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High-Concentration Dispersion of Single-Wall Carbon Nanotubes
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ABSTRACT: We report a novel method to exfoliate and disperse single-wall carbon nanotubes (SWNT)
into organic and aqueous solutions. The method is based on treatment of single-wall carbon nanotubes
with a solution of hydroxylamine hydrochloric acid salt [(NH,OH)(HCI)] and does not require truncation
of the tubes or surface adsorption of organic molecules. The solution dispersed tubes can easily be
incorporated into an organic matrix in order to obtain a nanocomposite. We illustrate the method by
forming PMMA—-SWNT and PS—SWNT nanocomposites. 1% SWNT PMMA nanocomposite having a draw
ratio of ~6 showed a dramatic 7x increase in the strain to fracture compared to fibers of similar draw

ratio made from pure PMMA.

Introduction

Dispersion of single-wall carbon nanotubes (SWNT)
is an important first step toward many potential ap-
plications that harness the unique electronic, thermal,
optical, and mechanical properties of the individual
tube.113 Furthermore, conventional applications such
as the use of SWNT as conductive fillers in composites
will benefit from a well-dispersed system that will
exhibit the same conductivity with a smaller percentage
of filler. Well-dispersed SWNT in a particular solvent
are also the preferred state for chemical modification
of SWNT.

As a result of the substantial van der Waals attraction
(~950 meV/nm), nanotubes tend to aggregate easily and
are difficult to suspend.* SWNT can be suspended in
concentrated strong acids such as 102% H,SO, to form
a nematic liquid crystal solution;'® however, the acid
tends to digest the tubes'®>~18 and reduce their length.
The resultant short fragments, ~100 nm in length, do
not entangle, and the overall van der Waals force for a
single tube (F ~ f(l)) is substantially lower. Such
fragments can be suspended in water and organic
solvents.1>16 Short fragments of nanotubes have an
aspect ratio that is more than an order of magnitude
lower than that of original tubes. Since it is often
advantageous to use high aspect ratio nanotubes in
various applications, it is worthwhile to develop a
dispersion process that does not significantly shorten
the tubes.

Chemical modification of the SWNT is another method
to obtain a stable dispersion in organic media.l®=24
Other “nondestructive” methods for dispersion of SWNT
such as absorbing polymers and surfactants onto the
nanotube surface are common methods to obtain a
stable organic or aqueous SWNT dispersion.1825-31 The
dispersion via adsorption of surfactant molecules ap-
proach has the disadvantage in that the molecules that
remain on the surface of the nanotubes may reduce
compatibility with the host matrix material. Moreover,
the maximum concentration that can be dispersed in a
solution is only about 1%.
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Thermodynamics of SWNT in Solution

SWNT can be viewed as needlelike objects having a
very large aspect ratio. The dispersion vs aggregation
of needlelike objects can be understood using Onsager’s
theory for electrostatic repulsion of lengthy anisotropic
particles.3! The free energy of a dilute system (the
isotropic phase) (¢ < 1, ¢ is the volume fraction) of long
rodlike particles (I > d) of polydisperse lengths I, ...,ls,...
but having identical diameter d; = d, = ... =ds =d
relative to the pure solvent is given by32:33

F = F(solution) — F(solvent) = F, —
KT log(B,(N,,V,T)) (1a)

Fo = Npuo,
log(B,) = ZNS(l + log(v/IN,)) —

(d + 9) NN (1b
a4V g S s’ss’( )

where Fq is the free energy component that depends
only on temperature, B, = [(exp(—w/KT) dt/Np!) is the
configuration integral for the particles, w stands for the
interparticle potential of the average forces that act
between the particles (Onsager takes a repulsive po-
tential w > 0), dr denotes a volume element in config-
uration space, Np is the total number of particles in the
solution, N is the total number of particles of length I,
and V is the volume of the solution. The potential of
the average force that is generated by the ionic double
layer decays exponentially with the distance and can
be considered as an effective increase in the diameter
of the particle from d to d + 6.

The chemical potential of a rod of length I is given

by

U = (%) = u(T,solvent) + kT log(NJ/V) +
S,

2kT(%)(d + 5)&(%) )

where L is the sum of the lengths of all particles present,
I_ = ZgNsls.
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Figure 1. SEM images of a pristine, as-received, CNI-purified SWNT.
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Centrifuge, decant, add toluene, and repeat. Dilute the lower portion
~1:100. Deposit a droplet on a carbon coated TEM grid and leave to dry

Dry solution, anneal in an oven, microtome the resulting sample, and place the TEM grid
on a filter-paper soaked with a solvent to partially extract the polymer (leave ~ 4 days)

Figure 2. Schematic describing exfoliation and nanocomposite formation.

The entropy of mixing is then The energy of mixing E is then simply
S—aF 7 K loa(B.) + E=F—TS=NP(/40—T%)>>1 (5)
B (8TI')NP,V,P TP T ( 0g( p)

9 The entropy increases with the number of rods at the
KT -5 log B ) Np 3-|- — klog(By) (3) rate given by eq 4.
For nanotubes in solution the interparticle potential
w is attractive due to the large van der Waals forces
Thus, the entropy of mixing per rod of length Is is and the lack of an inherently good solvent for nanotubes.
E is therefore large and positive, and thus only when
NV — 0 is the free energy of mixing negative. This

0S ﬂo 4 means that only extremely dilute solutions of nanotubes
3_Ns + k 1og(Ny/V) + 2k(4)(d +0)l ( ) at¢ <1, are thermodynamically favorable.

8ﬂ Onsager predicts that the rod—solvent system forms

S o + k log(Ny/V) (4) an anisotropic nematic phase at a volume fraction of ¢;

8N T ~ 3.3d/l, with the volume fraction of the tubes in the
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Figure 3. Dispersed SWNT in THF. Two concentrations are
shown; the upside-down vial on the left contains a 0.8 wt %
SWNT in THF. Because of the high viscosity, the solution does
not flow. The vial on the right contains a dilute isotropic
solution of SWNT in THF, C ~ 0.02 wt %.

nematic phase in equilibrium given by ¢, ~ 4.5d/I. For
SWNT, d ~ 10°m and | ~ 1076 m; thus, the weight
fraction of the rods at the transition is ~1073. The order
parameter S; in the nematic phase just at the transition
is S¢ ~ 0.8.%7 This value is quite large and indicates an
abrupt transition between an isotropic phase S =0 and
a highly ordered nematic phase.3” Consequently, the
nanotubes aggregate to form ropes due to the high van
der Waals forces between the SWNT, their proximity,
and their high alignment in the nematic phase.

From the above discussion a good strategy to disperse
SWNT is to create a repulsive interrod potential and
increase the ratio between the tube diameter and
length. Both these effects can be simultaneously achieved
by charging the tubes.

Experimental Section

Both Carbolex Inc. AP grade and Carbon Nanotechnologies
Inc. (CNI) purified (>95% pure) grade SWNT’s were used. As-
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received samples consist of SWNT ropes. Figure la,b shows
SEM images of the pristine as-received nanotubes in which
the ropes are clearly visible.

The SWNT were treated with a 10 wt % solution of (NH»-
OH)(HCI) in deionized water for 24 h. In water, (NH,OH)(HCI)
will dissociate into NH;OH* and CI- to form an acidic
solution.*® Owing to its acidic nature, NH3;OH™ will have good
affinity for surfaces with high electron densities and, thus, is
expected to readily adsorb on nanotube surfaces.

Furthermore, the small size of this cation enables it to easily
impregnate and diffuse through the spaces between the
individual tubes (measured as d = 2.4 A®) that make up the
nanotube ropes. Ultimately, the cation induces a positive
charge on the individual nanotubes, which results in a
repulsive interaction between neighboring tubes. This repul-
sive force is capable of overcoming the attractive, van der
Waals force between the tubes and thus enables the exfoliation
of the ropes. In addition, the repulsive interaction increases
their effective diameter, thus preventing the dispersed tubes
from reagglomerating.

The SWNT/(NH,OH)(HCI) solution was then centrifuged
and the clear upper portion decanted. The viscous lower
fraction has a tube concentration of about 1—-2 wt %. This
fraction was then washed several times with pure deionized
water in order to remove any traces of salt. The tubes were
then washed several times with THF to exchange H,O to THF
as the solvent (Figure 2).

The resulting SWNT/THF suspension has a concentration
of 1—2 wt % of nanotubes. At this concentration the solution
viscosity is extremely high, and thus a gel is formed (Figure
3a). The high viscosity is observed even at a solution concen-
tration of 0.5 wt %.Figure 4 shows images of two nanocom-
posite films prepared by blending PMMA, MW 45 000 and PDI
1.9 (Figure 4a,b), or PS, MW 100 000 (Figure 4c,d), with the
SWNT THF solution. These samples were prepared by adding
a dispersion of SWNT in THF to a PS—THF or PMMA—-THF
solution. The solution was precipitated in methanol, dried, and
annealed 12 h in a vacuum oven at temperatures of ~130—
170 °C. A fragment of the sample was embedded in a Spurr
epoxy resin and then sectioned using an ultramicrotome. The
sections were collected on a lacy carbon-coated TEM copper
grid. The grids were then placed on a filter paper soaked with
solvent (DMF for PMMA and toluene for the PS) in order to
leach out some of the polymer and thus further thin the
sections and enhance the visibility of the individual nanotubes.

S, 7 g :

Figure 4. TEM images of a dispersed SWNT nanocomposite: (a, b) PMMA—-SWNT nanocomposite; (c, d) PS—SWNT

nanocomposite.
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Figure 5. TEM micrographs of PS-coated SWNT.

Figure 6. TEM image of the confined PS layer on a SWNT.

Another method of sample preparation was to centrifuge the
PS/SWNT solution in THF and decant the upper fraction. The
lower fraction was washed with toluene and centrifuged again
twice. A droplet of the lower fraction was placed on a lacy
carbon-coated TEM cupper grid and allowed to dry. TEM
images from these samples (Figure 5) show individual tubes
coated with a layer of adsorbed PS.

Results and Discussion

By inspection of the TEM images such as Figure 6,
the thickness of the adsorbed layer is about 5—10 nm.
Pincus et al. suggest that the thickness D of the
adsorbed layer of polymer on a cylindrical colloidal
particle is given by3°

D ~ d exp(e/e) (6)
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where d is the colloidal rod diameter, ekgT is the amount
in the free energy reduction of monomers within the
adsorbing layer, and ekgT ~ (a/d)kgT is the minimum
reduction of free energy required for a segment of length
a to adsorb. In solution, the coil’'s end-to-end distance
is Ry = Re ~ aN®> ~ 100 nm, the diameter of the
nanotube d ~ 1—3 nm, and the polymer segmenta ~ 1
nm. For van der Waals attraction between the chain
and the surface € ~ 1071, and thus D ~ 100 nm for the
swollen adsorbed polymer layer; thus, the adsorbed
chain is distorted from its normal size and shape in a
good solvent. Such distortion costs elastic energy®3®
which is compensated by maximizing the number of
contacts with the surface—a process known as “escape
upon the surface”.3538
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Figure 7. Stress—strain curves of pure PMMA, a 3% PMMA/
SWNT blend, and a ~1% PMMA/SWNT nanocomposite.

It should be noted that eq 5 describes the adsorption
of a single chain; in our case, a SWNT has a radius d ~
1 nm and length | ~ 10%nm so the total surface area
that is available for adsorption is Sp; ~ 10715 m2, while
the aerial dimension of a polymer segment is roughly
~a? For a ~ 1 nm, the surface that is taken by a
segment is approximately Ssg ~107'8 m?; thus, the
maximum number of segments that can be adsorbed on
to the surface of a 1 um long SWNT is <108. This is
approximately the number of segments of the PS chain
that was used (MW = 100 000). Thus, our assumption
of a single-chain adsorption on an individual SWNT is
reasonable. The swollen chain is expected to shrink
when the solvent evaporates leaving a dry layer that is
at least36:39 aN35/aN12 = N110 (~25 for N ~ 100 000)
thinner than the swollen chain. In addition, because of
the aromatic nature of styrene, the interaction between
the PS segment and the SWNT is expected to be more
then a simple van der Waals interaction. A consequence
of this is that the reduction of free energy of an adsorbed
PS segment is expected to be lower than 10~ 'kgT, and
this will further decrease the swollen layer thickness
D. Thus, the PS layer thickness surrounding the SWNTs
observed in Figures 5 and 6 is in reasonable agreement
with the calculated one.

To explore the mechanical properties of polymer—
SWNT nanocomposites, a HAAKE MiniLab counter—
rotating miniextruder rotating at 200 rpm was em-
ployed in order to produce ~100 um diameter fibers of
PMMA, of ~3% (as received) SWNT—PMMA blends,
and the exfoliated ~1% SWNT—-PMMA nanocomposite.
Fibers having a draw ratio of approximately 6, based
on the square of the die diameter to fiber diameter, were
produced after 5 min of recirculation of the materials.
The relative mechanical behavior of these specimens,
tested at an elongation rate of 10 mm/min at room
temperature, is shown in Figure 7. As is evident from
the strain—stress curve, the modulus and yield strength
of all three materials are approximately equal. However,
the exfoliated 1% SWNT—-PMMA nanocomposite pro-
duced via the hydroxylamine hydrochloric acid salt
method shows a dramatic increase in the strain to
fracture compared to the average value of 0.1 for the
PMMA to approximately 0.7 for the 1% SWNT—PMMA
nanocomposite, suggesting a marked change in the
mechanical behavior of the well-dispersed nanotube
polymer system. We are continuing to characterize the
degree of orientation and other physical properties of
the nanocomposites.

We have also demonstrated SWNT—polymer nano-
composites with concentrations of up to ~10—20%
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SWNT, adding a small amount of polymer to a large
volume of a 1% SWNT solution created via the [NH.-
OH]HCI method and precipitating in methanol then
reswelling with THF, followed by adding more SWNT
suspension and reprecipitation in methanol.

Conclusions

By considering Onsager’s thermodynamic treatment
of needlelike objects in solution, we have demonstrated
a dispersion method that does not involve the truncation
or digestion of SWNT. Dispersion is achieved by induc-
ing an electric charge on the SWNT, and the electro-
static repulsion reduces the overall forces that hold the
tubes together in ropes. A polymer/SWNT nanocompos-
ite can be easily obtained by directly blending the SWNT
dispersion with any polymer solution, such as PMMA,
PS, polyisocyanate, hydroxypropylcellulose, and poly-
(ethylene glycol).
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