 g/mol, 40,000 g/mol, 360,000
g/mol, and 1,300,000 g/mol. These results obtained for
resonant area are shown in Figure 2.
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Figure 1. Optical absorption spectra obtained on SWNT suspensions
prepared using 6%wt./vol PVP (MW: 10,000), 0.1% wt./vol CTAB, and a
combined mixture of 0.1%CTAB and 6% PVP (MW: 10,000) (wt./vol).

Figure 2. Optical absorption resonant area obtained on SWNT dispersions
prepared using 0.1% wt/vol CTAB (transparent background with diagonal
stripe pattern), 6%wt./vol PVP of different molecular weights (grey bars)
and a mixture of 0.1% wt./vol CTAB and 6%wt./vol PVP of different
molecular weights (grey background with diagonal stripe pattern).

Figure 2 clearly shows the dramatic increase in resonant
area observed in all case where both the surfactant and the
polymer are present. Compared to the case of CTAB/PVP 10
increasing or decreasing the polymer molecular weight
resulted in poorer dispersions relative to PVP 10 however the
synergic effect remains. For comparison purposes, a
semiquantitave scale was developed where the resonant area
values obtained are divided by the resonant area value
calculated for the case of a SWNT suspension obtained using
a PVP-free CTAB solution. This ratio is presented as
“percent improvement in dispersion” generated by the
presence of the PVP polymer. The values thus obtained are
shown in Figure 3.

Figure 3. Percentage on improvement in dispersion respect to CTAB alone
observed on SWNT suspensions prepared using 0.1% wt./vol CTAB and
6%wt./vol PVP of different molecular weights.

To gain a better understanding on how the addition of
polymer affects the resonant area, several different
concentrations of PVP at different molecular weights were
tested. SWNT dispersions were thus prepared at the
additional concentrations of 0.25% wt/v, 0.75% wt/v, 1.1%
wt/v, 4% wt/v, and 9% wt/v with each molecular weight. The
values obtained on dispersion improvement are shown in
Figure 4 as a function of PVP content on the SWNT
suspension. These results show a consistent increase in
SWNT dispersion with increasing polymer concentration for
all PVP molecular weights tested. Among all PVP molecular
weights tested PVP 10 (MW = 10,000) gives the best
dispersion, PVP 40 (MW = 40,000) also resulted in a
moderately successful dispersion though as not as good as
the one obtained using PVP 10. All other PVP molecular
weights such as the smaller PVP 3.5 and PVP 8, and the
larger, PVP 360 and PVP 1300 resulted in relatively poor
dispersion profiles. Since polymers of different sizes affect
viscosity differently, it was also important to assess
dispersion in this regard and to evaluate if the variances in
dispersion ability are entirely due to viscosity differences a
cone and plate rheometer was used to determine the viscosity
of each solution. Once viscosity values were obtained, the
percent improvement in dispersion of each sample was
replotted against its solution viscosity, these results are
shown in Figure 5. A quick inspection of the graph obtained
indicates that viscosity does indeed play a role in dispersing
nanotubes. The general trend is that an increase in viscosity
results in better SWNT dispersions. However, the molecular
weight of the polymer itself, and therefore its size, plays a
larger role in nanotube dispersion than viscosity does. For
instance, for viscosity values near 2.2 mPa. sec, PVP 10
(squares) is a better dispersant than PVP 40 (diamonds) and
PVP 8 (filled circles).
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Another interesting trend observed in Fig. 5 is the presence
of two distinct regions where the dispersion quality
dependence on viscosity follow different profiles.
Specifically, for all PVP molecular weights tested, from 1 to
2 – 3 mPa·sec. the dispersion ability of the combined
CTAB/PVP system follows a sharp linear dependence on
viscosity. In contrast for viscosity values above to 2 – 3
mPa·sec. there is almost a negligible improvement in
dispersion quality as viscosity increases. To understand these
two distinct trends, the values for polymer intrinsic viscosity
(calculated using the GPC data (Table 1) were used in
combination with Equation 1 to calculate the polymer
overlap concentration (C*):
∗

Figure 4. Percentage on improvement in dispersion respect to CTAB alone
observed on SWNT suspensions prepared using 0.1% wt./vol CTAB and PVP
PVP 8,000;
PVP
of different molecular weights ( PVP 3,500;
10,000;
PVP 40,000;
PVP 360,000;
PVP 1,300,000) at different
PVP concentrations (0.1-10%wt./vol).

Figure 5. Percentage on improvement in dispersion respect to CTAB alone
observed on SWNT suspensions prepared using 0.1% wt/vol CTAB and PVP
of different molecular weights ( PVP 3,500;
PVP 8,000;
PVP
PVP 40,000;
PVP 360,000;
PVP 1,300,000) at different
10,000;
concentrations as a function of dispersant solution viscosity.

=

.
[ ]

(1)

The polymer overlap concentration is the minimum
concentration at which polymers are abundant enough in
solution to allow for polymer chains to begin crossing
with each other, this value is characteristic for each
polymer and heavily dependent on molecular weight and
degree of branching [24, 25]. The values thus obtained are
shown in Table 3. The calculated determined overlap
concentrations are consistent with similar values
previously reported in the literature [26-28] (also shown in
Table 3). As expected the overlap concentrations are
larger at low molecular weights.
To further rationalize the results shown in Figure 5 a value
for an “overlap viscosity” was calculated. The overlap
viscosity if defined in this work as the experimental value
obtained for viscosity at overlap concentrations. The values
obtained are reported in Table 3 as well. The data clearly
indicates that in the 2 – 3 mPa·sec viscosity range where
PVP molecules begin to overlap. Therefore, it can be
proposed that the ability of PVP to disperse SWNTs is
significantly linked not to a change of viscosity of the
system, but possible to a steric effect since once the polymer
chains start overlapping with each other there is only a slight
improvement in SWNT dispersion. Surface tension tests were
carried as well to investigate whether PVP presence and
concentration affects the behavior of CTAB. In particular,
CTAB’s critical micelle concentration (CMC). No significant
changes in the CMC values were observed for all solutions
containing PVP for at various molecular weights and
concentrations.

Table 3. Overlap Concentrations and corresponding overlap viscosity for PVP of different molecular weights as estimated using GPC data and Equation 1.
Polymer
PVP 3.5
PVP 8.0
PVP 10
PVP 40
PVP 360
PVP 1300

Overlap Concentration (% wt/v)
14.53
13.28
9.28
3.91
0.61
0.68

Overlap Viscosity (mPa·sec)
2.50
3.01
2.44
2.12
2.06
2.35

Overlap concentration from literature (% wt/v)
3.21 (MW: 30 k), 2.14 (MW: 55 k) ref. [27]
1.22 (MW 310 K) ref. [28]
0.79 (MW 1300 K) ref. [26]
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3.2. Atomic Force Microscopy
Many researchers previously reported that nanotubes can
be fragmented during ultrasonication resulting in nanotubes
with smaller lengths [29, 30], which are then easier to
disperse. To assess whether this was a phenomenon occurring
within the system presented in this study, AFM was used to
evaluate the length and diameter distributions of nanotubes in
the dispersed samples. A solution containing 0.1% wt/v
CTAB and 0.2 g/L SWNT was aliquoted onto a polished
silicon wafer, dried at 180°C, washed profusely with pure
water to remove surfactant molecules, and dried once more

before immediately being analyzed on the AFM. This sample
was chosen, instead of those containing polymers, to avoid
misinterpretation due to polymers deposition on the solid
substrate. Since this sample was sonicated using the same
protocols consistently used for all samples in this study, it
was assumed that any disruption of the nanotube geometric
structure potentially observed would be representative of all
samples in this study. From the acquired AFM images, the
diameter and length of the observable strands were
subsequently measured using the software, Gwyddion®. The
results obtained are presented in Table 4.

Table 4. Summary of frequency distribution of nanotube diameter, length, and calculated molecular weight as obtained from AFM.
Diameter (nm)
<1
1–2
2–3
3–4
4–5
>5

Frequency
5
25
21
10
4
1

Length (nm)
< 200
200 – 400
400 – 600
600 – 800
800 – 1000
1000 – 1200
1200 – 1400
> 1400

Frequency
4
9
25
10
5
6
4
3

The obtained histograms indicate that after sonication most
nanotubes have a diameter between 1 nm - 2 nm and a length of
about 400 nm - 600 nm. Using these dimensions, a molecular
weight distribution of about 500,000 – 1,000,000 g/mol
(assuming 100% carbon) was also calculated stoichiometrically
by using a density of 1.33 g/cm3, following the methodology of
Hadjiev and collaborator [31]. The observed outer diameter and
length were in range of those found in literature in which
sonication was part of the dispersion methodology [15, 23, 32,
33]. The DLS results (not shown) on the samples obtained are
also in agreement with these AFM results. It was also observed
that the molecular weight of nanotubes obtained using GPC
(646 100 g/mol, Table 2) falls within the expected range
calculated using the AFM data.

4. Discussion
Initial sample preparation using only 0.1% wt/v CTAB to
disperse nanotubes resulted in a relatively stable suspension
in which nanotubes were appreciably dispersed. The optical
absorption measurements on this sample indicated an
acceptable level of SWNT dispersion in aqueous solutions.
Suspensions prepared using PVP 10 as dispersing agent, in
the absence of CTAB, resulted, in contrast, in poor SWNT
dispersions. On the other hand, the addition of PVP to a
system already containing CTAB resulted in an unexpected
synergism that resulted on a marked improvement of the
level of SWNT dispersion. This phenomenon was most
prominent when PVP 10 was used as higher and lower PVP
molecular weights were not as effective (Fig. 3).
Probing the system using AFM and DLS to observe any
changes in dimensionality of the system components showed

Molecular Weight (x106 g/mol)
< 0.5
0.5 – 1.0
1.0 – 1.5
1.5 – 2.0
2.0 – 2.5
2.5 – 3.0
3.0 – 3.5
3.5 – 4.0
4.0 – 4.5
4.5 – 5.0
> 5.0

Frequency
5
14
12
6
10
3
1
6
3
1
5

that the nanotube had been fragmented likely due to
ultrasonication, as previously reported [30]. Checking for
changes in the behavior of CTAB in the presence of PVP
using surface tension measurements also revealed no
significant changes with regards to the formation of micelles
or the behavior of CTAB in general. This is consistent with
earlier observations, indicating that cationic surfactants could
interact with PVP only at pH values above 11, [34] and
previously reported results demonstrating that CTAB and
PVP do not directly interact with one another [35-37], Thus,
based on these surface tension measurements and literature
reports, it is possible to postulate that CTAB and PVP do not
substantially interact.
Given the hydrophobic (SWNT) and hydrophilic (PVP)
properties of the system macromolecules it is plausible to
assume that the hydrophobic ends of CTAB adsorbs to the
surface of the nanotubes. Qi and collaborators have previously
reported full nanotube aqueous saturation at 0.075 g/L SWNT
when using a CTAB concentrations of 1 mM (0.036% wt/v)
[38]. Therefore, it is likely to assume that in the system under
study the aquods solution is saturated with nanotubes. Because
no interaction between CTAB and PVP appears to exist, and
SWNTs and PVP have distinct hydrophilicities (resulting in
extremely weak van der Waals interactions between SWNTs
and PVP), the increase on SWNT dispersion triggered by the
presence of PVP in the CTAB/ SWNT system is likely through
a physical mechanism similar to the one proposed by Granite
and collaborators. In this mechanism, the polymer is mainly
occupying space in solution and sterically stabilizing
nanotubes [17].
Preliminary calculations were done to assess whether the
polymer content was high enough to provide such an effect.
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This was done by comparing the total available surface area of
nanotubes in solution with the total projectable polymer area
onto the nanotubes surface assuming the nanotubes as rigid
cylinders, the PVP polymer as rigid spheres and their
dimensions remaining constant throughout the solution. The
maximum available area of SWNTs in solution was calculated
assuming it to be a rigid cylinder with and average length of
500 nm, and a radius of 0.75 nm (as obtained through AFM
(Table 4). The area value obtained for a rigid nanotube of these
dimensions was then multiplied by Avogadro’s number and
divided by the nanotube molecular weight, calculated as
750,000 g/mol for a 500 nm length, 0.75 nm in diameter
nanotube assuming pure carbon, notice the molecular weight
value obtained by GPC (Table 2) is close to the calculated
value within a 15% error. This value (total available nanotube
area/gram of nanotube in suspension) was then multiplied by
the nanotube concentration in suspension, using again the
concentration value obtained by GPC (Table 2) to obtain the
total area of nanotube in the CTAB/PVP suspension.
The projectable area available from the polymer was
calculated using the PVP hydrodynamic radius values
obtained from GPC (Table 1) and treating the polymer in
suspension as a sphere. This value was again multiplied by
Avogadro’s number and divided by the polymer molecular
weight. The values obtained were then multiplied by the
polymer concentration in solution. Then the total projectable
area of polymer available in solution was divided by the total
area of nanotubes available to obtain a polymer/nanotube
area ratio. The obtained values are reported in Table 5. From
a quick inspection of this table, it is clear than the under the
polymer concentrations tested in this study, the polymer can
present a relatively large excess area to interact to the
nanotube surface. This suggests that the surface of nanotube
is likely covered with PVP.
To further explore this possibility, the data shown in Figure
4 was replotted as a function of the total projectable area of
polymer reported in Table 3. The results obtained are shown
in Figure 6. Comparing this Figure with the plot shown in
Fig. 4, the results are quite similar: PVP 10 again is the most
effective polymer for nanotube dispersion. This result
supports the premise of the observed improvement on
nanotube dispersion being the result of steric interactions. To
refine this hypothesis, the issues associated with the contact
mechanics between the polymer and the nanotube were
explored. Smith and collaborators have also explored the
ability of PVP to stabilize hydrophobic nanoparticles in
aqueous solutions [39]. They used PVP of different
molecular weights: 10,000 g/mol, 40,000 g/mol, 360000
g/mol, and 2,500,000 g/mol to disperse polystyrene
nanoparticles. Their report indicates that dispersions were on
ly stable with PVP of molecular weight 40,000 g/mol or
greater and only if the polymer completely covered the
surface of the polystyrene nanoparticles. The authors stated
that full coverage was critical to generate steric repulsions
between the adsorbed polymer layers and thus stabilize the
polymer aqueous suspensions. Nativ-Roth and coworkers
reached similar conclusions when studying the interaction
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mechanism of physically adsorbed block polymers over
carbon nanotubes in aqueous suspensions. They reported that
a minimum of 20 monomeric units of polyethylene-oxide
(PEO) were necessary in a PEO-polydimethylsiloxane-PEO
triblock polymer for SWNT to be sterically driven apart to a
stable separation distance [40].

Figure 6. Percentage on improvement in dispersion respect to CTAB alone
observed on SWNT suspensions prepared using 0.1% wt/vol CTAB and PVP
PVP 8,000;
PVP
of different molecular weights ( PVP 3,500;
10,000;
PVP 40,000;
PVP 360,000;
PVP 1,300,000) at different
concentrations as a function of total projectable area of polymer.

The values for hydrodynamic diameters obtained by GPC
for the different PVP samples, presented in Table 1, indicate
PVP 10 has a hydrodynamic radius of 2.4 nm which is very
close to the required intertube minimum separation distance
of 2.5 nm reported as needed to achieve effective SWNT
dispersions in aqueous systems [38] At the same time PVP
3.5 and PVP 8, which have smaller hydrodynamic radii (1.4
and 1.9 nm respectively) are less effective as nanotube
dispersant. Thus experimental results thus suggest the PVP
macromolecule should have a hydrodynamic radius
approximately the same size as the minimum intertube
distance for nanotubes to be effectively dispersed. This
however indicates that that PVP 10 (hydrodynamic radius 2.5
nm) would provide a total separation distance of
approximately 5 nm between each nanotube (assuming PVP
in solution as rigid spheres). This is twice as large as the
critical minimum intertube distance reported. However, for
the case on SWNT aqueous suspensions using Gum Arabic
(GA), stabilization is achieved only at a distance twice the
polymer radius of gyration (1.54 times the hydrodynamic
radius for a random coil Gum Arabic polymer) [41].
Although this model may explain why PVP 3.5 and PV P 8
are ineffective, compared to PVP 10, it does not provide a
rationale for why PVP 360 and PVP 1300 are also
ineffective. Hence a model based only on polymer rigid
spheres does not seem to be able to fully explain the
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experimental trends observed. Thus, this model was refined
by exploring the mechanics of interaction between SWNTs
and PVP. This was achieved by calculating, their common
contact area, as given by a geometrically simplified Hertzian
model [42]. In this simplified version of the Hertzian model,
the tridimensional complexity is reduced to one dimension by
considering the area of the polymer in contact with the
nanotube as a circle penetrating an elastic surface. This is
given by the formula below:
A = a2π = Rdπ

(2)

Where A represents the contact area, a the contact radius,
the depth of penetration and R the radius of the indenter. This
model thus has the contact area as proportional to the polymer
radius. Notice that the calculated values are different from that
obtained using a “projectable area” where all the polymer outer
surface is assumed to be in contact with the nanotube. The
contact area model was therefore used to get a better description
of the system. CTAB and PVP do not significantly interact with
each other thus particular attention was focused on the
PVP/SWNT interaction. To simplify the system further the
following assumptions were made: the depth of penetration is
relatively small (respect to the polymer radius) and constant
across all polymer molecular weights, since it was assumed the
nanotube walls are rigid. The depth of indentation was
arbitrarily set as 0.1 nm across all calculations whereas the
polymer hydrodynamic radius is used as the radius of the
indenter. This simplification permits comparison of contact areas
in the PVP system at different polymer molecular weights. The
calculation thus converts absolute polymer concentrations into
“amount of available polymer area in contact with nanotubes in
suspension”. To obtain this value the moles available of polymer
in suspension was multiplied by the polymer contact area (A) for
all range of concentrations and PVP molecular weights tested in
this study. The data shown in Figure 4 was replotted using these
calculated values. The results are shown in Figure 7.

Interestingly, unlike the previous plots (Figs. 4 and 6) the
trends obtained for four out of the six samples (PVP 10, PVP
40, PVP 360 and PVP 1300) shift and align. This result, once
again, strongly suggests that the quality of the SWNT
dispersion obtained using different molecular weights of PVP
is linked to the polymer hydrodynamic radii. PVP 3.5 and
PVP 8 remain as poor dispersing agents presumably because
of its small size (as discussed above, their hydrodynamic
radius does not meet the minimum intertube distance
required for effective SWNT dispersion). Hence it is
proposed that PVP 360 and PVP 1300 disperse nanotubes
based on the same mechanism as PVP 10 and PVP 40. The
reason why PVP 360 and PVP 1300 appeared as poor
dispersed agents compared to PVP 10 and PVP 40 when
dispersion quality is plotted as function of total polymer mass
concentration (Fig. 3) is because at any specific mass
concentration, the number of large molecular weight
polymers in solution will always be a lot lower than that of
smaller polymer given their differences in weight. Thus,
when everything is standardized based on contact area, the
dispersion profiles of PVP (for PVP with molecular weight
equal or above 10,000 g/mol) become independent of
molecular weight and are solely a function of concentration.

5. Conclusion
Based on detailed spectroscopic and physiochemical analysis
it is proposes that the synergistic effect observed in the CTABPVP system for SWNT dispersion is due to a physical
mechanism in which the effective polymer contact area with the
suspended nanotube, rather than the polymer molecular weight
regulates PVP ability for SWNT dispersion. The role of CTAB
seems to be confined to acting as interphase between the
hydrophobic nanotube wall and the aqueous environment. These
two effects thus suggest that steric interactions play a
fundamental role on the stability of these nanotube suspensions.
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