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Abstract

The behavior of mixtures of polymers with carbon nanotubes are reviewed. The use of polymers as dispersing agents of individual CNT is

described in detail. Two groups of polymer–CNT systems are presented. One corresponds to the case in which the polymer–CNT interactions

modify the electronic properties of the tubes. The second case corresponds to the polymers end-tethered to the tubes. This case results in

changing the inter-tube interactions from strongly attractive to repulsive, through the entropic (steric) polymer induced repulsions. It is

shown that the shape and dimensionality of the tubes determines the strength, range and type of inter-tube van der Waals attractions and

polymer induced repulsions. The experimental verification of these ideas, and their implications for tube dispersions and separation are

discussed.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Colloids and polymers are intimately related since

antiquity. Thousands of years ago in ancient China and

the pharos Egypt polymer-stabilized colloidal dispersions

were used in inks, paints cosmetics and foods [1]. While

trial and error enabled the development of ancient materials

technology, fundamental understanding of polymer–colloid

interactions and phase behavior has emerged only over the

last 30 years or so [2].

An even younger field is that of interactions of polymers

with pseudo- one dimensional nano-colloids, known as

single walled carbon nanotubes (SWNT) and multi-wall

carbon nanotubes (MWNT) [3]. Over the last few years

polymers have been utilized for interfacial engineering of

SWNT and MWNT in condensed media. Impressive
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development of technologies aimed at enabling the

incorporation of carbon nanotubes (CNT) into aqueous

and organic liquids, solutions, polymer melts, gels,

amorphous and crystalline matrices opened new routes for

their utilization in a variety of applications.

Following the technological developments, understand-

ing of CNT–polymers interactions is beginning to emerge. It

is hoped that knowledge acquired in the fields of colloid

science and polymer physics and the tools developed for

accounting for complex systems characterized by many

degrees of freedom, a large surface-to-volume ratio and

synergetic interactions among the different components

could be utilized for bridging the current gap between

technological development and fundamental understanding.

Here we aim to describe some of the typical behaviors of

CNT–polymer systems and discuss their origins. Whereas a

comprehensive literature survey of the topic is beyond the

scope of this article, we discuss a few examples that

highlight the similarities and differences between CNT and

classical colloids, while emphasizing the role of reduced

dimensionality. Finally, we demonstrate that the physical

insight gained from analysis of the different systems may be

utilized for devising specific chemical recipes for prep-

aration of CNT–polymer composites.
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Fig. 2. A schematic image of a graphene layer and SWNT formed by

rolling-up of rectangular strips of hexagonal graphite monolayers. The short

side of the rectangle becomes the tube diameter and, therefore, is

‘quantized’ by the requirement that the rolled-up tube must have a

continuous lattice structure. Similarly, the rectangle must be properly

oriented with respect to the flat hexagonal lattice, which allows only a finite

number of roll-up choices, leading to different tube helicities [8].
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1.1. Individual carbon nanotubes—some essentials

The discovery of CNT [4] (Fig. 1) followed by the

development of methods for controlled synthesis of SWNT

[5,6] has marked the emergence of the CNT era in materials

science and technology, resulting in the publication of more

than 20,000 studies since 1991.

SWNT are crystalline graphitic rods, characterized by a

diameter in the range of 1–2 nm and a typical length of

microns [7] resulting in an aspect ratio (length/diameter)

significantly larger than 1000. Individual SWNT exhibit

metallic or semiconducting behavior depending on the

diameter and spiral conformation (helicity) of the carbon

rings (Fig. 2).

These structure–function relations are a consequence of

graphite being a ‘semi-metal’, i.e. a semiconductor with a

zero band gap, where structural distortion of the planar

graphene sheet can either increase the overlap between the

conductance and valence bands, (creating a metallic

SWNT) or open a wider band-gap forming a semiconduct-

ing SWNT [6,9]. The semi-one-dimensional structure of

SWNT leads to ballistic transport in metallic SWNT,

enabling them to carry high currents, in the range of 109 A/

cm2 [10], with essentially no heating [11]. The electronic

properties of MWNT are rather similar to those of SWNT,

due to the weak coupling between the cylinders. The

combination of their nanometric dimensions, electronic

structure and chemical composition [6] results in unique

thermal, electrical, mechanical and optical properties. For

example, due to the very large aspect ratio and the high

rigidity of SWNT [12] they exhibit exceptional strength and
Fig. 1. Electron micrographs of MWNT first discovered by Sumio Iijima in

1991. The Parallel dark lines correspond to the (002) lattice image of

graphite. The tubes consist of (a) 5 layers (b) 2 layers (c) 7 layers. Adapted

with permission from Ref. [4].
stiffness as manifested by an elastic Young’s modulus of

above 1TPa and strength of few tens of GP [13,14].
1.2. Nanotubes for advanced applications

The superb mechanical and electrical properties of

carbon nanotubes have raised high expectations regarding

their utilization in different fields including molecular

electronics and advanced materials: CNT are expected to

serve as active components in electronic nano-switches and

nano-transistors [15], electron emission sources [16], act as

molecular wires connecting components in nano-devices

[17], and as chemical sensors [18]. CNT-based nano-

composites form a new class of lightweight super strong

functional materials for air and space applications [19],

energy storage [20] molecular sensors [21] and biomedical

applications [22].

The structure and properties described above relate to the

individual tube. Yet, these are hard to find: carbon

nanotubes emerge from the synthesis as bundles or ropes

that contain hundreds of well-aligned SWNT arranged in a

close packed triangular lattice (Fig. 3).

The over-micron long ropes further entangle into

networks, due to van der Waals (vdW) attraction rendering

the carbon-powder insoluble in aqueous and organic liquids,

and thus unprocessable. In Fig. 4 we present scanning



Fig. 3. TEM images of SWNT bundles containing tens of individual tubes (A) typical ropes (B) a bent bundle showing the cross-section of the tubes [23].
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electron microscopy micrographs of SWNT powders,

synthesized by different methods.

Bundling, aggregation and agglomeration have been

identified as the major obstacles for realization of the

technological potential of CNT. Whether the final goal is a

nanotransistor prepared by placing CNT between two metal

electrodes [25] (Fig. 5) a CNT–FET array [26] or a

conductive plastic formed by dispersing SWNT (or

MWNT) in a polymeric matrix, the ability to exfoliate the

bundles into individual tubes and disperse the exfoliated

tubes in a liquid medium are necessary prerequisites [27].

For more advanced applications, methods for efficient

alignment of nanotubes via the application of external fields

(electrical, magnetic or mechanical) and self-assembly into
Fig. 4. SEM micrographs of dry powders of SWNT from different sources, show

catalyst. The first three (A–C) were synthesized via arc-discharge, while the forth v

diameter of 1–1.5, and lengths of hundreds nanometers to about 2 mm [24].
pre-designed three-dimensional structures need to be

developed.

Indeed, much effort has been invested over the last years

in achieving those goals through different strategies,

including chemical functionalization of CNT, covalently

linking either monomers, oligomers or polymers, [28],

complexation via p–p interactions [29], and adsorption of

charged surfactants [30], as demonstrated in Fig. 6.

The approach presented above rely on (sever- to mild)

modification of the graphene p-system leading to modifi-

cation of the electronic structure and the physical properties

of the tubes [31]. Recently it was suggested that polymers

may offer an alternative, tender, pathway for interfacial

engineering of CNT via weak non-specific interactions.
ing bundles and ropes of SWNT along with carbonaceous species and the

ia laser ablation. The individual tubes in the different samples are of similar



Fig. 5. The IBM group, lead by Ph. Avouri, demonstrated that CNT can be used as the channel in a field effect transistor (FET). In different studies it was found

that in a CNT–FET device the electronic characteristics strongly depend on the energy band-gap of the CNT, the contact at the metal–CNT interface, and the

thickness of the (gate) oxide layer. In the figure (adapted with permission from Ref. [25]) an AFM image (a) shows a nanotube bundle positioned over gold

electrodes to produce two p-type CNTFET in series. The characteristics of the resulting logic gate are presented in (b).
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1.3. Polymers enabling nanotechnology

Essentially, polymers can be utilized for achieving each

of the goals described above via two very different

approaches: being inherently large molecules composed of

necklaces of functional groups, polymers may interact with

CNT via strong covalent or electrostatic interactions,

p-stacking, or hydrogen bonding. These chemical CNT–

polymers interactions result in strong coupling between the

components, modify the tube surface chemistry and

consequentially the intrinsic inter-tube interactions as well

as tube-solvent interactions. The range and strength of the

resulting interactions depend on the chemical details of the

exposed surface, and cannot be easily tuned or generalized.

Alternatively, polymers and CNT may interact via

generic weak vdW interactions. Decoration of CNT by

adsorbed or end-attached polymer triggers entropic inter-

actions among the polymeric layers. These are long-ranged

and do not depend on the detailed chemistry of the CNT–
Fig. 6. A simulation showing SWNT embedded within sodium dodecyl sulfate (SD

a larger region showing the outer water layer as well. Image (b) indicates that w

Adapted with permission from Ref. [30] (b).
polymer interface. In these cases the range and strength of

the interaction can be controlled by the molecular weight

and density of the polymeric layers, rather than by the

chemical composition of the monomers. Indeed, evidence is

emerging that cooperative effect of weak interactions

between long-flexible chains and CNT can be utilized for

engineering the phase behavior of CNT by modifying the

shape, range, and depth of the intermolecular potential,

while not affecting the intrinsic properties of the individual

tube.

In the following we discuss in detail the two categories

and emphasize the synergetic role of tubes geometry,

dimensionality and the polymeric length scales.
1.4. Strongly coupled polymer–CNT systems

Strong coupling has been reported in conducting

polymers–CNT systems. Conducting polymers are quasi-

infinite conjugated p-system, extending over a large
S) micelles (a) individual SWNT embedded in a cylindrical SDS micelle (b)

ater molecules are excluded from the vicinity of the hydrophobic SWNT.



Fig. 7. A model illustrating the interaction between a synthetic, hydrophilic

polypeptide, and an individual SWNT. (A) A cross section of an individual

SWNT (pink) wrapped by six peptide helices, and a 5 Å thick water shell.

(B) A side view of a peptide-wrapped SWNT (adapted with permission

form Ref. [49]) (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article).
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number of recurring monomer units, resulting in a band-like

electronic structure. The conduction mechanism is based on

the motion of charged defects within the conjugated

framework, and strongly depends on the level of doping

[32]. Typical examples are polyacetylene, polyaniline [33]

and polyphenylenevinylene (PPV) [34]. Conducting poly-

mers have been successfully utilized for commercial

applications such as magnetic storage media, anti-static

materials, electrolytic capacitors and batteries and much

more. Extensive research efforts were devoted to optimiz-

ation of the optical and electrical properties of conducting

polymers, mainly via the development of efficient pathways

for doping [32].

Recently it was demonstrated that MWNT could be

used for doping of a conjugated luminescent polymer,

poly(m-phenylenevinylene-co-2,3-dioctoxy-pphenylene-

vinylene) (PmPV) [35] and polyaniline [36]. It was

found that the electronic structure of PmPV [37] as well

as other types of conducting polymers is modified by

the presence of CNT [38] indicating strong coupling

between the MWNT and the polymer p-systems. In a

different system (ppyPV [38b]), it was found that

SWNT promote the solution-protonation of the polymer,

and consequentially affects its electrical properties. It is

now well accepted that conjugated polymers and CNT

are strongly associating, tightly bound systems. The

molecular geometry of the association is that of (single

or multi) helical wrapping of the tubes by the polymers

[39]. The polymer-wrapped tubes form long-lived stable

dispersions in different liquid media [40], and may be

utilized for the preparation of CNT–polymer composites

[41] exhibiting improved mechanical and electrical

properties.

Strong binding and CNT–polymer-wrapping were also

reported for a different type of coiling polymers, i.e.

biopolymers such as DNA and peptides. Interactions

between specific types of DNA and CNT enabled

visualization of DNA [42] and affected the properties of

CNT [43]. CNT–DNA complexes were found to form stable

dispersions [44], enable fractionation of CNT [45]

preparation of fibers and composites [46] as well as nano-

electronic devices [47]. A comprehensive review of CNT–

DNA interactions and related bio-applications is given in

Ref. [48].

Recently Dieckmenn et al. [49] reported the synthesis

and application of an amphiphilic peptide, specifically

designed to disperse SWNT. It was observed that SWNT

induce preferential folding of the peptide into specific

configurations (a-helix), and the interactions among the

SWNT-peptide moieties could be utilized for controlled

self-assembly of the complexes. The concept is demon-

strated in Fig. 7.

Dispersion of CNT via polymer wrapping was suggested

in additional systems, where it was conjectured that

wrapping leads to screening of the hydrophobic interaction

at the CNT–water interface [50].
1.5. Polymers as entropic modifiers—shaping the phase

behavior of CNT via weak non-specific interactions

A very different scenario is expected, and observed, in

the absence of specific chemical interactions: the free

energy of interaction between CNT decorated by adsorbed

(or grafted) polymeric layers is then dominated by the

polymers confined in the region between the two highly

curved (cylindrical) surfaces. In these systems, polymer

structure, surface forces, geometry and topology as well as

dimensionality of the different components shape the range

and depth of the intermolecular effective potential, and

consequentially the phase behavior of the combined

systems. As expected, entropic effects arising from the

conformational degrees of freedom of the polymer

molecules play the major role. In the following we discuss

in detail each of the aspects that determine the effective

CNT potentials in the presence of end attached polymers.
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1.6. Nanotubes—a high(er) surface to volume ratio

A direct consequence (with non-trivial implications) of

the nanometric diameter and almost macroscopic length of

CNT is their relatively large surface area as compared to

classical colloids. Thus, when CNT are embedded within a

polymeric medium, the systems become enriched by

interfacial zones that are subjected to non-bulk potentials

and forces.

During the last 30 years there has been an immense

amount of work describing the behavior of polymers at

surfaces and interfaces [51]. Complete description of

polymer–surface interactions is a multidimensional task in

which the polymer and surface structure, molecular weight,

polymer concentration and type of solvent combine to

determine the end result. Here we present the generic

aspects relevant to CNT.

Essentially, the presence of a surface reduces the

conformational degrees of freedom of polymers due to

excluded volume interactions [52]. This reduction in the

number of allowed conformations, and thus in chains

entropy, has two interrelated major consequences. First, the

shape of polymers residing in close vicinity to the surface is

altered with respect to that of polymers in the bulk. Second,

the loss of entropy translates into a repulsive interaction

between the polymers and the surface. Thus, in the absence

of additional attractive interactions, polymers are depleted

from surfaces. In colloidal dispersions this results in an

effective attractive force between the colloidal particles,

known as ‘depletion force’ [53]. The range of this force is of

the order of the radius of gyration of the polymers. It is then

possible to tune the range and strength of the effective

attractions by modifying the polymer characteristic size and

tailor the phase diagram of the combined systems. Indeed, it

was demonstrated that the presence of polymers induces

novel phase transitions in colloidal system [2b].

A different scenario arises in the presence of an attractive

(enthalpic) interaction between the polymers and the

surface. Attraction competes with the entropically driven

repulsion, and leads to adsorption of polymeric chains.

When the attractive component is localized (for example, at

chain ends) the polymer molecules attach in a specific way

to the surface, e.g. tether by their ends and may form a dense

layer known as a ‘polymer brush’ [54]. This additional

restriction on the polymeric molecules results in a more

severe entropic penalty leading to an even more dramatic

change in the range and strength of the interactions. This

case will be discussed in more detail in the sections below.

The high surface-to-volume ratio in CNT-filled polymers

is manifested in a variety of surface-related effects: an

increased degree of crystallinity was observed in semi-

crystalline matrices, with a clear dependence on the volume

fraction of CNT [55]. Enhancement of the crystallization

rate [56] modification of the glass transition [57], and

improvement of the mechanical properties were reported

[58].
It was suggested that some of the synergetic effects in

polymer–CNT systems may be used for preparation of new

types of structural–functional materials. A few examples out

of a very long and exciting list are mentioned below: CNT

were used to trigger shape change in CNT-filled thermo-

plastic elastomers in response to external stimuli, enabling

the use of the composites as active materials [59]. Stress

transfer via the polymeric interlayer in CNT–polymer fibers

[60] and improved thermal conductivity were demonstrated

[61].

1.7. Geometry and topology-the aspect ratio

Another aspect of reduced dimensionality realized in

non-spherical nano-objects, is an extreme aspect ratio. For

example, micron long SWNT exhibit an aspect ratio of 1000

or more [7]. When combined with a high persistence length

[11], a rich phase behavior emerges including different

demonstrations of lyotropic liquid crystalline phases [11,

62].

When used as fillers in polymeric matrices the high

aspect ratio of CNT results in the formation of a

connected CNT-network at low volume fraction. The

transition is known as the percolation threshold [63]. A

marked increase in the mechanical strength and

electrical conductivity are observed above percolation,

as the connected network simultaneously provides a

mechanical backbone and a pathway for electrical

conductivity. Electrical percolation thresholds below

0.1 wt% of SWNT were reported in several polymeric

matrices [64], suggesting that CNT–polymer nanocom-

posites may be utilized for antistatic shielding, shielding

of electromagnetic interference, and preparation of

transparent conductors [65].

An interesting observation is that though the reported

percolation values are about two orders of magnitude

lower than the value for carbon black (a colloidal filler),

these values are many times higher than the theoretical

predictions for randomly oriented objects of similar

aspect ratio [66]. The measured values were often

attributed to experimental flaws such as a low quality of

the electrical contacts between polymer coated CNT.

Yet, it was recently suggested [67] that the effect may

be inherent and originate from intermolecular inter-

actions. Both an analytical model and numerical

simulations were used to demonstrate that intermole-

cular interactions that lead to partial alignment of the

tubes within the matrix might significantly increase the

expected bulk percolation threshold. This example

demonstrates nicely the complexity of CNT–polymer

systems, as it shows that the non-isotropic shape of the

tubes, which results in orientation dependent interfacial

interactions, affects the bulk conductivity in composite

materials.

Another important issue is that of controlled or

predictable self assembly of nano-objects. Indeed this is



Fig. 8. Morphology of nanorod–polymer blend for (a) 2% and (b) 6% volume fraction of nanorods. White regions are the minority phase, gray regions are the

majority phase (adapted with permission from Ref. [69]).
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one of the more challenging goals on the route towards

development of functional nano-composites. Recently it

was suggested by Balazs et al. [68] that phase separation of

non-fully miscible polymer blends may be utilized for

driving self-assembly of nano-rods dispersed in one of the

phases, into supramolecular three-dimensional networks. It

is well known that most polymers are immiscible over most

of the temperature range due to the insignificant gain in

mixing entropy. Thus, polymer blends tend to phase

separate, forming a rich collection of morphological

structures. Phase morphology controls the impact strength,

transparency, and conductivity of the resulting composites

[69]. In the combined nano-rods–polymer system, the phase

behavior of the blend components, surface interactions, and

anisotropic inter-rod interactions determine the morphology

of this complex system and in particular the formation of

self-assembled structures of nanorods. Using different

simulation techniques Buxton and Balazs [69] investigated

the morphological evolution of the nanorodes–blend system

as well as the mechanical and electrical properties of the

resulting nano-composite. Their observations suggest that

selective incorporation of nanorods into the minority phase

of a phase-separating polymer blend affects the domain

morphology of the polymers and drives selfassembly of the

nanorods. The mutual interactions result in the emergence

of a doubly percolating network of the polymer minority

phase and the nano-rods, the latter at a volume fraction

much lower than that observed in a homogeneous melt [69],

Fig. 8.
1 It should be mentioned that the attractive interactions between colloidal

particles are proportional to the effective Hamaker constant. Therefore, by

properly changing the medium, where the particles are dispersed it is

possible to achieve short-range attractive interactions for large colloidal

particles. However, the presence of large vdW attractions with a range of a

few times the particles size is the most common case [90].
1.8. Nanometric dimensions—what’s in a scale

While the first two features described above demonstrate

an enhancement and amplification of colloidal properties,
colloids and nanotubes differ by an inherent property: the

inter-particle potential. Classical colloids are mesosocopic

objects and dominated, in general, by long-ranged dis-

persive forces1, while fullerens [70] and SWNT are large

molecules and interact via a short-ranged intermolecular

potentials [71]. The difference originates from the fact that

SWNT and fullerenes are hollow structures with two

(SWNT) or three (fullerenes) nanometric dimensions.

The resulting phase diagrams display condensed phases

at a very narrow temperature range, as was thoroughly

discussed in the context of fullerens [72].

Below we discuss in detail the effect of dimensionality on

the interaction potential.

The intermolecular interaction potential between two

individual SWNT in vacuum were derived using the

Girifalco et al. model [71]. As presented in Fig. 9, a large

attractive interaction at short inter-tube distance (less than

2 nm) is observed, with a minimum of about 40 kT/nm. The

short ranged attraction decreases to below kT within 2.5 nm.

Consider two 1 mm long tubes at contact with each other,

the potential shown in Fig. 9 predicts a contact energy of

40,000 times the thermal energy! Clearly, there will be a

very large tendency of the tubes to be found in the form of

bundles, as experimentally observed [5]. Indeed all the

strategies developed for de-bundling CNT aim to modify the

inter-tube potential. As conventional wisdom would

suggest, reduction of the attractive minimum via chemical



Fig. 9. The specific interaction potential between two parallel SWNT as a

function of the distance between them, (following Ref. [71]).
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modification of the extended p-systems (the origin of the

strong vdW attraction), or the introduction of electrostatic

repulsion, should enable exfoliation and dispersion of CNT.

Yet (as described above), this approach leads to inherent

diminishment of the unique properties of the individual

tube. A different approach would be to take advantage of the

short range of the potential: the behavior of objects

interacting via a short ranged attraction is known to be

highly sensitive to variations in the long-range tail of the

inter-particle potential [2,72]. Thus, a relatively weak, but

long ranged repulsion, such as the osmotic (steric) repulsion

among tails of tethered copolymers, in good solvent

conditions [73], may lead to significant modification of

the CNT phase behavior. Weak, long-ranged interactions

are not expected to interfere with the electronic structure of

the tubes or modify the physical properties of the individual

tube. A possible scenario leading to steric stabilization of

individual SWNT in polymeric solutions is described

below.
1.9. Utilizing entropic interactions for dispersing CNT in

polymeric solutions

It was recently demonstrated that steric repulsion among

polymer-decorated tubes can be employed for stabilization

of CNT dispersions [74]. As the approach does not rely on

specific interactions, it is efficient for both aqueous and

organic media [75]. Among the more efficient steric

stabilizers are block-copolymers and end functionalized

polymers [2a]. Block copolymers are comprised of

covalently bonded chemically distinct and often mutually

incompatible moieties (designated A–B and A–B–A for di-

blocks and tri-blocks, respectively) [76].

A model system which provides an upper bound for the

repulsive interaction induced by attached polymers is a

dense stretched ‘polymer brush’. The strongest effect is

expected when end-attached polymers assemble at a

surface, in a good solvent environment and high surface
coverage. The tethered chains stretch out in order to avoid

intermolecular repulsions. In the so called ‘brush regime’

the thickness of the tethered polymer layer, h, scales with

the polymer chain length, N, and polymer surface coverage,

s, as hfNs1/3 [54,77,78]. The linear increase of the

thickness with molecular weight serves as an important

tool in the manipulation of the range of the interactions. The

interactions between planar tethered layers have been

discussed at length elsewhere [78], however, we describe

some of their properties here in order to show the dramatic

effect of surface geometry on polymer packing and surface

interactions.

An example of the effective steric repulsion induced by

polymer layers tethered on planar surfaces is shown in

Fig. 10. We apply a molecular theory that has been shown to

provide quantitative predictions of the thermodynamic and

structural properties of tethered polymer layers. A review of

the theory, comparison with experimental observations and

description of the model polymer used in the calculations

can be found in Refs. [78b–80].

The two graphs present the steric interaction for two

different polymer chain lengths. For each chain length,

results for three different values of surface coverage are

presented, from relatively low to high, all within the

experimentally accessible range. Surface coverage highly

affects both the range and the strength of the potential.

Furthermore, we can see that longer chains increase the

range of the interactions and the absolute strength of the

repulsion for identical density of tethered chains. We find

that the higher the surface coverage, the larger the distance

at which the repulsive interaction diverges. This is due to

overcrowding of polymer segments that occur as the

distance between the surfaces decreases. To quantify this

effect, Fig. 11 shows the volume fraction profiles for

polymer chains corresponding to the intermediate surface

coverage shown in Fig. 10 at two different distances

between the surfaces: one corresponds to infinite distance,

i.e. a single tethered polymer layer, and the other

corresponds to the minimal distance shown for the

interacting potential, i.e. the structure that corresponds to

a repulsion of 90 kT/nm2.

The volume fraction profiles show that upon reduction of

the distance between the walls, polymer segments over-

crowd in a narrow region of space. As the polymer segments

cannot escape the confined region, an entropy loss prevails.

This effect couples with displacement of solvent, resulting

in a large osmotic price. The two effects are the origin of the

repulsive interactions potentials shown in Fig. 10.

The typical diameter of CNT is significantly smaller than

the radius of gyration of long polymer chains in good

solvent conditions. We thus expect that chains tethered to

tubes will exhibit different chain packing and tube-tube

interactions than those exhibited by chains tethered to large

colloidal particles. Clearly, as two nanotubes approach each

other, the intertube region is different than the region

between two planar surfaces.



Fig. 10. Repulsive interactions between grafted polymers on planar surfaces, as a function of the distance between the grafting surfaces, as calculated from a

molecular theory [78b]. The different colors represent different surface coverage: 0.032 nmK2 (red line); 0.064 nmK2 (blue line) and 0.096 nmK2 (magenta

line) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Indeed, in the case of chains tethered to a CNT surface,

with a typical diameter of the order of 1 nm, the chains can

reduce the effect of confinement by re-arranging in space, at

all angles surrounding the CNT. Fig. 12 shows the volume

fraction of chains tethered on the surface of an isolated

CNT. The density profile is presented as a function of the

position in the plane perpendicular to the tubes. The figure

shows a perfectly symmetric distribution of segments

around the tube and though the density of attached polymers

is high, the decay of the polymer volume fraction is much

faster than the highly stretched profile shown in Fig. 11 (red

curve). This is very similar to previously predicted behavior

for polymers grafted to a line [81]. The volume available to

the polymer chains as a function of the radial distance from

the tube enables the chains to explore more of the

conformational space than an equivalent chain tethered on

a planar surface. Therefore, one would expect that the

interaction potential between two CNT decorated with

tethered polymers differ from that of planar surfaces.

Fig. 13 shows the steric repulsion between two polymer–

decorated CNT for two different polymer molecular

weights, as calculated using the molecular theory. In each

case we show three different surface densities. In all cases,
Fig. 11. Polymer volume fraction profile for chains originating on one

planar surface for two different surface separations as marked on the legend

NZ100 and sZ0.064 nmK2.
as the distance between the parallel tubes decreases, the

repulsion increases. The variation of the effective potential

with distance is rather different from that of polymers

grafted to planar surfaces: first, the derivative of the

potential (the force) is much weaker at all tube–tube

distances. Second, the distance of closest approach for two

tubes is contact.

Third, polymers end-attached to CNT exhibit repulsions

at a range shorter than that of polymers attached to planar

surfaces. While the overall repulsion is weaker than that

observed for polymers grafted to flat surfaces, short chains

at low surface coverage show significant repulsions at an

inter-tube distance of 3 nm. At this separation tubes

attractions are already below the thermal energy, Fig. 9.

Before we present explicitly the overall interaction

potentials, we discuss the origins of the relatively weak

repulsive interactions. Fig. 14 shows the volume fraction

profiles of two polymer-coated CNTs for two different

separations. The large separation case is equivalent to two-

isolated CNT. The second example shows the volume

fraction profile at an inter-tube distance of the order of the

tube diameter.
Fig. 12. The polymer volume fraction (in the plane perpendicular to the

CNT) as a function of the distance (in nm) from the center of the tube. The

chain length is NZ50 and the line density 3.3 nmK1. The hollow part in the

center show the position of the tube.



Fig. 13. The repulsive interactions between parallel CNT coated with endtethered polymers at different line densities, as a function of the distance between the

CNT centers. The two graphs represent different polymer chain lengths as marked in the figures. The different colors represent different surface coverage:

2 nmK1 (red line); 3.3 nmK1 (blue line) and 4.7 nmK1 (magenta line) (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article).
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Higher density of polymeric segments is found in the

outer regions while the number of segments in the inter-tube

region is reduced. In Fig. 15 we present the difference

between the polymer volume fraction around an isolated

CNT and the polymer volume fraction around the same tube

but with a neighboring polymer-coated tube at 1.2 nm. The

figure shows that there is a large depletion of polymer

segments from the inter-tube region (negative values in the

figure), towards the back of the tube, where the difference is

positive, i.e. we observe an increased polymer concen-

tration. Thus, the system can relax some of the strong

repulsions by ‘rotating’ the chains towards less occupied

regions. Note that, as shown in Fig. 11, polymers end-

attached to planar or colloidal surfaces cannot relax in the

same manner, resulting in a divergence of the repulsive

interactions as shown in Fig. 10.

Are the repulsions triggered by end-adsorbed polymers

(Fig. 13) strong enough to prevent the tubes from reaching

the strongly attractive inter-tube region? To answer this

question we present the combined profiles in Fig. 16. Note

the presence of a repulsive barrier with a magnitude that

depends upon the polymer surface coverage and chain
Fig. 14. The polymer volume fraction, in the plane perpendicular to the CNT, as a f

graph corresponds to a distance between the tubes of DZ14 nm, while the right

3.3 nmK1.
length. The maximum is found at an inter-tube distance of

about 3–5 nm for all cases. Furthermore, a local minimum

positioned at the same location as that of the bare CNT

shown in Fig. 9, is observed in all the cases.

The shape of the potentials shown in Fig. 16 and the fact

that even relatively short polymer chains suffice to create a

high enough barrier and prevent tube aggregation, is a result

of the (short) range of the CNT attraction. As described

above, the latter is a direct consequence of the nanoscopic

dimensions of CNT and the relative low density of

interacting atoms due to the hollow nature of the tubes.

The results presented above, apply to stabilization of

exfoliated CNT. Yet, a relevant and important question is

what happens when polymer chains are tethered at the

surface of CNT bundles? To answer this question we first

determine the effective attractions between CNT bundles,

using four-tube bundles to demonstrate the effect. Clearly,

the driving force for bundle formation is the strong

attractions between CNT shown in Fig. 9. We calculate

the bundle–bundle interactions by adding the CNT–CNT

inter-bundle interactions. The results are shown in Fig. 17.

The attractive well is much deeper than for single CNT
unction of the distance (in nm) from the center of two parallel tubes. The left

graph corresponds to DZ1.2 nm. In both cases the polymer line density is



Fig. 15. The difference in polymer volume fraction between infinite

distance and close contact, i.e. between the polymers coating the left

nanotube in the two graphs shown in Fig. 14.

Fig. 17. The vdW interaction between two 4-tubes bundles. Also shown for

comparison is the SCNT interaction from Fig. 9.
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(SCNT) with a minimum of almost 90 times the thermal

energy. The range of the interactions is also affected, as the

location of the minimum is now found at an inter-bundle

distance of about 2.75 nm and the attractions decay to

values comparable to the thermal energy at an inter-bundles

distance of 4 nm.

The strength and range of the inter-bundle potential

suggest that while polymer-induced repulsion was effective

in preventing aggregation of individual tubes, leading to

dispersion of individual CNT in solution, it does not suffice

in the case of small bundles. To this end Fig. 18 presents the

total inter-bundle interactions of bundles decorated by end-

attached polymer layers. We find that only long polymers

form a barrier of about 20 kT/nm, while the barrier formed

by the shorter molecular weight is less than half of that

value. Note that a similar density of polymers resulted in a

repulsive barrier of more than 40 kT/nm, in the case of

individual tubes with NZ100. We conclude that formation

of stable dispersions of CNT bundles would require

relatively long polymers at high grafting densities.

Alternatively, the use of relatively short chain polymers

for selective dispersion of individual CNT and small (!4

tubes) bundles offers a generic approach for preparation of

dispersions of individual CNT.
Fig. 16. The total interaction potential between parallel CNT. The potentials are

repulsions arising from the tethered polymers, Fig. 13. The lines correspond to th
To summarize the theoretical studies, CNT exhibit

strong, short ranged, attractive vdW interaction. The range

of the interaction is determined by the nanometric length

scale characteristic of two of the three dimensions of the

tubes. Polymers attached at the surface of CNT introduce a

repulsive (steric) barrier whose range and strength can be

controlled by the polymer chain length and surface density.

Increasing the polymer molecular weight results in a longer-

range repulsive interaction. Moreover, increasing the

density of (grafted, adsorbed) polymers increases the

strength of the repulsive interactions.

It is important to emphasize that due to the geometry of

the tubes the strength and range of the steric repulsion

induced by the tethered polymer layers is qualitatively

different than the steric repulsion between polymer chains

grafted to planar surfaces.

It is well known, that the range of the attractive vdW

interactions between particles is determined by the

dimensions of the particle. In general the interaction range

is a few times the particle size. Thus, in the case of CNT the

range of the attractive interactions is a couple of nanometers

and adsorption of relatively short polymers, in good solvent
obtained by adding the vdW attractive contribution, Fig. 9, and the steric

e same conditions as in Fig. 13.



Fig. 18. The total interaction between polymer coated bundles composed by

4 CNT each. The polymer line density is 4 nmK1 and the polymer

molecular weights are denoted in the figure.
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conditions, suffices to present a steric barrier at a distance

larger than the attractive inter-tube minimum, preventing

tube aggregation. As for bundles, we showed that 4-tube

bundles exhibit 7 times (approximately) deeper attraction at

twice the range of that of the individual CNT. Thus,

dispersion and prevention of bundle aggregation would

require the tethering of much longer polymer chains at a

higher density. These ideas were recently used by us for

devising methods for selective dispersion of individual CNT

from mixtures of bundles and colloidal particles.
1.10. From theoretical predictions to experimental results

The insight developed above may be utilized for

development of generic, simple methods for dispersing

individual CNT. As was demonstrated recently [74,75] a

typical scenario may utilize mild sonication (which does not

damage the tubes [82]) for exfoliation of the SWNT

bundles, followed by adsorption or tethering of polymers.

As long as the solvent acts as a good solvent for the attached

polymer the dispersions are stable. A scheme summarizing

this approach is presented in Fig. 19.
1.11. Practical recipes for dispersion of CNT—chemical

considerations

The physical principles discussed above may be realized

by utilizing block-copolymers and end-grafted macromol-

ecules of specific chemical composition as dispersing

agents, coupling agents and adhesion promoters [83,84] in

polymeric matrices. The terms used above describe the

action of a block-copolymers at the filler-melt interface:

when the two blocks are chosen so that one of them is

chemically compatible with the target matrix, while the

other adsorbs at the filler surface, the polymer reduces

the interfacial energy, leading to good adhesion at the

individual tube–matrix interface, and thus improves
significantly the properties of SWNT-based composite

materials [84].

Currently a large variety of off-the-shelf products is

available. In addition, over the last 10 years new techniques

have been developed and old techniques refined to enable

the synthesis of specifically functionalized polymers and

new types of block copolymers. Most block copolymers

used today are prepared by anionic polymerization [84,85].

Chemical modification of a selected block enables the

preparation of a variety of polymers (including functional

groups such as styrene/diene, fluorinated moieties, metha-

crylates and more) with a vast range of properties. In

addition, the recently developed procedure known as

controlled radical polymerization (CRP), which utilizes

living free radical polymerization enables the preparation of

practically any kind of vinyl monomers-based polymers

[85].

Thus, once a specific polymeric matrix is defined as a

target material for preparation of CNT–polymer composite,

a proper dispersing and compatibilizing agent may be

tailored and synthesized. In the following we use two

specific examples to demonstrate the concept.

The first example relates to polydimethylsiloxane

(PDMS)–CNT composites. PDMS is one of the highly

used elastomers, yet native PDMS is of low modulus and

durability. Thus most applications rely on reinforcement by

fillers. PDMS–CNT composites are expected to exhibit

improved properties as compared to silica and carbon-black

composites, due to the expected increase in the mechanical

strength as well as electrical conductivity at low percolation

thresholds. The resulting CNT-PDMS nanocomposites may

be utilized for antistatic shielding, shielding of electromag-

netic interference, and preparation of transparent

conductors.

CNT–PDMS composite may be easily prepared using a

tri-block copolymer poly(ethyleneoxide-b-polydimethylsi-

loxane-b-ethyleneoxide) (PEO–PDMS–PEO) as both the

dispersing agent for CNT and the coupling agent to the

matrix. A solution of PEO-PDMS-PEO is prepared in

heptane, which is a poor solvent for the PEO moiety while

being a good solvent for PDMS. Once CNT is sonicated in

the solution (Fig. 19) the block copolymer adsorbs to the

exfoliated CNT surface and induces steric repulsion among

the dangling PDMS loops. The formation of a CNT–PDMS

composite [86] is then straight forward: PDMS is co-

dissolved in the CNT–block-copolymer dispersion followed

by evaporation of the solvent that results in the formation of

a macroscopically homogenous composite [86].

The second example relates to a very different, water

soluble matrix, an acrylic ester copolymer (a commercial

product is the Acronal series produced by BASF, Germany).

Following the procedure described above, using Pluronic

P123 tri-block copolymer—poly(ethyleneoxide)-b-poly

(propyleneoxide)-b-poly(ethylene oxide) termed PEO20–

PPO70–PEO20, as the dispersing agent and water as the

solvent, results in the formation of CNT–Acronal



Fig. 19. A schematic representation of the concept. (A) Total interaction energy vs. the separation distance D, for two nanotubes. (B) The dry CNT powder is

composed of bundled SWNT. (C) Sonication leads to temporary exfoliation of the powder followed by re-aggregation. (D) Formation of a polymer brush

modifies the inter-tube potential due to steric repulsion. Macroscopic (E) and microscopic imaging of the black dispersions indicate that the dispersion is

composed of individual tubes and small bundles (F) Cryo-TEM image (scale barZ100 nm) and (G) HRTEM image (scale barZ10 nm). Adapted from Ref.

[74].
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composites. We have recently demonstrated that in both

cases the CNT filler is well dispersed within the matrix and

forms low percolation threshold matrices [86].

By adopting a similar approach it is expected that CNT—

polymeric composites could be prepared in different

matrices using for melt and solution blending [87], electron

spinning of CNT–polymer fibers [88] and new approaches

of self-assembly [84,89,90], while preserving the unique

properties of the un-modified tubes.
2. Conclusions

The field of CNT–polymer composites is currently

undergoing rapid developments. Over the last few years it

has been demonstrated that polymers can serve as efficient

tools for engineering the interfacial behavior of CNT

without damaging the unique properties of the individual

tube. Polymers were shown to be efficient tools for

dispersing, separating, assembling and organizing CNT in

different media.

It is evident that harnessing the unique physical proper-

ties CNT in materials applications would require the

development of a thorough understanding of the complex

polymer–CNT system. While a variety of observations

concerning polymer–CNT systems may be understood

using well studied concepts from polymer physics and
colloid science, other observations suggest the existence of

unique phenomena that may rationalized via new concepts

related to the unique electronic structure and dimensionality

of CNT.
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