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1. INTRODUCTION
Carbon nanotubes (CNTs) are cylindrical graphitic struc-
tures characterized by a typical diameter in the range of
0.8–2 nm for single-walled nanotubes (SWNTs), 10–40 nm
for multi-walled nanotubes (MWNTs), and a length up to
millimeters resulting in an aspect ratio (length/diameter)
significantly larger than 1000. Individual SWNTs exhibit
metallic or semi-conducting behavior depending on the
diameter and spiral conformation (helicity) of the carbon
rings [1, 2]. CNTs play a special role in current material sci-
ence due to their unique high mechanical strength [3, 4],
high thermal and chemical stability, and excellent heat con-
duction [5, 6]. The superb physical and electrical properties
of CNTs result from the chemical nature of the sp2-bonded

carbon, and their nanometric diameter combined with their
length.

CNTs may be thought of as rolled graphene sheets where
the energy levels of the original ‘‘semi-metal’’, i.e. a semi-
conductor with a zero band gap, are modified due to the
induced curvature. Distortion either increases the overlap
between the conductance and valence bands, (creating a
metallic SWNT) or opens a wider band-gap forming a
semi-conducting SWNT [1, 5] with a band-gap that depends
on the tube diameter. The semi-one-dimensional structure of
SWNTs leads to ballistic transport in metallic SWNTs, en-
abling them to carry high currents, in the range of 109 A/cm2,
with essentially no heating [6]. The electronic properties of
MWNTs are rather similar to those of SWNTs, due to the
weak coupling between the cylinders.
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The discovery of CNTs [7] followed by the development
of methods for controlled synthesis of SWNTs [8–11] has
marked the emergence of the CNT era in materials science
and technology. CNTs are expected to play a major role in
nano-electronics where they may serve as active compo-
nents in nano-switches and nano-transistors [12], electron
emission sources [13,14], chemical sensors [15–16], and act
as molecular wires connecting components in nano-devices
[17]. CNTs were shown to be a valuable component in poly-
meric nano-composites [18]. Current literature suggests that
CNT-based materials form a new class of lightweight super
strong functional materials [19]. Applications for air and
space technologies [20], energy storage [21], molecular sen-
sors [22], and more were described.

Utilization of CNTs for the various applications des-
cribed above rely on the ability to process individual tubes
and disperse them in a medium, without causing damage
to the tube structure or diminishing its unique properties.
Yet this is a non-trivial task due to the tendency of as-
synthesized SWNTs to pack into crystalline structures known
as bundles or ropes that contain hundreds of well-aligned
SWNTs.

The over-micron long ropes further entangle into net-
works rendering the carbon-powder insoluble in aqueous
and organic liquids, thus making them practically unpro-
cessable. In Figure 1 we present scanning electron micros-
copy micrographs of SWNT and MWNT powders.

Bundling, aggregation, and agglomeration have been
identified as the major obstacles for utilization of CNTs in
applications ranging from nanoelectronics to composite
materials. Thus, much effort is devoted to the development
of efficient methods of bundles—exfoliation into individual
tubes and dispersion of the exfoliated tubes in different
media [26, 27].

Over the last few years, novel strategies have been devel-
oped for exfoliation and dispersion of CNTs. The different
methods belong to two distinct categories: (i) highly
interventional—in this category we include methods that
rely on severe to mild modification of the graphene p-sys-
tem that is the origin of the high polarizability of the tubes
and the origin of the strong van der Waals (vdW) attraction
among them. Included are methods of chemical functionali-
zation [28] via covalent linking of either monomers, oligom-
ers, or polymers [29–38], complexation via p–p interactions
[39, 40], and adsorption of charged surfactants [41–47].

(ii) Weakly interventional—In this approach, CNTs are deco-
rated by weakly adsorbed or end-attached polymers that do
not intervene with the electronic structure of the tubes.
Weak, long-ranged entropic repulsion among the polymeric
chains introduces a kinetic barrier that prevents bundling
and agglomeration of CNTs and enables the dispersion of
tubes in a variety of liquids and polymeric matrices.

In the following we describe in detail the problem and
the role of polymers in shaping the behavior of CNTs in dif-
ferent media.

2. PHYSICAL CHEMISTRY OF CARBON
NANOTUBES: THE INTER-TUBE
INTERACTION POTENTIAL

The physical properties of materials and their phase behav-
ior are determined by their intermolecular interactions. In
complex systems, such as those involving supra-molecular
structures, aggregates, or the case of interest here, CNTs;
the interatomic interactions do not suffice for creating the
complete physical picture of how the structures interact. A
better understanding of the behavior of these species is
obtained via the inter-particle interactions [48]. In the case
of CNTs the interactions at the simplest level are obtained
by summing over all the possible pairs of carbon atoms of
the different tubes, with the proper incorporation of solvent
effects.

In Figure 2 we present the inter-tube interaction poten-
tial of two individual SWNTs derived using the Girifalco
model [49]. In this approach the vdW interactions between
tubes are integrated over two cylindrical tubes in vacuum,
ignoring specific solvent effects.

Due to the very asymmetric characteristics of SWNTs,
the interaction potential is a very strong function of the
angle between the tubes. Here, we focus on bundle forma-
tion and therefore relate to interactions between parallel
tubes [Figure 2]. The important and interesting features of
this potential are two: (i) a very deep attractive well found
when the two CNTs are very close to contact distance, and
(ii) the very short range of the attraction. As observed in
Figure 2, the strength of the attraction reaches values of 40
times the thermal energy per nanometer of interaction.
This implies a contact energy between two parallel CNTs of
1-micron length each of 40,000 the thermal energy. Clearly,

500n 500nm 500nm
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AQ9 Figure 1. SEM micrographs of dry (as-produced) powders of CNTs from different sources, showing bundles and ropes of SWNTs along with carbo-
naceous species and the catalyst [23, 24] (a) SWNTs synthesized via arc-discharge, (b) MWNTs synthesized via arc-discharge, and (c) SWNT synthe-
sized via the HiPCO process [23, 25].
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tubes will tend to bundle, as experimentally observed [1–3,
9]. The range of the attractive interaction is only a couple
of nanometers, as the interaction has a value of less than
kBT at a separation between the centers of tubes of less
than 2.5 nm. The short range of the attractive potential is
the key for the use of polymers for exfoliating and dispers-
ing SWNTs, as explained below.

It is interesting at this point to make a distinction
between CNTs and colloidal particles. The vdW interactions
between particles have a typical range of a few molecular
diameters and the strength of the attraction is proportional
to the particles’ size. In the case of colloidal particles, the
relevant size-scale is in the micron range and therefore typi-
cal vdW attractions are long-ranged compared to any typi-
cal molecular length scale, and very strong. On the other
hand, CNTs have one dimension that is nanometric and
therefore the range of the interactions is relatively short (as
shown in Figure 2), while the other dimension is very large,
making the total strength of the interaction very large.
These differences in the range of the interactions can serve
to design surface modifiers that impose steric repulsions at
relatively short distances from the surface in such a way
that there are enough to stabilize CNTs, but will not be of
enough range to properly stabilize colloidal particles [27,
50, 51, 52]AQ1 .

To summarize this point, the range of the attractive vdW
interactions between particles is determined by the dimen-
sions and geometry of the particles. In general, the interac-
tion range is a few times the particle size. Classical colloids
are mesoscopic objects and are dominated, in general, by
long-ranged dispersive forcesAQ2 . On the other hand, fuller-
enes [53] and SWNTs are hollow structures with two
(SWNTs) or three (fullerenes) nanometric dimensions.
Thus, they interact via a short-ranged intermolecular poten-
tial that characterizes large molecules rather than small col-
loids [27, 51].

Here we note that the attractive, short ranged interac-
tion between CNTs is large when compared to either
atoms or colloidal particles, and results from the high
polarizability of the graphene p-system along the tubes

[50, 54]. Furthermore, due to the specific geometry of the
tubes, the interactions are expected to be very strong when
the CNTs are parallel to each other. However, when ori-
ented perpendicular to each other, the vdW attractions
should have a character very similar to that of any poly-
atomic molecule, expected to be only a few times the thermal
energy, and still short ranged. Thus, inter-tube interactions
of CNTs depend strongly on the fact that two dimensions
are nanoscopic, and the third is mesoscopic, giving rise to
the special range, magnitude, and angular dependence of
the interactions.

3. EXFOLIATING AND DISPERSING
CARBON NANOTUBES—THE
APPROACH

Going back to the methods used for exfoliation and disper-
sion of SWNTs, we can now state that the highly interven-
tional approaches aim to reduce the depth of the attractive
minima in the effective inter-tube potential. To achieve that,
covalent interactions are invoked as sp3-bonding results in
localization of the p electrons [54], thus reducing the polar-
izability of the tubes and consequentially the vdW attraction
between adjacent tubes. Alternatively, specific interactions
of a strength similar to that of the tube cohesion energy may
be invoked as was suggested, for example, by Blau et al. [56].

The weakly interventional approach is essentially differ-
ent, as it aims at introducing weak (of order of a few kBT)
repulsions at a large inter-tube distance [27, 57–59]. This
approach takes advantage of the short range of the attrac-
tion acting between SWNTs. By invoking, for example, an
osmotic (steric) repulsion among tails of tethered copoly-
mers, in good solvent conditions [60], it is possible to pre-
vent aggregation, bundling, and agglomeration of CNTs in
liquid media as demonstrated in Figure 3.

A sensitive measure of the interaction between the dis-
persing agent and SWNTs is provided by spectroscopy. In
Figure 4 we present UV-Vis spectra of SWNTs dispersed in

ba

Figure 3. (a) An optical image of a SWNT dispersion in a block copol-
ymer solution [51, 58, 59] and (b) a TEM image of a bundle of SWNTs
going through exfoliation. The sample was obtained by drying a drop-
let of a SWNT dispersion as in (a).

Figure 2. The specific interaction potential between two parallel
SWNTs as a function of the distance between them [27, 50].
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toluene [Figure 4(a)], in solutions of a block of copolymers
[Figure 4 (b and c)], and for comparison, spectra of chemi-
cally modified SWNTs [63]. Theoretical modelling [1] sug-
gests that the molecular-like structure of CNTs and the
confinement in the circumferential direction lead to the
clearly recognized van Hove singularities in the optical
absorption UV-Vis spectra of the dispersed SWNTz, as
indeed observed in the step-like structure seen in Figure
4(a). Note that the effect of block-copolymer adsorption is
very different from the case of chemical functionalization
[Figure 4(d)], where strong, covalent interactions lead to
localization of the p-electrons as indicated by smoothing of
the absorption spectra and the disappearance of the step-
like structure.

4. POLYMER-INDUCED STERIC
STABILIZATION OF CARBON
NANOTUBE DISPERSIONS

Among the more efficient steric stabilizers are block-
copolymers and end-functionalized polymers [Figure 2(a)].

Block copolymers are comprised of covalently bonded,
chemically distinct, and often mutually incompatible moi-
eties (designated A-B and A-B-A for di-blocks and tri-
blocks, respectively, [Figure 5] [64].

In a selective solvent that is a ‘‘good solvent’’ for one
of the blocks (A) and a ‘‘poor solvent’’ for the other (B) [60],
the less soluble block may adsorb to the CNT surface while
the other dangles into the solution, as shown in the simu-
lation snapshot presented in Figure 6. At high enough sur-
face coverage the tethered polymers will form a ‘‘polymer
brush’’ [65, 68, 69], in which the chains are stretched away
from the surface and form a steric barrier that prevents other
polymer-decorated CNTs from approaching.

To quantify the effect of steric repulsion, we have used a
molecular theory that enables the calculation of the struc-
tural and thermodynamic properties of polymers attached
to surfaces. For the particular application to nanotubes see
refs. [27, 51, 69]. We look at the structure of polymer mole-
cules end-tethered to form a nanotube surface at a finite
coverage. AQ3Figure 7 shows polymer density profiles for two
parallel CNTs at various separations.

Figure 7(A) is for a relatively large separation and the
distribution of polymer segments around the CNT is sym-
metric. Note that the x and y axes have different scales. As
the distance between the CNTs decreases one can see that
there is an increase in the density of the polymers in the
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Figure 4. UV-Vis absorption spectra of SWNTs (HiPco [25]) in (a) tol-
uene (b) aqueous dispersion of Plurincs (P123, 1 wt.%). (c) Toluene
dispersion in a block copolymer PS-PMAA [62]. (d) Chemically modi-
fied SWNT (HiPco), Reprinted with permission from Ref. [61],
Wagner et al. In Polymeric Stabilization of Colloidal Dispersions. Napper,
D. H., ed. Orlando: FL: Academic Press, Inc., (1993).

Diblock A-B

Triblock B-A-B

Triblock A-B-A

Figure 5. Schematic representation of different types of block
copolymers.

Figure 6. Snapshot from a molecular dynamics simulation of a triblock
copolymer PEO-PPO-PEO (A-B-A) and a carbon nanotube. The red

spheres represent PO (hydrophobic, B) segments, while the blue spheres

represent the hydrophilic EO (A) segments. The simulations were car-
ried out using the coarse grained model for the polymer derived from
atomistic simulations in ref. [65]. The snapshot shown is from a long
run with an initial condition in which the CNT and the polymer are
very far from each other. The particular configuration shown is charac-
teristic and shows all the PO segments adsorbed on the CNT while the
hydrophilic EO segments preferred to extend towards the water. Note
the lack of order in the adsorbed PO chain. At a finite number of tri-
blocks, the simulations show multiple adsorption of polymer molecules
by the PPO block and the formation of a ‘brush’’ from the PEO blocks
[67].
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back part of the tubes. This is due to the steric repulsions
between the polymer chains. The largest effect is observed
when the tubes are in contact [Figure 7(D)]. The steric
repulsions between the polymers and the change in confor-
mational entropy associated with the loss of space due to
the presence of the other tube results in an effective repul-
sive interaction that is measured by the free energy per unit
length of the parallel polymer-coated CNT as a function of
their separation.

The effective repulsions are shown in Figure 8 for two
different polymer chain lengths. One can see that as the
SWNTs get closer, the repulsion increases and the longer
the chain, the longer range and stronger the repulsive inter-
actions. We have also shown that the strength of the repul-
sions increases with surface coverage [27, 51].

Two interesting results may be deduced from Figure 8.
First, the interactions at contact are highly repulsive but
finite. This is a direct consequence of the geometry and
dimensions of the tubes. For planar surfaces, the repulsive
interactions diverge [27, 69]. Second, in the region that is

Figure 7. The polymer volume fraction, in the plane perpendicular to the CNT, as a function of the distance (nm) from the center of two parallel
tubes. The distances between the centers of the CNTs are: (A) D ¼ 14 nm, (B) D ¼ 9 nm, (C) D ¼ 5 nm and (D) D ¼ 1.2 nm All cases correspond
to polymers with 100 EO segments and the polymer line density is 2 nm�1. Note that the x scale is different for the four cases.

Figure 8. Repulsive interactions between parallel CNTs coated with
end-tethered polymers as a function of the distance between the CNT
centers. The two curves represent different polymer chain lengths. The
polymer line density is 3.3 nm�1.

Page Number: 5

Interactions of Polymers with Carbon Nanotubes 5



Path: K:/ASP-CARBON-07-0101/Application/ASP-CARBON-07-0101-020.3d
Date: 17th April 2007 Time: 17:14 User ID: tamilmanir BlackLining Enabled

relevant for exfoliation of SWNT bundles, we see the pres-
ence of a large repulsion for both chain lengths. For exam-
ple, at D ¼ 5 nm, there are no attractions [see Figure 2],
but there is a strong repulsion [see Figure 8] suggesting a
large steric barrier between the tubes.

To see the total potential we add the attractive part from
Figure 2 to the steric repulsions shown in Figure 8, the
result is shown in Figure 9. While the attractive component
of the interaction is still present, the tubes would have to
cross a very high barrier to reach that minimum. The steric
barrier is many times the thermal energy and therefore dis-
persed SWNTs do not have enough available energy to
reach that state.

The practical way to achieve CNT dispersion is to soni-
cate the CNT powder in a block-copolymer solution leading
to exfoliation of the tubes, followed by adsorption of the
block copolymer through the insoluble block [Figure 6],
and formation of a tethered layer of the soluble block that
presents a steric barrier, which stabilizes the individual
CNT in solution.

5. STERIC STABILIZATION—THE
MICROSCOPIC MODEL

The polymer configuration presented in Figure 6 is very dif-
ferent from what is known as ‘‘polymer wrapping’’. In the
latter model, first suggested for synthetic, non-conjugated
polymers by O’Connell et al. [70], polymer wrapping of
individual CNTs is believed to result in screening of the
hydrophobic interaction at the CNT-water interface, leading
to dispersion of individual tubes in aqueous solutions. Yet
this rationale is questionable, as numerous studies clearly
show that the hydration force acting between CNTs in water
is similar to the force acting between CNTs in vacuum, sug-
gesting that bundling is dominated by the vdW attraction
between the CNTs rather than by the hydrophobic interac-
tion. In this scenario, polymer wrapping cannot diminish

the vdW attraction to a low enough value, and thus cannot
be the dominant mechanism in CNT dispersion.

Different scenarios of CNT wrapping by polymers were
observed in systems where the driving force for CNT-
wrapping is provided by chemical interactions between the
p-system of the CNT and the functional groups comprising
the polymers. Here, wrapping results from electrostatic
interactions, p-stacking, or hydrogen bonding. It is now well
accepted that polymer-wrapped CNTs are strongly associat-
ing, tightly bound systems where the tube surface chemistry,
electronic structure, and the intrinsic inter-tube interactions
are modified by the wrapping. Among the wrapping poly-
mers are biopolymers, such as DNA and peptides [71–77],
and conjugated polymers [78–82].

It is interesting to note that the computer simulation
results presented in Figure 6 suggest that the insoluble
block adsorbs on the nanotube but does not wrap it.
Rather, the polymer forms a disorganized layer that
achieves optimal CNT-insoluble block interactions but still
allows for some conformational entropy of the adsorbed
chain.

Experimental investigation of the structure of CNT dis-
persions has been carried out by scattering methods
[83–85]. Due to their cylindrical structure and high aspect
ratio, dispersed SWNTs are expected to exhibit a character-
istic �1 power-law dependence of the scattering intensity
on the scattering angle. Yet, in most of the studies the
observed exponent is closer to �2. A possible explanation
for the observed discrepancy was discussed by Dror et al.
[86]. In a detailed study using Small-Angle–Neutron scat-
tering, they found that polymer-decorated CNTs, in a steri-
cally stabilized dispersion, form structures where a thin
core (of typically less than 4 tubes) is surrounded by a thick
corona of swollen coils (15–17 nm). These parameters sug-
gest that the dispersing polymer retains its solution coil-like
structure with typical dimensions that characterize polymers
in good-solvent conditions. The model presented above
relates to brush-like structures formed by physical adsorp-
tion of block-copolymers onto CNTs. Over the last few
years it was suggested that at higher block-copolymer con-
centrations, micelles might play an important role in the
dispersion mechanism [87, 88].

The structure of polymer-dispersed CNTs is just starting
to emerge. Comprehensive studies combining experimental
and theoretical approaches are needed in order to elucidate
the detailed structure of polymer-decorated CNTs and their
behavior in solution.

6. THE ROLE OF SPECIFIC CHEMICAL
INTERACTIONS IN STERIC
STABILIZATION

So far, we have focused on the (soluble) A-block, and have
shown that physical, non-specific interactions are the origin
of the repulsive barrier introduced into the effective pair
potential. Yet the strategy presented here relies on the
anchoring ability of the B block. On the one hand, the
attractive interaction per segment should be small, so as to
minimize the effect on the electronic structure of the

Figure 9. The total interaction potential between parallel CNTs with
end-grafted polymers. The potentials are obtained by adding the vdW
attractive contribution [Figure 3], and the steric repulsions arising from
the tethered polymers [Figure 7]. The conditions are as in Figure 7.
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polymer-decorated CNT. However, the overall tethering
energy pair chain should exceed kBT to ensure irreversible
tethering. Here, one may take advantage of the polymeric
nature of the B block, where an effective anchoring energy
of a few kBT may be achieved due to the large number of
weakly attached monomers. The tethering energy per
monomer is then determined by the specific interactions
between the B block and the CNT. The B block will adsorb
on the surface of the CNT when the net attractive interac-
tion between a polymer segment and the surface is higher
than the interaction between the solvent and the surface.
We can define the surface effective attraction by

AQ4 vps ¼ ðUsol�sur � Upol�surÞ=KBT where Ui-sur, i ¼ polymer or
solvent, represents the attraction between species, i, and
the surface. Note that a positive value of vps means an
attraction for the polymer. In reality, each of the U terms is
a difference between the attraction of a given species to its
own type of molecules and the surface. Therefore, the spe-
cific chemical nature of the adsorbing block and the solvent
will determine the strength of the polymer-surface interac-
tion, vps, that in turn, together with the polymer chain
length, will determine the amount of adsorbed polymer. It
is also important that the soluble block has a smaller vps

value than that of the insoluble block, otherwise competi-
tive adsorption of the two blocks may take place. The spe-
cific details of the chemical nature of the solvent and the
two blocks can be used as an important tool for engineering
the surface behavior of CNTs, as it allows one to tune the
adsorbed amount and thus provides control over the
strength and range of the steric barrier formed by the solu-
ble block.

The simulations snapshot shown in Figure 6 corresponds
to a polymer-surface interaction vps @ 0.9 for the insoluble
block (B). This relatively large value was estimated from
the available atomistic simulations for PO [66]. The value
for the A (soluble) block is on the order vps @ 0.65. There-
fore, the effective gain by adsorbing a PO segment is 0.25
kBT. The large PO-CNT attraction results in adsorption of
all the PO segments. Even in this case, the adsorbed
polymer adopts a random configuration allowing the
PPO block to optimize its free energy by on the one hand
maximizing the vdW interactions with the surface, and at
the same time maximizing the entropical configuration of
the adsorbed segments.

7. USING BLOCK COPOLYMERS FOR
PREPARATION OF CARBON
NANOTUBE-BASED COMPOSITES

The approach presented here can be extended beyond
preparation of stable dispersions of CNTs to the prepara-
tion of CNT-polymer nano-composites. Indeed, much effort
has been devoted over the last decade to the development
of polymer-based CNT composites [2]. The motivation
results from the understanding that CNT-based composites
may exhibit improved structural and functional properties
for a vast range of applications. An important observation
is that the extremely high aspect ratio of CNTs should
result in a low percolation threshold [89, 90]. In the case of

a non-conducting polymer matrix, percolation of CNTs is
marked by a sharp increase in the electrical conductivity as
a function of CNT concentration; resulting in composites
that are useful for antistatic shielding, shielding of electro-
magnetic interference, and preparation of semi-transparent
conductors [91].

As was observed in many studies, the electrical conduc-
tivity of CNT-polymer composites increases significantly
(7–8 orders of magnitude) at SWNT concentrations below
0.1 wt.%. [92–96]. In addition, improved mechanical
strength was measured [63, 93, 94] suggesting that the con-
nected network simultaneously provides a mechanical back-
bone and a pathway for electrical conductivity.

While of great promise, a survey of current literature
indicates that most of the studies of CNT-polymer compo-
sites focus on devising a method for dispersing a given type
of CNT in a specific polymer matrix. Thus, different proce-
dures have been developed for different target matrices.
Yet to fulfill the technological promise of CNT-based plastics,
it is necessary to develop generic methods for integration of
CNTs into a variety of polymeric matrices. Furthermore,
the tendency of the plastics and paint industry to adopt
CNTs as fillers in mass production of polymeric commod-
ities depends strongly on the ability of using existing com-
posite technologies.

Here again, block-copolymers may become useful. Block-
copolymers have long been used by the plastics industry
as coupling agents and adhesion promoters [64, 97], signifi-
cantly improving the properties of filled polymers. In the
case of CNTs, the dispersing agents may be utilized to play
multiple roles, acting simultaneously as dispersing agents,
compatibilizers, and coupling agents for CNTs in polymeric
matrices.

In this scenario, the chemical nature of the dispersing
block-copolymer plays an important role: in each case the
(dispersing) block copolymer should be selected so as to
have one block identical (or chemically compatible) with
the target matrix in order to improve the dispersibility of
the exfoliated tubes in the polymer matrix.

In the following we describe the approach, discuss the
inherent difficulties, and outline some of the open ques-
tions. Figure 10 details the preparation of CNT-polymer
composites, using block-copolymers.

Optical image of CNT-polymer composites are presented
in Figure 11 (a and b). The light-grey and semi-transparent
samples are macroscopically homogeneous, flexible, and
optically smooth. High resolution scanning electron micros-
copy was used for imaging an inner surface of the compo-
sites. In Figure 12(c), we present an image of a surface
obtained by cleaving a sample of a composite. In the image
one may observe (white arrow) that the SWNTs are stitch-
ing the polymer matrix, and seem to be well embedded in
it. The diameter of the threads suggests that these are small
bundles each composed of less than 5–10 SWNTs.

The electrical properties of the composites were charac-
terized by dc volume conductivity measurements. The vol-
ume conductivity of different composites as a function of
the SWNT weight percent [Figure 12] shows the electrical
behavior expected from a composite; up to the percolation
threshold the bulk conductivity increases slowly with the
conductive filler weight fraction. An abrupt increase (in the
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co-dispersion: dispersed

CNT+ matrix polymerc

a b

Figure 10. Schematics outlining the preparation of CNT-polymer composites (a) SEM image of a powder of as-prepared pristine SWNTs. Sonica-
tion of the powder in water does not lead to dispersion of the CNT (see the bottle with the CNT powder precipitated at the bottom), while mild
sonication (50 W, 43 kHz, 40 min, at room temperature) of the SWNT powder in a solution of a block-copolymer (using a selective solvent) [60]
leads to exfoliation of the tubes and formation of a stable dispersion of individual tubes as indicated macroscopically by the formation of a black,
ink-like dispersion (b) and by the Cryo-TEM [58, 24] image of the vitrified dispersion (scale bars 100nm). Preparation of a CNT-polymer composite
is initiated by co-sonication of the matrix polymer with the dispersed CNT (c) followed by poring of the mixture into a mold and drying (e) to form
a CNT-polymer composite of desired CNT-concentration (Scale bar 1 cm). In the text we elude to four different composites: Acronal 290D where
Gum Arabic (GA) served as the dispersing agent and the solvent was water, Primal 928 and Acronal 290D where Pluronic P123 tri-block
copolymer was used to disperse CNT in aqueous solutions, and polydimethylsiloxane (PDMS) where Poly (ethyleneoxide-b-polydimethylsiloxane-b-
ethyleneoxide) tri-block copolymer, PEO-PDMS-PEO was used in heptane. (Experimental details are described in reference [96]).
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order of 6–8 orders of magnitude) obtained at a wt.% < 0.1
(for SWNTs) marks the percolation threshold, and is fol-
lowed by a weak increase in conductivity. This behavior,
which is attributed to the establishment of multiple con-
ducting pathways above percolation, is classical and pro-
duces the typical S-curve behavior [89–95].

Further inspection of the data presented in Figure 12
suggests that the volume conductivity of the polymer-
SWNT composites depends both on the matrix and the dis-
persing agent. The value of the percolation threshold and
the nature of the jump in the conductivity vary with the dis-
persing polymer and the matrix, while the PDMS and Pri-
mal matrices [Figure 12] show an abrupt jump, and the
conductivity keeps increasing above the percolation thresh-
old. The Acronal matrix (with two different dispersing
agents) shows a more gradual change at the transition, and
conductivity does not increase above the percolation
threshold.

The origin of the observed behavior and specifically the
dependence of the electrical behavior on the interfacial
interactions at the CNT-polymer interface are not well
understood. While many studies focus on the preparation
and characterization of the physical properties of the CNT-
polymer composites, the structure and the microscopic
properties of the network formed by SWNTs within a poly-
meric matrix are not well understood. Fundamental ques-
tions related to the conductance mechanism, the
topological characteristics of the network, and percolation
threshold are yet to be resolved. Here, we highlight a few
points. It is common to describe CNTs in polymeric matri-
ces as non-interacting cylinders and assume that they adopt
a random orientational distribution. Yet, it is often found
that the networks do not exhibit a universal behavior, that
the conductivity of MWNTs and SWNTs is similar above
the percolation threshold, and that the percolation thresh-
old is higher than expected from geometrical considerations
[79, 99–104]. A few relevant questions are then whether the
network is formed by individual nanotubes or by small clus-
ters that percolate above a certain bulk concentration of
either SWNTs or MWNTs. In the latter case, the aspect
ratio of the individual moiety is expected to be less impor-
tant than assumed. Another question is related to the role
of tube-tube contacts in the presence of the polymer. Here,
both the orientational distribution of the tubes and the
behavior of the polymer at the contact points between tubes
become relevant. The effect of the orientational distribution
on the percolation behavior of CNTs was recently investi-
gated in different model systems [90, 105]. It was suggested
that non-random orientational distribution, such as that
resulting from non-random intermolecular interactions,
should affect the percolation threshold and the structure of
the resulting network. Similar considerations may apply to
block-copolymer decorated tubes in a selective solvent.
Indeed, as was discussed above, interactions between
polymer-decorated CNTs in a selective solvent that is a
good solvent for the A-block are highly non-random with
respect to the relative orientation of the tubes. While paral-
lel tubes interact via a strong repulsion, tubes that orient
perpendicular to each other are able to form a molecular

100 nm

ca b

Figure 11. Optical images of CNT-polymer samples (a) Primal 928-P123-MWNT (MWNT concentration 0.8 wt%), (b) Polyacylamide-P123-SWNT
(SWNT concentration 0.07 wt%), bar 1 cm, and (c) high resolution SEM image of Acronal 290D-GA-SWNT (SWNT concentration is 2 wt.%) [96].
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Figure 12. Volume conductivity of SWNT- polymer composites as a
function of SWNT concentration in different polymeric matrices, and
different dispersing polymer [96].
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contact. The latter is a direct consequence of the nanomet-
ric dimensions of the tubes. As the diameter of the tubes is
smaller than the typical dimensions of the polymer coil, the
solvated block is able to move away from the junction
formed between two crossed cylinders, thus minimizing the
steric repulsion [51]. It is then reasonable to assume that
the probability of junction formation would determine the
percolation threshold in this system.

While these considerations are relevant for composites
formed via a fast quench of a polymer dispersion, compo-
sites may be prepared via a slow process of solvent evapora-
tion where the system is allowed to equilibrate while the
solvent is evaporated. In this case, gradual evaporation of
the solvent increases the concentration of the free polymer
to above the semi-dilute [61] concentration and finally to
the concentrated regime. In this case the steric repulsion
between tails of polymers adsorbed onto CNTs is reduced,
leading to re-orientation of the aggregating CNTs and for-
mation of a different type of a network. The changes in the
interactions between the polymer-coated CNTs by changing
the solvent from low—molecular-weight to polymeric is sig-
nificant. Here again the role of the surface geometry and
the nanometric diameter of the tube play a key role in
keeping the steric interactions repulsive under all conditions.
However, the strength of the repulsions decreases as the
molecular weight of the solvent increases. This is due to the
reduction in the osmotic pressure associated with the steric
repulsion as the molecular weight of the matrix increases. It
is a challenging and important unsolved problem to estimate
the strength of the repulsions as the solvent changes and
how those interactions depend upon the type of polymer
matrix.

To summarize this topic, we note that block-copolymers
offer a simple, generic route for preparation of CNT-
polymer composites characterized by low percolation thresh-
olds, that may be obtained by optimizing the interfacial inter-
actions at the CNT-polymer interface. Improved compatibility
induced by the block-copolymer results in an effective higher
aspect ratio as individual tubes and small bundles are dis-
persed in the matrix rather than large aggregates. The ability
of incorporating CNTs into a given polymeric matrix by select-
ing a dispersing agent (the block-copolymer), which is com-
patible with the target matrix, is the key to this approach.

A variety of block-copolymers comprising different func-
tional groups are currently used by the plastics industry,
either as off-the-shelf products or via reliable synthetic
routes [97, 106].

Chemical modification of a selected block enables the
preparation of a variety of polymers (including functional
groups such as styrene/diene, fluorinated moieties, matha-
crylates and more) with a vast range of properties. Thus, it
is possible to design and prepare a variety of composites,
via the generic pathway described here, to meet different
practical needs.

8. CONCLUSIONS
Over the last few years polymers have been utilized for
interfacial engineering of SWNTs and MWNTs in con-
densed media. It has been recognized that polymers enable

the incorporation of CNTs into aqueous and organic
liquids, solutions, polymer melts, gels, and amorphous and
crystalline matrices, opening new routes for their utilization
in a variety of applications. An important observation is
that polymers offer a unique tool for modification of the
phase behavior of CNTs without damaging the unique
properties of the individual tube.

Understanding of CNT-polymer interactions is beginning
to emerge, yet a substantial effort is still required for improv-
ing our understanding of the detailed nature of interactions.
Improved understanding is expected to improve our ability
to tune the CNT behavior and utilize them for a variety of
applications and emerging technologies.
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