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A major obstacle for utilization of carbon nanotubes is their tendency to bundle
and pack into ropes that further entangle into networks, rendering the tubes
insoluble in aqueous and organic liquids, and thus almost un-processable. As was
shown recently, physically adsorbed block-copolymers may be used for
exfoliating and dispersing carbon nanotubes in aqueous and organic media. In
this approach entropic repulsion among polymeric layers attached to CNT induce
steric repulsion among the polymer-decorated tubes. The tube–polymer
interactions are relatively weak, do not depend on the detailed chemistry of the
interface and their range is tuned by the molecular weight and density of the
polymeric layers, rather than by the chemical composition of the monomers.
Combining theoretical modeling and experimental studies we demonstrate that
this approach may be used for engineering the interfacial behavior of carbon
nanotubes in a variety of systems.

1. Introduction

The recent discovery of carbon nano-

tubes (CNT)1,2 has initiated an ever

growing interest in exploring and exploit-

ing their unique properties. Emerging

applications for single-walled carbon

nanotubes (SWNT) and multi-walled

carbon nanotubes (MWNT) in the fields

of nanoelectronics and nanomaterials

include usage of SWNTs as electron field

emission sources,3,4 chemical sensors5

and nanoelectronic devices.6,7 CNT-

based nanocomposites form a new class

of lightweight super strong functional

materials with potential for air and space

technologies,8 energy storage9 and bio-

medical applications.10

SWNTs are crystalline tubuline gra-

phitic structures, characterized by a

diameter in the range of 0.8–2 nano-

metres and a typical length of microns

resulting in an aspect ratio (length/

diameter) significantly larger than 1000.

SWNTs are characterized by superb

mechanical, electrical and optical

properties that result from the com-

bination of their chemical composition,

electronic structure and nanometric

dimensions.11

While of great potential, a major

obstacle for CNT utilization is their

tendency to aggregate. SWNTs pack into

bundles or ‘‘ropes’’ that typically contain

100–500 SWNTs arranged in a close

packed triangular lattice held by disper-

sion forces.2 The over micron-long

ropes and MWNTs further entangle into

networks, rendering the tubes insoluble

in aqueous and organic liquids, and thus

almost unprocessable (Fig. 1).

Development of efficient pathways

for de-agglomeration and formation of

stable dispersions of individual tubes in

liquid media and polymeric matrices has

been identified as one of the major

challenges in the field of SWNT based

material science and engineering.13 The

world effort dedicated to improving

the processability of CNTs has lead to

the development of a variety of strategies

for exfoliating bundled SWNTs and

dispersing the individual tubes. These

include covalent modification,14–16 com-

plexation via p–p interactions17 and

adsorption of charged surfactants.18–22

These approaches rely on (severe to

mild) modification of the extended

graphene p-system (the origin of the

strong dispersion attraction) leading to
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Fig. 1 (a) A scanning electron microscopy11 micrograph of as-prepared MWNT powder.12

Typical external diameter of the tubes is 10–20 nm. (b) An image of a bottle containing

coagulated MWNT powder in water following sonication and a day long incubation. Similar

behavior is observed for SWNT powders.
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modification of the electronic structure

and consequently the physical properties

of the tubes.23–25 An alternative more

tender approach is offered by synthetic

and natural polymers.26–29

2. Polymers and CNT—tuning
the interaction potential

What is the essence of polymer–CNT

interactions, and what makes polymers

attractive agents for CNT based

material technology? The answer is

found in the inherent features of the

inter-tube potential.

In Fig. 2 we present the inter-tube

potential for two parallel SWNTs as a

function of their distance, as derived by

Girifalco et al:30 a large attractive inter-

action at short inter-tube distance (less

than 2 nm) is observed, with a minimum

of about 40 kT nm21. The short-range

attraction decreases to below kT within

2.5 nm. For typical 1 micron long tubes

at contact with each other, the potential

shown in Fig. 2 predicts a contact energy

of 40 000 times the thermal energy, the

origin of SWNT bundling. A short-range

potential is typical for hollow structures

with two (SWNTs) or three (fullerenes)

nanometric dimensions, and differs from

the long range attraction observed in

(mesoscopic) colloidal systems, whose

interaction range is a few times the size

of the particles, typically in the 100s nm

to micron scale.

The inherent fast decay of the attrac-

tion between SWNTs may be exploited

for manipulating their interfacial beha-

vior. Instead of aiming to attenuate

the strong short-range attraction, it is

possible to utilize a relatively weak, but

long-range repulsion for creating a

barrier that would prevent the tubes

from approaching the attractive region

of the potential. A good example is the

osmotic (steric) repulsion among end-

attached or adsorbed polymer layers in

a good solvent. Actually, this approach

has long been used for preparation of

colloidal dispersions, and is known as

‘‘steric stabilization’’.31 Among the most

efficient agents for steric stabilization are

block-copolymers comprising covalently

linked incompatible moieties (designated

A–B–A or A–B), or an end-activated

polymer (A–x). When dissolved in a

selective solvent that acts as a ‘‘good

solvent’’ for one of the blocks (i.e., A),

dissolving it readily and increasing its

spatial dimensions, while simultaneously

acting as a ‘‘poor solvent’’ for the other

block (B), the polymer may adsorb onto

a colloid or a nanoparticle, and form a

surface layer of dangling (A) moieties.

The dangling swollen chains repel other

polymer-decorated objects, as demon-

strated in Fig. 3, and result in the

formation of a long-lived dispersion.

An interesting observation is that there

exists a regime of polymer chain length

where the polymers are too short to

prevent the aggregation of colloidal

particles or metallic nanoparticles, while

their length suffices for dispersing

CNTs.32 Polymers of that chain length

may be utilized for purification and

separation of CNTs from undesirable

by-products, as discussed below.

The utilization of block-copolymers

for shaping the interfacial behavior of

CNTs has far-reaching consequences for

the engineering of CNT-based materials

and devices, as it is generic, relies on

non-specific interactions, is applicable

to different solvents, matrices and

processing schemes, and should not

affect the physical and electronic pro-

perties of the individual tube. The basic

assumption in this work is that the

polymers adsorb to the surface of the

nanotube by a combination of weak

van der Waals interactions and

solvophobic effects. These two types of

interactions are not chemical in nature

and are not expected to modify the

intrinsic properties of the nanotubes.

While this is our working hypothesis,

we do not have direct experimental

evidence that the properties of the

nanotubes are unchanged. It will be

interesting to directly probe the electro-

nic structure of polymer-decorated nano-

tubes by spectroscopic methods. Below

we describe a few aspects explored by us.

Fig. 2 Inter-tube potential for two parallel SWNTs in vacuum as calculated by Girifalco et al.30

The distance D is measured from the center of the nanotubes. In all the calculations presented

here the diameter of the nanotube is assumed to be 1.1 nm, equivalent to an (8,8) SWNT.30

Fig. 3 Left: the repulsive interactions between two parallel CNTs with end-tethered polymers

with chain length n = 50 (line) and n = 100 (dotted line). Right: the total interaction between two

parallel CNTs with end-tethered polymers. The total interaction is obtained by adding the

attractions shown in Fig. 2 with the repulsions shown in the left panel. The cartoon shows the

source of the repulsive interactions due to the crowding of the polymer chain in the inter-tube

region. The calculations are for a line density of polymers of 3.3 nm21.25,32
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3. Dispersion of individual
SWNTs in organic and
aqueous media

Recently we have shown that stable long-

lived dispersions of exfoliated SWNTs

can be formed in aqueous and organic

media using block-copolymers as disper-

sing agents.32 The process is simple: a

powder of as-prepared SWNTs is

sonicated in an aqueous or organic

solution of a block-copolymer (for

example Pluronic, PEO-PDMS-PEO,

poly(styrene-bt-butyl acrylate) forming

a black ink-like dispersion. X-Ray

scattering, cryo-TEM32,33 and neutron

scattering34 suggest that the most

abundant species in the dispersions

are individual tubes and small bundles

(,4 SWNTs).34 The concept is demon-

strated in Fig. 4: while gentle sonication

leads to exfoliation of SWNT ropes,

selective adsorption of the block-

copolymers presents a steric barrier

for re-bundling. A great advantage of

this stabilization method is that the

dispersion may be dried and re-

dispersed without agglomeration of the

tubes.32,33

4. Utilizing dimensional
selectivity for non-destructive
purification of CNT from
colloidal mixtures

Colloidal carbonaceous particles, gra-

phite and metal nanoparticles are com-

mon contaminations in powders of

SWNTs, while non-exfoliated bundles

are often found in SWNT dispersions.

The observation that polymer–particle

interactions are a sensitive function of

both the dimensions and density of the

dispersed particles and polymer chain-

length, is the key for a novel purification

approach, recently demonstrated by

us:32 using block-copolymers of inter-

mediate chain length, such that the

non-adsorbing moiety is long enough to

disperse individual SWNTs but not

colloidal carbonaceous species, disper-

sions of a crude CNT-colloidal mixture

were prepared. We found that individual

tubes and small bundles are preferen-

tially dispersed while metal nanoparti-

cles, large bundles, and carbonaceous

colloids coagulate and precipitate.

5. CNT–polymer
nanocomposites

CNT–polymeric nanocomposites may be

prepared by filling a polymeric matrix

with CNTs. Due to their high aspect

ratio, a connected (percolating) CNT-

network is expected to form at a low

volume fraction.11 A marked increase in

the mechanical strength and electrical

conductivity are observed above the

percolation threshold, as the connected

network simultaneously provides a

mechanical backbone and a pathway

Fig. 4 A dry powder of as-prepared SWNTs is composed of molecular crystals known as bundles or ropes (A) that form due to strong cohesion

between the tubes (B), resulting from the total interaction energy (C) that exhibits a strong minimum at small separation D. Sonication of the

SWNT powder in block-copolymer solutions (where the solvent is selective) may lead to anchoring of the polymers to the CNT surface (D, E) and

modification the inter-tube potential due to steric repulsion (F).
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for electrical conductivity. Predictions

suggest that percolation of SWNTs

should commence at concentrations

below 0.001 wt%. Yet, due to difficulties

in dispersing de-agglomerated tubes in

the polymeric matrix and poor adhesion

and wetting at the CNT–polymer inter-

face, the measured values are higher and

strongly depend on the matrix and the

processing method.

Here as well, block-copolymers offer

an efficient versatile solution: as is well

known in the plastics industry, block-

copolymers are excellent promoters of

adhesion and wetting. By choosing a

block-copolymer that is chemically com-

patible with the target matrix, and co-

dispersing the CNTs with the target

matrix polymer, it is possible to prepare

CNT–polymer nanocomposites. The

quality of the composites is judged by

the measured values of the electrical

percolation threshold. Indeed, bulk

volume–conductivity measurements of

composites prepared by co-dispersion

exhibit percolation thresholds in the

range of 0.04 to 0.09 wt% for SWNTs

(similar to those reported for strongly

interacting polymer–CNT composites35)

and 0.5 to 0.8 wt% for MWNTs.36

The approach presented here may

be utilized also for preparation of

CNT–polymeric composites via melt

blending,37 and electron spinning of

CNT–polymer fibers.38 The block-

copolymers promote dispersion of the

tubes within the matrix and improve

adhesion and wetting at the CNT–

polymer interface while preserving the

unique properties of the unmodified

tubes.

6. Nanotubes attracted to
surfaces

Several applications of CNTs require the

placement of the tubes on surfaces. Can

we utilize polymers that are used for

dispersion of the tubes for controlling

the binding of the CNTs to a surface?

Recent theoretical calculations39 show

that functionalizing the free end of the

polymer with a moiety that is attracted

to the surface enables the control of

the optimal surface–CNT distance as

well as the binding interaction. An

example is shown in Fig. 5 for two

different polymer molecular weights.

The specific calculations shown are for

CNT–graphite and the figure shows

the presence of two minima separated

by a large barrier. The barrier is the

result of the steric polymer–surface

interactions, the primary minimum is

due to the bare CNT–graphite interac-

tion while the secondary minimum is

due to the functional group–surface

attraction. The short chain length shown

may not present a large enough barrier to

stabilize the surface–tube interaction at

D = 4.5 nm, however, the longer chain

length presents an impenetrable steric

barrier and a relatively strong minimum

at D = 9 nm. Both the strength and the

range of interactions can be manipulated

by the proper choice of polymer mole-

cular weight and surface coverage.39

Note that the same polymer that is used

to control the surface–CNT distance

disperses the individual tubes in solution

as discussed above.

7. Summary and conclusions

Bundling, aggregation, and agglomera-

tion have been identified as the major

obstacles for realization of the techno-

logical potential of CNTs. Whether

the final goal is a nanotransistor40 a

CNT-FET array41 or a low-percolation

composite material35,42,43 the ability to

exfoliate the bundles into individual

tubes and disperse the exfoliated tubes

in a medium are necessary prerequisites.

Over the last few years polymers have

been shown to serve as efficient tools for

engineering the interfacial behavior of

CNTs.44 Two very different approaches

have been described. The first relies on

specific chemical interactions between

CNTs and the functional groups com-

prising the polymer (monomers). An

alternative approach, emphasized in this

paper, is based on the utilization of

non-specific steric interactions. In this

approach, entropic repulsion among

polymeric layers attached (adsorbed,

grafted) to CNTs drive exfoliation and

dispersion of the CNTs. The interactions

are relatively weak, do not depend on the

detailed chemistry of the CNT–polymer

interface and their range is tuned by

the molecular weight and density of the

polymeric layers, rather than by the

chemical composition of the monomers.

While currently used for dispersion of

CNTs in liquids and polymeric matrices,

this approach may be utilized for more

advanced applications where alignment

of CNTs, controlled self-assembly

into pre-designed 3-D structures, and

assignment onto patterned surfaces are

required. We believe that these goals

may be achieved by application of

external fields (electrical, magnetic45 or

mechanical (shear alignment)) to the

polymer-decorated CNTs.

These are only a few examples out of

the wealth of opportunities offered by

CNT–polymer interactions. A broader

overview of the field was recently sum-

marized in a review paper (ref. 44).
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and R. E. Smalley, Science, 1996, 273, 483.

3 W. A. de Heer, A. Chatelin and D. Ugrate,
Science, 1995, 270, 1179.

4 V. Semet, V. T. Binh, P. Vincent,
D. Guillot, K. B. K. Teo, M. Chhowalla,
G. A. J. Amaratunga, W. I. Milne,
P. Legagneux and D. Pribat, Appl. Phys.
Lett., 2002, 81, 343.

5 J. Kong, N. R. Franklin, C. Zhou,
M. G. Chapline, S. Peng, K. Cho and
H. Dai, Nanotube molecular wires as
chemical sensors, Science, 2000, 287, 354.

6 M . R . D i e h l , S . N . Y a l i r a k i ,
R. A. Beckman, M. Barahona and
J. R. Heath, Angew. Chem., Int. Ed.,
2002, 41, 354.

7 J. H. Hafner, C. L. Cheung and
C. M. Leiber, Nature, 1999, 398, 761.

8 R. H. Baughman, A. A. Zakhidov and
W. A. de Heer, Science, 2002, 297, 792
and references therein. See also NASA,
Johnson Space Center: the nanomaterials
project (http://mmptdpublic.jsc.nasa.gov/
jscnano/).

9 C. Niu, E. K. Sichel, R. Hoch, D. Moy
and H. Tennent, Appl. Phys. Lett., 1997,
70, 1480.

10 A. Bianco, K. Kostarelos, C. D. Partidos
and M. Prato, Chem. Commun., 2005, 5,
571–577.

11 Carbon Nanotubes - Synthesis, Structure,
Properties and Applications, Topics in
Applied Physics, ed. M. S. Dresselhaus,
G. Dresselhaus and P. Avouris, Springer-
Verlag, Berlin/Heidelberg, 2001, vol. 80.

12 The MWNT were purchased from INP
Toulouse, ENSIACET (produced by
chemical vapor deposition). SEM imaging
was carried out at the electron microscopy
laboratories of the Ilse Katz Center for
Meso- and Nanoscale Science and
Technology at Ben–Gurion University of

the Negev, Israel using a field emission
gun, environmental scanning electron
microscope, FEI FEG ESEM XL30, at
20 kV.

13 P. M. Ajayan, L. S. Schadler, C. Giannaris
and A. Rubio, Adv. Mater., 2000, 12,
750–753.

14 J. Chen, A. Rao, S. Lyuksyutov,
M. E. Itkis, M. A. Hamon, H. Hu,
R. W. Cohn, P. C. Eklund, D. T. Colbert,
R. E. Smalley and R. J. Haddon, Phys.
Chem. B, 2001, 105, 2525.

15 S. Niyogi, H. Hu, P. Bhowmik, B. Zhao,
S. M. Rozenzhak, J. Chen, M. E. Ikis,
M. S. Meler, H. Hu, S. Niyogi and
R. C. Haddon, J. Am. Chem. Soc., 2001,
123, 733.

16 B. Zhao, H. Hu, S. Niyogi, M. E. Itkis,
M. A. Hamon, P. Bhowmik, M. S. Meier
and R. C. Haddon, J. Am. Chem. Soc.,
2001, 123, 11673.

17 W. Zhm, N. Minami, S. Kazaoui and
J. Kim, J. Mater. Chem., 2004, 1924.

18 B. Vigolo, A. Penicaud, C. Coulon,
C. Sauder, R. Pailler, C. Journet,
P. Bernier and P. Poulin, Science, 2000,
290, 1331.

19 M. J. O’Connell, S. M. Bachilo,
C . B . H u f f m a n , V . C . M o o r e ,
M. S. Strano, E. H. Haroz, K. L. Rialon,
P. J. Boul, W. H. Noon, J. Ma,
R. H. Hauge, R. B. Weisman and
R. E. Smalley, Science, 2002, 297, 593.

20 C. Richard, F. Balavoine, P. Schultz,
T. W. Ebbesen and C. Mioskowski,
Science, 2003, 300, 775; V. C. Moore,
M. S. Strano, E. H. Haroz, R. H. Hauge,
R. E. Smalley, J. Schmidt and Y. Talmon,
Nano Lett., 2003, 3, 1379.

21 M. F. Islam, D. M. Rojs, A. T. Johnson
and A. G. Yodh, Nano Lett., 2003, 3, 269.

22 H. Wang, W. Zhou, D. L. Ho, K. I. Winey,
J. E. Fischer, C. J. Glinka and
E. K. Hobbie, Nano Lett., 2004, 9, 1789.

23 M. Monthioux, B. W. Smith, A. Claye,
J. E. Fischer and D. E. Luzzi, Carbon,
2001, 39, 1251.

24 R. Czerw, Z. Guo, P. M. Ajayan, Y.-P. Sun
and D. L. Carroll, Nano Lett., 2001, 8,
423–427.

25 J. Chen, H. Liu, W. A. Weimer,
M. D. Halls, D. H. Waldeck and
G. C. Walker, J. Am. Chem. Soc., 2002,
124, 9034.

26 M. J. O’Connell, P. Boul, L. M. Ericson,
C. Huffman, Y. Wang, E. Haroz,
C. Kuper, J. Tour, K. D. Ausman and
R. E. Smalley, Chem. Phys. Lett., 2001,
342, 265.

27 J. Chen, H. Liu, W. A. Weimer,
M. D. Halls, D. H. Waldeck and
G. C. Walker, J. Am. Chem. Soc., 2002,
124, 9034.

28 R. Bandyopadhyaya, E. Nativ-Roth,
O. Regev and R. Yerushalmi-Rozen,
Nano Lett., 2002, 2, 25–28.

29 A. Star, D. W. Steuerman, J. R. Heath and
F. Stoddart, Angew. Chem., Int. Ed., 2002,
41, 2508.

30 L. A. Girifalco, M. Hodak and R. S. Lee,
Phys. Rev. B, 2000, 62, 13104.

31 D. H. Napper, Polymeric Stabilization of
Colloidal Dispersions, Academic Press,
Inc., London, 1983.

32 R. Shvartzman-Cohen, E. Nativ-Roth,
E. Baskaran, Y. Levi-Kalisman, I. Szleifer
and R. Yerushalmi-Rozen, J. Am. Chem.
Soc., 2004, 126, 14850–14857.

33 R. Shvartzman-Cohen, Y. Levi-Kalisman,
E. Nativ-Roth and R. Yerushalmi-Rozen,
Langmuir, 2004, 20, 6085.

34 Y. Dror, W. Pyckhout-Hintzen and
Y. Cohen, Conformation of Polymers
Dispers ing Single-Walled Carbon
Nanotubes in Water: A Small-Angle
Neutron Scattering Study, Macro-
molecules, 2005, 38, 18, 7828–7836.

35 R. Ramasubramaniam, J. Chen and
H. Liu, Appl. Phys. Lett., 2003, 83, 2928.

36 C. Bounioux, J. Jopp and R. Yerushalmi-
Rozen, Low, matrix dependent con-
ductivity threshold in CNT–polymer
nanocomposites, Carbon (submitted).

37 J. C. Grunlan, A. R. Mehrabi ,
M. V. Bannon and J. L. Bahr, Adv.
Mater., 2004, 16, 150.

38 Y. Dror, W. Salalha, R. L. Khalfin,
Y. Cohen, A. L. Yarin and E. Zussman,
Langmuir, 2003, 19, 7102.

39 R. Nap and I. Szleifer, Control of carbon
nanotube–surface interactions: the role
of grafted polymers, Langmuir, DOI:
10.1021/la051601c.

40 V. Derycke, R. Martel, J. Appenzeller and
P. Avouris, Nano Lett., 2001, 1, 456.

41 W. B. Choi, E. Bae, D. Kang, S. Chae,
B.-H. Cheong, J.-H. Ko, E. Lee and
W. Park, Nanotechnology, 2004, S512–S516.

42 J. C. Grunlan, A. R. Mehrabi ,
M. V. Bannon and J. L. Bahr, Adv.
Mater., 2004, 16, 150.

43 B. Kim, J. Lee and I. Yu, J. Appl. Phys.,
2003, 94, 6724.

44 I. Szleifer and R. Yerushalmi-Rozen,
Polymer, 2005, 46, 7803.

45 H. Garmestani , M. S. Al-Haik,
K. Dahmen, R. Tannenbaum, D. Li,
S. S. Sablin and M. Y. Hussaini, Adv.
Mater., 2003, 15, 1918–1921.

28 | Soft Matter, 2006, 2, 24–28 This journal is � The Royal Society of Chemistry 2006

Pu
bl

is
he

d 
on

 1
7 

N
ov

em
be

r 
20

05
. D

ow
nl

oa
de

d 
on

 2
5/

11
/2

01
4 

10
:0

7:
26

. 
View Article Online

http://dx.doi.org/10.1039/B513344K

