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I. Introduction

Among unusual structural forms of carbon discovered in

the 1980s and 1990s, which exhibit basically new properties

and, as it is now obvious, have an enormous potential for

the development of technology, and, hence, the economy, a

special place is occupied by carbon nanotubes (CNT) Ð

hollow structures, most often, cylindrical, with a large

aspect ratios.

The unique combination of properties such as small size,

very large specific surface area, chemical and thermal

stability and simultaneously the ability to undergo diverse

chemical transformations, high strength, good emission

characteristics of the semiconductor CNT and high electri-

cal conductivity of CNT with metallic type conduction is of

fundamental interest. This opens up new prospects for their

use in technology and engineering in many innovative fields

of science and industry.1 The hope for effective use of CNT

in electronics and nanoelectronics, instrument making, and

chemical engineering appeared more than a decade ago.2 As

the results of theoretical and experimental studies of CNT

accumulated, the optimistic predictions find support,3 ± 7

and the scope of possible CNT applications is extending to

optics,8 ± 10 micro- and nanomechanics, electrome-

chanics,11, 12 biology, medicine and materials science.11 ± 19

The extensive range of CNT properties is a result of the

diversity of their types differing in the number of walls,

geometric size and chirality, which is determined by the

angle of orientation of the graphene lattice relative to the

tube axis.20, 21 The orientation affects the electric properties

of CNT, which either possess metallic conduction or are

semiconductors. Single-walled CNT are graphene sheets

rolled to cylinders; multi-walled nanotubes are such cylin-

ders (walls) inserted into one another. Carbon nanotubes

can vary in diameter from <0.7 nm to several tens of

nanometres and vary in length from hundreds of nano-

metres to centimetres, and multi-walled CNT may vary also

in the number of walls.

As a rule, the nanotube ends are closed by hemispherical

`caps'. Their structure is similar to the fullerene structure

(a combination of six- and five-membered rings). During

isolation and purification of CNT, the caps are usually

destroyed and the ends become open and contain functional

groups, most often, carboxyl groups.

Each type of CNT has its own advantages and disad-

vantages and, correspondingly, applications. Lately, a spe-

cial group of thin tubes with two to eight layers and

5 ± 10 nm in diameter (t-multi-walled CNT) have been

distinguished among the multi-walled CNT family. In the

authors' opinion, these tubes are superior to both single-

walled and multi-walled CNT with larger number of walls

as regards the properties and application prospects.22 ± 24

The increasing researchers' interest in CNT is reflected

in the increasing information flow on this topic. Whereas in

1993 in Russia, this flow consisted of a single (!) publica-

tion, there were 205 publications in 2004, and the number of

papers published from 1993 to 2004 was 616 (Ref. 25). Even

more impressive is the world statistics. In particular,

according to the Scirus search, the number of publications

E R Badamshina, M P Gafurova, Ya I Estrin Institute of Problems of

Chemical Physics, Russian Academy of Sciences, prosp. Akad. Semenova

1, 142432 Chernogolovka, Moscow Region, Russian Federation.

Fax (7-496) 522 35 07, tel. (7-496) 522 19 16,

e-mail: badamsh@icp.ac.ru (E R Badamshina, M P Gafurova),

tel. (7-496) 522 70 59, e-mail: estriny@icp.ac.ru (Ya I Estrin)

Received 9 October 2009

Uspekhi Khimii 79 (11) 1027 ± 1064 (2010); translated by S P Svitanko

DOI 10.1070/RC2010v079n11ABEH004114

Modification of carbon nanotubes and synthesis of polymeric
composites involving the nanotubes

E R Badamshina, M P Gafurova, Ya I Estrin

Contents

I. Introduction 945

II. Modification of carbon nanotubes by low-molecular compounds 946

III. Modification of carbon nanotubes by polymers. First-group polymeric nanocomposites 957

IV. Modification of polymers by carbon nanotubes. Polymeric nanocomposites of the second group 963

V. Conclusion 972

Russian Chemical Reviews 79 (11) 945 ± 979 (2010) # 2010 Russian Academy of Sciences and Turpion Ltd



in scientific journals with CNT as the key words increased

in the following way:

Year 2005 2006 2007 2008 2009

Number of publications 1898 2186 2371 2397 2839

Among the above-mentioned studies, description of the

methods of synthesis, studies of the structure, properties

and the possible applications of CNT are the subjects of a

number of reviews (see, for example Refs 21, 26 ± 32) and

monographs.33 ± 39 Currently, it is beyond doubt that one of

the most important areas of nanotube application is the

design of functional materials of new generation based on

polymers and CNT.

A necessary condition for successful combination of

nanotubes and polymers is that the distribution of filler

particles in the matrix was as uniform as possible. However,

the tendency of CNT to aggregation caused by high surface

energy and large aspect ratio prevents the formation of

stable CNT dispersions in water and in organic media

including polymers. Therefore, intensive search for effective

modification methods that would facilitate deaggregation

(up to separation into single nanotubes) is in progress.

These methods include chemical modification of CNT by

low-molecular compounds and polymers to give covalent

bonds between the molecules of the modifying agent and the

nanotube and non-covalent modification by low- or high-

molecular surfactants. The modification reduces the surface

energy of CNT, decreases the van der Waals interaction

between the tubes, thus favouring deaggregation, which

makes the lateral surface of the nanotube more accessible

for reagents and the dispersion medium, in particular,

polymeric one. Irrespective of the method of CNT modifi-

cation and the nature of the modifying agent, experiments

with nanotubes involve most often sonication of the reac-

tion mixture, which intensifies deaggregation processes of

nanotubes and give rise to defects on their surface. This, in

turn, increases the chemical reactivity of the tube.

Numerous publications are devoted to CNT modifica-

tion; they have been largely surveyed in the papers and

monographs; some of these are noted above.

This review reflects the achievements mainly made in

closely related areas Ð investigation of the ways of CNT

modification by compounds of various nature, in particular,

polymers, and development of polymeric nanocomposites

using modified tubes. These composites can be divided

conventionally into two large groups. The first group

includes the composites where the key components are

nanotubes, while the polymer modifies their properties

(electric, optical, magnetic, etc.). Materials of this group

are mainly used in instrument making, chemical engineer-

ing, biology and medicine. The second group includes

composites in which polymers are the main components,

while nanotubes are the modifying agents that improve, first

of all, particular service characteristics of the polymers.

These composites can be considered in the material science,

in particular, as structural materials. The background that

underlies the preparation of polymeric nanocomposites, the

key methods for CNT incorporation into polymers, and the

properties and application areas of the modified nanotubes

and polymeric composites incorporating them are dis-

cussed.

It should be noted that a unified terminology describing

the ways of CNT treatment has not been established.

Indeed, here the term `functionalization' is used only to

denote chemical modification, i.e., covalent grafting of low-

and high-molecular compounds to nanotubes, whereas in

the literature this term is often applied also to modification

through non-covalent interactions, which does not seem

quite correct. With true dissolution of CNT in water or

organic media being impossible, the terms dissolution and

solution are often used in the literature, although the term

`solubilization' borrowed from colloid chemistry and mean-

ing the formation of more or less stable suspensions of tube

aggregates would be more pertinent. The word `dispersion'

is often used as a synonym for the last term, although this

rather means a decrease in the aggregate size down to

disintegration to single CNT (and/or their rupture into

small fragments). In principle, solubilization can be accom-

panied by dispersion but simultaneous occurrence of these

two processes can be correctly considered only when inde-

pendent data on the variation of the characteristic aggregate

size (for example, data from scanning electron microscopy)

are available. Nevertheless, in this review, we adhere to the

terms used by the authors of original publications.

II. Modification of carbon nanotubes
by low-molecular compounds

This Section deals with the studies on CNT modification

with their intended or actual applications in polymeric

nanocomposites and also studies where modified nanotubes

are meant for other purposes. It is noteworthy that the

latter modification procedures may also be of interest for

the development of polymeric composite materials.

1. Functionalization with low-molecular compounds
The ability of CNT to add functional groups upon reactions

with various compounds is due to higher reactivity of

nanotubes compared to graphene, as the distortion of

bond angles between the C7C bonds upon rolling of the

graphene sheet to a cylinder results in increase in the total

surface energy and possible concentration of excess energy

caused by lattice defects. The defects are formed not only

during CNT synthesis; they can also appear upon tube

deformation (bending, twisting) caused by external action

and become sites of higher reactivity. After the treatment

has been terminated, the initial CNT structure may be

restored.40 The end caps of nanotubes have enhanced

reactivity. In other words, irrespective of their origin,

distortions of the graphene lattice may give rise to defects

and are responsible for the enhanced chemical reactivity of

CNT.

Srivastava et al.40 concluded, based on calculations, that

the degree of curvature of the tube lateral surface serves as a

measure of reactivity: the smaller the tube diameter and,

hence, the greater the curvature, the higher the reactivity.

For this reason, the reactivity of the end cups should be

even higher. These conclusions are both consistent with

experimental results. However, increase in the surface

energy is expected to increase the van der Waals interactions

of small-diameter tubes with one another and thus lead to

the formation of more stable aggregates. In addition, in the

aggregates consisting of `thin' CNT, the number of inter-

tube contacts per unit lateral surface area is higher than that

in the aggregates of `thick' tubes. Therefore, the access of

reagents to the lateral surface of the aggregated `thin' CNT

is considerably hampered and, hence, the reactivity should

decrease.41

Functionalized CNT are able to form stable colloid type

suspensions in water or in organic solvents, which is widely

used for their purification and fractionation. By attaching
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reactive groups by covalent bonds (covalent addition), one

can alter the properties of CNT, in particular, improve

solubilization, facilitate dispersion, and, as a consequence,

extend the range of reactions that nanotubes can undergo

and thus extend the scope of their practical use in materials.

Furthermore, chemical modification of CNT changes their

common electronic system; this can be used to optimize

many unique properties of nanotubes and/or impart

unusual properties to them.

Functionalization of CNT by low-molecular compounds

is performed using oxidation, amidation, cycloaddition,

halogenation and other reactions.14, 28, 42 The type of intro-

duced functional groups depends on the intended applica-

tion area of CNT. For example, linking of nanotubes to

biomolecules in order to prepare compositions meant as

vaccination or immunization agents, pharmaceuticals, diag-

nostic or other biomedical agents requires first of all amino

or carboxy groups.14, 43, 44

The results of successful use of diverse chemical reac-

tions for covalent modification of CNT published over

approximately 10 years were summarized in a review.45

a. Oxidation

Treatment of CNT with strong oxidants is used most widely

for functionalization. This results in tube purification from

the remainder of the metal catalyst, opening of the end caps,

which are replaced by a `crown' formed mainly by carboxy

and also hydroxy and carbonyl groups (selective oxidation

of the ends), and grafting of these groups to the tube lateral

surfaces either directly or through linkers.

Treatment of CNT with concentrated acids is the best

studied and most widely used oxidation method. An exam-

ple of this type of study 46 considers the effect of methods of

acid treatment of multi-walled CNT on the degree of

functionalization and the ability to form stable aqueous

dispersions. Note that all operations were carried out at

room temperature. The degree of modification can reach

*10% (data of thermogravimetric analysis). Treatment

with a nitric and sulfuric acid mixture followed by addition

of hydrochloric acid to the reaction mixture was shown to

be most efficient. Aqueous dispersions of these nanotubes

are stable for 20 days. In the absence of hydrochloric acid,

the dispersions formed are somewhat less stable, while

without sulfuric acid they are much less stable. In all cases,

the initial CNT structure is retained; however, the degree of

their defectiveness increases upon functionalization (Raman

spectroscopy data).

It was shown 47 that sonication accompanying treatment

of CNT with acids substantially increases the concentration

of functional groups compared with their concentration

attained without ultrasound.

The efficiency of CNT oxidation is characterized by the

degree of functionalization of the tubes. For single-walled

CNT where all the carbon atoms and grafted groups are

located on the tube surface, the degree of functionalization

is calculated as the percentage ratio of atomic (molar)

concentrations of functional groups to the number of

carbon atoms or as the number of carbon atoms per func-

tional group. In the case of multi-walled CNT where the

grafted groups can be located, in the opinion of Kirikova

et al.,48 both on the outer surface and in the interwall space,

the use of weight percent or the number of moles of func-

tional groups per CNT unit weight appears more appropri-

ate. The degree of functionalization of particular tubes can

vary due to both surface nonuniformity of real CNT and

different accessibility of tube surfaces located outside and

inside the aggregates. Therefore, most often the mean value

is used, although, as shown below, methods of CNT

fractionation according to functionalization degree are

being developed. This parameter has been determined

using a set of physicochemical methods (thermogravimetric

analysis combined with mass spectrometry, titrimetry and

fluorometry after fluorescence labelling, Scheme 1) and the

conclusion was drawn that multi-walled CNT contain

carboxy groups both on the external surface and in the

inner layers.48 This conclusion is based on the fact that

titration and (especially) fluorometry give lower degrees of

functionalization (2.4% and 1.9%, respectively) than
13C NMR spectroscopy or thermogravimetric analysis

(4.9% and 4.8%, respectively). It is stated that only the

COOH groups situated on the external surface are acces-

sible for the titration agent and the fluorescence labelling,

whereas heat-induced decarboxylation and NMR data refer

to the total number of these groups.
Scheme 1

Since the possibility of functionalization of the internal

walls of multi-walled CNT is a crucial issue but we did not

find any other studies where this possibility was either

demonstrated or assumed, it is pertinent to consider the

reasoning presented by Kirikova et al.48 in more detail. The

mere possibility for the reagent to penetrate a 0.34-nm wide

slit between the graphene sheets seems doubtful; so does the

result of thermogravimetric analysis based on the weight

loss of carboxylated multi-walled CNT referred to the

arbitrarily chosen temperature of *500 8C, although the

rate of weight loss increases on further heating. As regards

the data from 13C NMR spectroscopy, the intensity of the

narrow carbon signal for the carboxy group is *4 times

greater that the noise level of the broad signal from the

nanotube carbon atoms, and the accuracy of determination

of its fraction was not indicated. The concentrations of the

fluorescent groups can be considerably underestimated as a

result of both incompletion of the two-step formation of

benzimidazole groups (see Scheme 1) and fluorescence

quenching by nanotubes.49 In addition, the oxidation of

CNT with nitric acid is known to give C=O and C7O7C

or C7O7H groups apart from carboxy groups;50, 51 i.e.,

the results of titration and, the more so, imidation do not

necessarily cover all of the oxygenated fragments of the

oxidized CNT. It is evident that elucidation of this point

requires additional studies by various methods.

Other reagents are also used for CNT oxidation. The

kinetics of reaction of multi-walled CNT with ozone accom-

panied by evolution of CO and CO2 has been studied in

detail.52 The author found several types of ketone groups to

be present on the surface of ozonized tubes together with

PPA is polyphosphoric acid.
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carboxyls. The microwave-assisted oxidation of multi-

walled CNT with nitric acid or sodium hypochlorite occurs

over a shorter period.42

Apart from the above-described methods, oxidation of

CNT with a sulfuric acid and hydrogen peroxide mixture 53

and with potassium permanganate 54 was also reported.

Despite the apparent simplicity of the reaction of CNT

with strong oxidants, the reaction mechanism is still

debated. It was not until recently that it was shown by

density functional theory (DFT) that the acidity of carboxy

groups formed on the single-walled CNT surface upon the

treatment depends on the tube length, diameter and archi-

tecture (the carboxy groups on the surface of zigzag-like

CNT are more acidic than those of the `chair-like' tubes)

and on the solvent nature.55

b. Amidation reactions

The carboxy groups bound to the CNT cage by covalent

bonds can serve as `anchors' for grafting of a diversity of

functional fragments, for example, biologically active,14

fluorescence 48 or biopolymeric ones.56 A typical sequence

of successive CNT functionalization includes grafting of

carboxy groups using oxidants, treatment of these groups

with thionyl chloride (SOCl2) or oxalyl chloride (COCl)2 for

converting them to acyl chloride groups [C(O)Cl], which

then react with amines to afford amide groups.14, 42, 50, 57

Scheme 2

The functionalization of t-multi-walled CNT according

to Schemes 1 and 2 was first studied in detail by Rakov and

co-workers.50 By IR and X-ray photoelectron spectroscopy,

it was found that after treatment with a mixture of sulfuric

and nitric acids, t-multi-walled CNT contained C(O)OH (13

at.% relative to carbon), C=O (11 at.%) and C7O

(4 at.%) groups. The tubes thus obtained were amidated

by the reaction of the acyl chloride form with bisdodecyl-

amine (R1=R2=n-C12H23). The solubility of carboxy-

lated tubes in water was 3.13 g litre71, and the amidated

tubes dissolved in chloroform up to a concentration of

1.3 g litre71. It was thus concluded that the behaviour of

t-multi-walled CNT in these reactions differs little from the

behaviour of single-walled or multi-walled CNT and the

degree of functionalization is determined by the reaction

conditions. However, one can follow quite a reasonable

trend: under comparable conditions, the degree of function-

alization (apparently, this means the percentage of func-

tional groups) decreases on going from single-walled to

t-multi-walled CNT and then to multi-walled CNT.

According to Scheme 2, the multi-walled CNT oxidized

by a reported procedure 42 were amidated with n-octadecyl-

amine.

The amidation of carboxylated multi-walled CNT by the

reaction with Neutral Red

in the presence of carbodiimide was described, and electro-

chemical characteristics of the functionalized tubes were

studied.58 It was shown that they can be efficiently used as

active elements in amperometric biosensors.

The exceptionally high water solubility (10 mg ml71) in

the pH range of 5 ± 14 was attained upon amidation with

lysine of multi-walled CNT, which were first carboxylated

and then converted to acyl chloride form.59

The amidation of the carboxy groups with long-chain

alkylamines affords CNT that form stable dispersions in

non-polar solvents.54

c. Cycloaddition

Some applications, in particular, the manufacture of mate-

rials for medical instruments, waterproof coatings, lubri-

cants and working clothes and the use in biotechnology,53, 60

require superhydrophobic materials, in particular those

based on CNT. The superhydrophobicity is imparted to

nanotubes using, in particular, cycloaddition reactions

involving azides and azomethine ylides.

For example, treatment of highly oriented single tubes

on a hydrophobic substrate with perfluoroazidobenzoic

acid N-perfluoroalkylamide (compound 1b in Scheme 3)

under UV irradiation resulted in superhydrophobic CNT

(wetting angle >1508), while treatment with compound 1a

gave rise to a superhydrophilic surface.61

Scheme 3

A similar result was achieved by 1,3-cycloaddition of

azomethine ylide in situ to the oxidized multi-walled CNT

containing COOH and OH groups followed by treatment of

the polyhydroxylated derivatives with perfluorooctadecyl-

triethoxysilane.53

Treatment of a cotton cloth with a solution of

poly(methyl methacrylate) (PMMA), to which a suspension

of thus modified multi-walled CNT in hexafluoroisopropyl

R1=H, Alk, Ar; R2=Alk, Ar.
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alcohol has been added, followed by drying make the cloth

superhydrophobic.

Nanotubes that contain dihydroxyphenyl group form

stable dispersions in a number of polar solvents, readily

undergo esterification, react with trimellitic anhydride (2)

and with alkylchlorosilanes, in particular, with hexadecyl-

trichlorosilane to give hydrophilic and hydrophobic

products, respectively (Scheme 4).62

Scheme 4

By addition of azomethine ylide, phenolic groups were

introduced into single-walled CNT.63 This promoted the

dispersibility of the tubes in water or acetone.

The in situ covalent addition of azomethine ylides with

pyrene groups to semiconductor tubes, which are then

selectively solubilized in the presence of lignoceric acid,

was used to separate single-walled CNT with semiconductor

and metallic types of conduction.64

An unusual usage of dipolar 1,3-cycloaddition involving

azide and acetylene groups to give 1,2,3-triazole rings (click-

chemistry reaction) was reported.65 First, 4-azidobutyl-

amide groups were attached to carboxylated single-walled

CNT (through the acyl chloride step), and then hexynethiol-

coated gold nanocrystals were attached to these groups.

This gave nanotubes densely decorated by gold nanopar-

ticles.

The introduction of indolizine fragments on the surface

of single-walled CNT annealed at 900 8C was accomplished

in two steps, the first one being 1,3-cycloaddition of

ylidopyridinium to give a pyrrolidine ring and the second

one being the cycloaddition of the same ylide to the product

of the first reaction.66 The process was carried out with

usual heating and under microwave radiation; in the latter

case, the reaction time was reduced from 5 days to 1 h.

Carbon natotubes with metallic conduction were found to

be more reactive than semiconducting ones; among the

latter, the nanotubes with longer diameters were found to

be more reactive, which contradicts the data of the earlier

publication.40 Indolizine derivatives are of interest for their

pharmacological, antioxidant, and fluorescence properties

used in sensor devices.

The functionalization of single-walled CNT by the

reaction with azomethine ylide based on N-BOC {-amino-

ethylglycine followed by transformation of these groups to

trifluoroacetate groups was studied.67 This modification

makes it possible to solubilize individual single-walled

CNT and study their behaviour in magnetic fields.

The lateral surface of multi-walled CNT behaves as a

dienophile. This fact was used for functionalization through

[4+2]-cycloaddition (the Diels ±Alder reaction) of a num-

ber of substituted benzocyclobutenes, which can thermally

isomerize to o-quinodimethanes.68

An important feature of the proposed method is that the

reaction is carried out either without a solvent or in a rather

concentrated solution (100 mg of multi-walled CNT in 5 ml

of tetradecane);{ the degree of functionalization can be

easily controlled by reaction temperature and time. In the

case of unsubstituted benzocyclobutene, up to 28 mass% of

the modifying agent can be added, while for 2-hydroxyethyl

derivative, this is 37 mass%, and for the 1-phenylethylene

(styryl) derivative, this is 54 mass%. Depending on the

nature of the substituents in benzocyclobutene, either halo-

gen or hydroxyl derivatives and styryl groups can be

attached to the multi-walled CNT surface. It was shown 69

that multi-walled CNT functionalized by benzocyclobutene

initiate living anionic polymerization of ethylene oxide and

e-caprolactone.

d. Reactions with arenediazonium salts

The effective functionalization of single-walled CNT is

attained by treating their aqueous dispersions obtained in

the presence of sodium dodecylbenzenesulfonate (SDBS)

with 4-chlorobenzene- and 4-nitrobenzenediazonium salts

to give 4-chlorophenyl- and 4-nitrophenyl groups, respec-

tively, covalently bonded to the CNT.70 Study of the Raman

spectra of single-walled CNT showed that this functionali-

zation changes the optical properties, chlorophenyl groups

inducing the shift of absorption bands to higher frequencies

and nitrophenyl groups inducing low-frequency shifts of the

bands. It was also found that the nitrophenyl functionaliza-

tion is more efficient for metallic-conductive tubes, while

the chlorophenyl modification is sensitive to the tube

diameter, and this can be used to fractionate single-walled

OH

OH

NMe

O

CO2H

O

O

2=

2

n-C16H33SiCl3

OCO

OCO

CO2H

CO2H

CO2H

CO2H

NMe

O

Si
O

C16H33-n

O

Si

HO C16H33-n

NMe

.

R1=R2=H, n=28 mass%; R1=Br, R2=H, n=35 mass%;

R1=H, R2=Br, n=30 mass%;

R1=H, R2=CH2CH2OH, n=47 mass%;

R1=H, R2=CH=PhCH, n=54 mass%.

R2

R1

n

R1

R2

in bulk or in tetradecane, 140 ± 225 8C

{Boc is tert-butyloxycarbonyl group used for amino group protection

(in particular, in the peptide synthesis); it is formed upon treatment of

amines with bis(tert-butyl) dicarbonate and removed by acid or alkaline

hydrolysis.

{Usually, functionalization of CNT is carried out at an order of

magnitude lower concentrations (up to 2 mg ml71).
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CNT according to these parameters. The addition of

4-chlorophenyl groups to single-walled CNT upon their

treatment with 4-chloroaniline and isopentyl nitrite in

o-dichlorobenzene with subsequent replacement of chlorine

by a thio group has been reported.71

In order to separate the single-walled nanotubes with

metallic and semiconductor types of conduction, they were

functionalized by treatment with p-hydroxybenzenediazo-

nium salt, which reacts at 45 8C mainly with metallic-

conductive tubes.72 These functionalized tubes acquire neg-

ative charge in the alkaline medium and thus they can be

separated from non-functionalized semiconductor type

tubes by electrophoresis.

The successive reaction of non-oxidized single-walled

CNT with arenediazonium salts (radical addition of arenes)

followed by microwave-assisted dipolar 1,3-cycloaddition

to azomethine ylides afforded readily solubilized CNT.73

Note that the number of active sites on the surface of single-

walled CNT capable of dipolar 1,3-cycloaddition is much

smaller than in the radical addition of arenes. When

performed under microwave radiation, these reactions pro-

ceed up to high degrees of conversion over periods of tens of

minutes instead of tens of hours needed in the case of

conventional heat treatment of the reaction mixture. By

changing the order in which the reactions are performed,

one can vary the contents of each type of functional groups

(Scheme 5).
Scheme 5

The authors' conclusion that the CNT surface has a

limited number of sites capable of reacting with chemicals

appears significant. This may imply either that the surface

of real CNT, unlike the CNT with ideal structure, contains

a certain fraction of defective sites possessing enhanced

reactivity (variant A), or that the reactivity decreases fol-

lowing increase in the degree of covalent functionalization

(variant B). Since the nature of defects and the defectiveness

of the CNT surface depend evidently on the method of their

preparation and isolation (purification), variant A would

imply a considerable dependence of the functionalization

behaviour of CNT on these factors (all other factors being

the same), while variant B means that this dependence is not

so pronounced. Unfortunately, we did dot find any pub-

lications presenting systematic research on this issue.

The reactions of initial and purified single-walled CNT

with 4-substituted benzenediazonium tetrafluoroborates in

aqueous dispersions obtained using surfactants of various

nature and at various pH values were studied by near-

infrared emission spectroscopy and Raman spectroscopy.74

The authors concluded that the rates of reactions are

different for metallic-conductive and semiconductive CNT,

and this can be used to separate them via selective reaction

routes. It was shown that a change in the diameter of single-

walled CNT from 0.7 ± 0.8 to 1.0 ± 1.1 nm reduces their

reactivity more than fivefold; this is also supported by the

results of earlier theoretical calculations.40 Higher reactivity

of single-walled CNT with smaller diameter was also

demonstrated in another study 75 upon introduction of

butyl groups. High selectivity of the reaction with respect

to metallic-conductive nanotubes and the possibility of easy

control of the degree of functionalization of single-walled

CNT (both those with metallic and semiconductor types of

conduction) were found for grafting of phenyl groups under

electrochemical decomposition of benzenediazonium.76

The functionalization of single-walled CNT by reactions

with diazonium salts based on p-aminobenzoic acid (N-Boc-

8-amino-3,6-dioxaoctylamide) has been studied.67

Water-soluble t-multi-walled CNT were prepared in the

reaction with the diazonium salt generated in situ that

contained a protected (Boc) amino group.77 After depro-

tection by acid hydrolysis, positively charged ammonium

ions are formed on the CNT surface and thus ensure the

water-solubility of the material.

Multi-walled CNT with COOH groups grafted using

diazotization (treatment with 4-aminobenzoic acid and

isopentyl nitrite in acetonitrile) can retain on their surface

highly dispersed nanoparticles of crystalline palladium. The

material thus formed shows much higher electrocatalytic

activity in the methanol oxidation in alkaline medium as

compared with the standard Pd catalyst, and has higher

stability under cyclic load; hence, in the authors' opinion, it

is fairly promising for fuel cell use.78

Ellison and Gasda 79 carried out diazotization-mediated

functionalization of single-walled CNT in situ using 1,4-dia-

minobenzene. According to IR and Raman spectroscopy

and absorption in the UV and visible region, 4-aminophenyl

groups capable of subsequent transformations were grafted

to the tubes in this reaction. In particular, the reaction with

succinimidyl 4-(N-maleidomethyl)cyclohexane-1-carboxylate

affords 4-(N-maleidomethyl)cyclohexane-1-carboxyanilide

groups.

e. Radical addition

Functionalization of CNT by addition of free radicals

in situ, like dipolar 1,3-cycloaddition, is an efficient method

for enhancing the reactivity of nanotubes.

The isobutyronitrile radicals resulting from thermal

decomposition of azobisisobutyronitrile (AIBN) add to

single-walled CNT up to a degree of functionalization of

1 : 23 (1 group per 23 carbon atoms).80 Effective function-

alization of these tubes by attaching free 4-methoxyphenyl

radicals obtained by oxidation of 4-methoxyphenylhydra-

zine hydrochloride has been considered.81
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Microwave irradiation sharply accelerates (from several

days to several minutes) modification of single-walled CNT

by thermally and oxidatively initiated addition of

4-methoxyphenylhydrazine hydrochloride-derived radi-

cals.82 It was shown that the degree of functionalization as

a function of the treatment time passes through a maxi-

mum.

Modification of CNT by photoinitiated addition of

hydrazine and 1,3,4-oxadiazole has been described.83 The

tubes functionalized in this way form dispersions in non-

polar organic solvents; they are stable for two months and

possess high thermal stability (up to 300 8C).
The photoreduction of benzophenone with diphenylme-

thanol in benzene gives rise to benzhydrol derivatives of

single-walled CNT containing one grafted benzhydrol

group per 52 carbon atoms.84 The reduction of benzophe-

none with metalic potassium occurring as single-electron

transfer gives the diphenylmethyl radical, which is directly

attached to the nanotube;85 in the case of two-electron

transfer, the addition of diphenylmethyl anion is described

by a more complicated mechanism; however, the final out-

come is the same. The degree of functionalization is 14% for

anionic reaction mechanism or 10% for radical mechanism.

f. Alkylation and acylation

The functionalization of single-walled CNT with solutions

of alkali metals in liquid ammonia or in THF with sub-

sequent treatment with alkyl halides (reductive alkylation

Ð the Billups reaction 86) has been reported.87

Performing this reaction in liquid ammonia is inconven-

ient because it requires low temperatures and removal of

ammonia and, furthermore, the process is difficult to scale.

Therefore, it is recommended to carry out such reactions in

alkylamines or diamines.88

A high degree of alkylation (arylation) of single-walled

CNT is attained upon the reaction with a solution of lithium

in ethylenediamine and subsequent treatment with

n-C16H33I, BunBr and PhI.89 This modification procedure

is quite applicable for introduction of various functional

groups or direct grafting of polymers or oligomers to nano-

tubes.

The kinetics of reductive alkylation of single-walled

CNT was found to be sensitive to the tube diameter (tubes

of smaller diameters are more reactive) and structure (tubes

with metallic conduction are alkylated much faster than

semiconductor tubes).90 However, the authors noted that in

the preparation of hydrogenated products by reactions of

single-walled CNT7Na complexes with proton donors

(water, alcohols), unlike the reactions with alkyl iodides,

no selectivity with respect to the diameter or the type of

conduction is observed and the degree of modification is

much lower than in the case of alkylation.

The functionalization of single-walled CNT by the

Bingel reaction, that is, the reaction with dialkyl iodomal-

onates in the presence of basic catalysts 91 is accelerated

*50-fold on exposure to microwave radiation as compared

with the conventional conditions. For degrees of function-

alization of 70 to 300 carbon atoms per functional group,

no significant change in the electronic characteristics of

single-walled CNT was noted, as opposed to most other

covalent functionalization methods. No difference in the

reactivity between metallic-conductive and semiconducting

CNT was noted in the Bingel reaction either.

Treatment of single-walled CNT with superacids [tri-

fluoroperoxyacetic, m-chloroperoxybenzoic and 2-bromo-

2-methylperoxypropionic (BMPP) acids] under sonication

leads to surface functionalization by acyl groups through

the ester bonds.92 In the case of BMPP, functionalized

single-walled CNT were used for the subsequent grafting

of PMMA to them by atom transfer radical polymerization.

The Friedel ± Crafts acylation of multi-walled CNT with

4-substituted benzoic acids in the presence of a PPA ± P2O5

mixture has been studied in detail. The degree of function-

alization increased upon increase in the reactivity of benzoic

acids, and the electronic structure of the tube is retained

almost completely.93 The aggregation of multi-walled CNT

to give bundles of 30 to 70 nm diameters is also retained.

Attempted acylation of crude single-walled CNT by

treatment with a PPA ± P2O5 mixture or PPA alone under

inert atmosphere at 130 ± 190 8C in the presence of 4-amino-

benzoic acid without sonication afforded the addition

product of 4-aminobenzoyl groups to nanotubes.94 This

original method of treatment was suitable for simultaneous

purification of single-walled CNT from metallic catalysts

and amorphous carbon under mild conditions without

oxidation and their modification giving covalent bonds.

g. Halogenation and amination

Historically, fluorination was the first method used to

functionalize the single-walled CNT surface to form cova-

lent bonds.95 Complete removal of fluorine atoms by treat-

ment with hydrazine restores the initial state of the tube.

Krestinin et al.96 found that under the optimal conditions

(temperature not higher than 190 8C, fluorine pressure of

0.8 bar and reaction time of 5 h), fluorine atoms can be

incorporated into single-walled CNT up to the ratio

C : F=0.43 virtually without destruction. At higher tem-

perature, noticeable carbon gasification (as CF4) takes place

together with pronounced destruction of the tube.

Apart from fluorine, other halogens can also add to

CNT. Modified Hunsdiecker iodination of carboxylated

single-walled CNT using elemental iodine and iodosoben-

zene diacetate was reported.97 The structure of iodinated

single-walled CNT was confirmed by various methods. A

substantial change in the electronic characteristics of modi-

fied tubes as compared with the initial tubes was noted but

no data on the dispersion behaviour and subsequent reac-

tivity was presented.

The fluorinated single-walled CNT can undergo new

chemical transformations. In particular, they are success-

fully functionalized by urea, thiourea and guanidine

(Scheme 6).98 This gives CNT containing amide or hetero-

amide groups and a considerable number (*20% to 70%)

of remaining fluorine atoms. All of the products form stable

dispersions in water and DMF, which opens up prospects

for their use in biomedical studies and in technology. New

types of functionalized CNT possess enhanced mechanical

and electrical characteristics and can be used as building

blocks in the copolymerization and polycondensation with

various polymers (epoxide, polyurea, urea ± formaldehyde

resins, polyamides, etc.), in the production of nanocompo-

sites with enhanced mechanical properties and for the

n Li, NH3 nRHal

7nLiHal

n7

nLi+

Rn
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design of new types of field-effect transistors and gas

sensors.
Scheme 6

By treatment of fluorinated single-walled CNT

(C : F& 2) with natural a-amino acids with both free and

protected (esterified) carboxy groups, nanotubes with cova-

lently linked amino acid fragments were obtained

(Scheme 7).99 The reactions were carried out in o-dichloro-

benzene in the presence of catalytic amounts of pyridine at

temperatures of 80 ± 150 8C. The degree of amino acid

functionalization depends on the reaction conditions and

the reagent nature and varies from 32 to 8 carbon atoms per

functional group. The COOH groups on the lateral walls of

such tubes can be used for the formation of covalent bonds

with polymeric matrices in the development of composites,

fibres and ceramics, for the production of implant materials

to be used in dentistry and orthopedics. The functional

groups and activated unsaturated C=C bonds on the CNT

surface are able to function as free radical acceptors; there-

fore, it was proposed 99 to employ such tubes as oxidants to

fight age-related diseases.
Scheme 7

Amino groups were introduced into multi-walled CNT

by one-pot } deprotonation ± carbometalation reactions fol-

lowed by electrophilic substitution reaction with (bromo-

ethyl)diethylamine.100 The aminated multi-walled CNT

meet the requirements imposed on heterogeneous catalysts

for biomass decomposition, unlike the catalysts used cur-

rently.

Among the methods of introduction of amino groups

into CNT, note the simple synthesis of single-walled CNT

`soluble' in organic solvents (especially in THF) with

covalently linked propylamine groups through nucleophilic

addition of lithium n-propylamide at CNT : amine molar

ratios of 1 : 1 to 1 : 50 and subsequent oxidation of the

(PrnNH)n7(single-walled CNT)n77nLi+ intermediates

with atmospheric oxygen.101 The reaction was carried out

in THF. According to thermogravimetric analysis, the

weight fraction of propylamine groups in the reaction

products reaches 30%. Aminated single-walled CNT form

stable dispersions in organic solvents.

h. Miscellaneous functionalization reactions

A highly efficient method was developed for functionaliza-

tion of single-walled and multi-walled CNT and fullerenes

to give zwitterionic intermediates involved in the subse-

quent addition reactions.102 The `capture' of the intermedi-

ates by nucleophiles allows one to mount functional groups

under mild conditions (60 8C, without addition of strong

acids or bases or high pressure). Aqueous dispersions of

multi-walled CNT obtained by this method, which are

stable over several months, were successfully used to pro-

duce CNT ± poly(ethylene oxide) (PEO) composites.

Swager and co-workers 103 performed the zwitterionic

functionalization of multi-walled CNT with cobalt por-

phyrin by SN2
-addition reaction. The functionalization

product mixed with Nafion } was used as a catalyst in the

electrocatalytic reduction of oxygen. This increased the

reaction rate compared to the use of non-modified cobalt

porphyrin. This new catalytic system is a potential substi-

tute of cathodic materials containing metals (in particular,

platinum) for proton-conducting fuel cells.

After functionalization of single-walled CNT by ruthe-

nium porphyrin and ferrocene, visible light absorption by

CNT7Si films increases. Electrodes with these films can be

used in molecular data storage devices.104

Carboxylated multi-walled CNT modified additionally

by semiconductor compounds, in particular, by nanostruc-

tured ionic zinc complexes Zn(NH3)
2�
4 linked through the

C7N bond possess strong luminescence.105

Wang et al.106 hydroxylated multi-walled CNT by the

method proposed earlier for single-walled CNT,107 i.e., by

mechanochemical treatment with solid KOH in a ball mill.

Aqueous dispersions of multi-walled CNT with OH groups

on the surface playing an important role in the non-linear

light-scattering proved much more efficient as ophthalmic

filters compared with C60 and C60(OH)n dispersions or non-

modified or carboxylated multi-walled CNT. The results

obtained by the authors allowed them to recommend

hydroxylated tubes for the use in optical protective devices.

Nanotubes containing up to 6.8 mass% of pyrylium

chromophoric groups were obtained by the reaction of the

imidazolium derivative of 2,4,6-triphenylpyrylium tetra-

fluoroborate with the single-walled CNT surface pretreated

by potassium tert-butoxide (Scheme 8).108 The individual

single-walled CNT functionalized in this way were studied

with atomic force microscopy and thermogravimetry, and

their solutions in D2O (2.6 mg ml71) were studied by a set of

optical and spectroscopic methods; fluorescence and near-

IR emission spectra were studied.
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}Performing a complex chemical process in one stage and in the same

reactor without isolation of intermediate products.

}Tetrafluoroethylene copolymer with perfluorinated vinyl ether of sul-

foethoxyoligopropylene oxide.

952 E R Badamshina, M P Gafurova, Ya I Estrin



After covalent addition of SO2OH groups (up to 20%)

to single-walled CNT on treatment with sulfuric acid at

300 8C, they became soluble in water, ethanol and DMF.109

In view of the high acidity of the surface functional groups,

new material was recommended as a solid acid catalyst. In

addition, sulfonated single-walled CNT have high conduc-

tivity and behave as superparamagnets.

For functionalization of CNT and metal oxide nano-

fibres, organotin and -silicon reagents, viz., hexadecyltrime-

thoxysilane, dibutyldimethoxytin and trioctyltin chloride,

proved to be effective.110 Nanomaterials, including multi-

walled CNT, treated with these compounds form stable

dispersions in CCl4 and in toluene.

It was noted above that functional groups can be either

directly linked to the CNT surface or attached through a

linker, as a rule, a hydrocarbon chain or an aromatic

structure. The former case is exemplified by functionaliza-

tion of single-walled CNT by the antitumour agent cisplatin

(cis-diaminodichloroplatinum).111 Presumably, modifica-

tion of this product could increase the efficiency and reduce

the toxicity of the drug.

In some cases, only the second option is suitable, for

example, for reversible binding of a protein to the surface of

individual single-walled CNT without the loss of activity

aimed at development of new photovoltaic biocomplexes

needed for biological investigations.56 Thus single-walled

CNT that have been carboxylated by the reaction with

4-carboxybenzenediazonium tetrafluoroborate and then

amidated with a tricarboxylic amino acid, Na ,Na-bis(car-

boxymethyl)-L-lysine hydrate, are capable, in the presence

of nickel chloride, to reversibly bind polyhistidine-tagged

reaction sites of the protein isolated from Rhodobacter

sphaeroides with retention of the protein activity

(Scheme 9). The single-walled CNT containing carboxy

groups directly linked to the surface cannot do this. An

immobilized enzyme was obtained in this way.

Successful modification is attained when a suspension of

single-walled CNT in liquid ammonia in the presence of

lithium amide reacts with bisdodecyl and diphenyl sulfides

or with dibenzyl disulfide.112 The authors believe that upon

electron transfer from lithium amide to single-walled CNT,

the tubes acquire rather high negative charge, and the

Coulomb repulsion results in their complete deaggregation.

The subsequent reaction with sulfides binds the hydro-

carbon substituents to CNT, while in the reaction with

dibenzyl disulfide, the benzyl groups are linked to the

CNT through a sulfur atom.

A new strategy of reversible chemical functionalization

of single-walled CNT using high-boiling amines (diethyle-

netriamine, triethylenetetramine, tetraethylenepentamine

and pentaethylenehexamine) was proposed.113 The reaction

was carried out in an autoclave at 500 8C in the presence of

finely dispersed cobalt as the catalyst. Using ab initio and

DFT calculations, the authors established the possibility of

chemical sorption of hydrogen on the single-walled CNT

surface, the character of bonds thus formed and their

predominant geometry at different degrees of hydrogena-

tion. The effect of hydrogen on the distance between the
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tubes and the energy of their interaction with one another

were estimated quantitatively. The van der Waals interac-

tion in the hydrogenated tubes considerably decreases; on

sonication, they form stable dispersions in methanol, etha-

nol, chloroform or benzene. After annealing at 800 8C, the
structure of these tubes is restored (the mass loss is *8%)

but the tube bundles become looser than the bunches of the

initial single-walled CNT.

2. Comments to Section II.1
Getting acquainted with the works on chemical transforma-

tions of CNT brings about questions, in some cases, that are

scarcely considered in the literature. The mechanism of the

most popular reaction, the oxidation to give carboxy groups

directly linked to the CNT lateral surface, appears obscure.

The point is where the carbon atom of this carboxy group

comes from. If this atom belonged originally to a defect-free

CNT site, the formation of the carboxy group requires

cleavage of two C7C bonds, the arising biradical can be

closed to give a five-membered ring, and a large `hole', i.e., a

ten-membered ring, is formed nearby. Such a defect in the

tube wall would induce a pronounced distortion of its

cylindrical shape. The reactivity of the CNT surface should

substantially increase at this site; in the presence of a strong

oxidant, this would inevitably lead to further spreading of

the defect at a higher rate compared to oxidation of the

intact surface area. (This might be the mechanism of

`unzipping' of multi-walled CNT to graphene ribbons

under the action of a mixture of sulfuric acid with potas-

sium permanganate at room temperature.114)

If the formation of carboxy groups during oxidation

occurs at the existing structural defects, no information is

presented concerning the nature of these defects except for

one publication,14 which assumes an incredible defect as a

free dangling carbon atom linked to only one lattice carbon

atom and a large `hole' as a 12-membered ring in the tube

wall.

Some types of defects resulting in surface distortion and

giving rise to kinks were studied theoretically.40 These

defects are observed extremely rarely in electron microscopy

images of both native and oxidized CNT. It cannot be ruled

out that the intermediate reactive species formed upon

oxidation of either amorphous carbon present as an impur-

ity in the CNT or defective CNT serve as one of the sources

of carbon atoms for the formation of carboxy groups. (The

final oxidation products, CO and CO2, were found upon

ozonolysis of CNT.52)

The conclusions drawn by Salzman et al.115 appear most

reasonable. As a result of thorough fractionation and study

of the oxidation products of single-walled CNT with con-

centrated nitric acid at 100 8C, it was found that amorphous

carbon species always present in CNT immediately after the

synthesis are the first to be oxidized. This gives carboxy-

lated carbon fragments capable of effective non-covalent

interaction with the CNT surface. These fragments can be

separated from virtually intact single-walled CNT, and

upon mixing of their dispersions, the structure of `carboxy-

lated single-walled CNT' is restored. Considering this, it

would be more reasonable to assign oxidation processes to

non-covalent modification of CNT and consider them in the

next Section.

Also, the chemistry of CNT acylation in the presence of

a PPA±P2O5 mixture remains unknown.93, 94 Usually, reac-

tions of this type refer to substitution reactions and proceed

along the following path:

RC(O)7X+ArH RC(O)7Ar+HX,

X is halogen, most often Cl, or OH group.

However, the CNT structure contains no hydrogen

atoms and substitution along this path is impossible. If

reactive cationic species [e.g., RC(O)+] able to add to CNT

are involved as intermediate species, then apart from the

ketone groups RC(O), the functionalized tubes should

contain an equivalent amount of other groups, most likely,

hydroxyls.

3. Non-covalent modification by surfactants
Apart from chemical modification, stable dispersions of

CNT can be obtained (i.e., CNT can be solubilized) using

the ability of many low-molecular compounds of efficient

sorption on the CNT surface through non-covalent inter-

actions. Lemek et al.116 measured the equilibrium constants

for the sorption of aromatic compounds including fused

ones (naphthalene, anthracene, phenanthrene, pyrene) and

substituted benzenes (nitrobenzene, di- and trinitrobenzene,

chlorobenzene, N,N-dimethylaniline) and also pyridine,

quinoline and isoquinoline on the multi-walled CNT sur-

face. The equilibrium constants were correlated with the

results of calculations of the interaction energies of the

above-listed compounds with single-walled CNT, although

the trend for linear dependence was vague. Electron-defi-

cient aromatic systems formed stronger complexes than

electron-enriched systems. As shown below, the ability to

sorb compounds containing particular groups (most often,

aromatic) is the feature utilized for non-covalent modifica-

tion of CNT not only by low-molecular compounds but also

by polymers.

Surfactants and sonication either before or during

the treatment are used most often to make CNT readily

dispersible in water and in polar solvents. Neutral

[Triton X-100 Ð octylphenol ethoxylate 4-n-C8H17C6H4.

.(OCH2CH2)nOH, n& 9.5],24, 117, 118 anionic (sodium

dodecyl sulfate,24, 119 ± 121 sodium dodecylbenzenesulfo-

nate 119) and cationic surfactants (cetyltrimethylammonium

bromide) 122, 123 are widely used for this purpose.

Recently, new amphiphilic surfactants 4 based on tri-

phenylene were proposed for solubilization of single-walled

CNT 124, 125

C
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n=6 [C(6)], 8 [(C(8)], 10 [C(10)].
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This structure was chosen in view of the fact that owing

to its aromatic nature and geometric parameters, it is

capable of strong p7p-interaction with the nanotube sur-

face. Single-walled CNT are effectively dispersed in D2O

with C(10) sodium salt. It was noted that equally efficient

destruction of the aggregates of such tubes under the action

of the last-mentioned surfactant and SDBS is attained

through portionwise addition of reagents in combination

with long-term moderate-intensity sonication of the aque-

ous dispersion. The authors believe that under these con-

ditions, a dispersion of individual tubes is formed because

rather intense photoluminescence of solutions is observed

even without centrifugation used to precipitate CNT aggre-

gates. However, the dispersions obtained in the presence of

C(10), unlike those obtained with SDBS, remain stable

upon the addition of methanol up to its content of 70%

and are stable against concentrating and freeze-drying.

Photoluminescence measurements also showed that C(10)

and C(8) solubilize mainly CNT of larger diameter than

C(6). In the authors' opinion, new surfactants are retained

more firmly on the CNT surface due to simultaneous

p7p-interaction and hydrophobic interaction of the ali-

phatic chains.

The capacity of conjugated fused polycyclic structures

for strong interaction with the CNT surface was used in a

study by Ju et al.126 Tight encapsulation of single-walled

CNT into the shell of 7,8-dimethyl-10-dodecylisoalloxazine

[5, flavine F(12)]

not only promotes dispersion of nanotubes in toluene but

also displaces the sorbed oxygen from the surface. This can

be used to markedly improve the optoelectronic character-

istics of single-walled CNT.

Hydroxylated multi-walled CNT adsorb biogenic aro-

matic amines from aqueous solutions due to electrostatic

interaction and the interaction of the p-systems of CNT and

amines.127 This feature of nanotubes can be used for

increasing the sensitivity of electrochemical sensors.

The behaviour of CNT in liquid media is determined by

the surfactant nature and concentration, the ionic strength

of the solution and morphology of the tube.

The dependences of the photoemission efficiency of

aqueous `solutions' of single-walled CNT on the type and

concentrations of dispersion agents and on the nanotube

concentration (cCNT) were analyzed in the publication.128

The following surfactants were employed: dodecyl sulfate,

SDBS and sodium cholate, and also some oligomers.

The effects of ionic strength of the solution and tube

morphology have barely received attention until recently.

The geometric parameter distribution of CNT in the dis-

persion and in the precipitate was not studied either. Only

Anoshkin et al.,118 who studied for the first time Triton

X-100-stabilized aqueous dispersions of multi-walled CNT,

demonstrated convincingly that the length and diameter

distributions of the tubes that passed to the dispersion differ

noticeably from these distributions of the tubes that

remained in the precipitate. For the CNT present in dis-

persions, a functional relationship was found between the

diameter and the aspect ratio. An electron microscopic

examination of the `soluble' product showed that each

multi-walled CNT is enclosed into a rather thick micellar

shell. On the basis of their results, the authors concluded

that all the solubility values for CNT reported in the

literature refer only to a particular set of tubes and have

no clear meaning without length and diameter distributions

of the tubes being indicated, and for multi-walled tubes, the

distribution among the layer numbers is also required.

A pronounced dependence of the properties of disper-

sions of single-walled CNT on the external conditions, in

particular, on the medium composition and pH, was also

noted;119 however, the authors were able to stabilize char-

acteristics of the dispersions (namely, luminescence param-

eters) over a broad ranges of pH values using a combination

of two surfactants: SDBS and polyvinylpyrrolidone (PVP).

The dispersing effect of surfactants and, especially, the

stability of the resulting dispersion are determined by the

surfactant nature, in particular, the adsorbability on the

CNT surface.129 The higher this ability, the more stable the

dispersion even at very low surfactant concentrations. The

influence of a number of factors on the CNT ± adsorbate

interaction, in particular, the nature of the adsorbate and

the functional groups in its molecules and on the single-

walled CNT surface was investigated in comparison with

the interaction of the same compounds with graphite sur-

face.130 The sorption ability of 1,3-dichlorobenzene,

2,4-dichlorophenol and naphthalene (per unit surface)

depend slightly on the type of sorbent, whereas sorption of

2-naphthol and, especially, 1-naphthylamine sharply

increases on passing from graphite to single-walled CNT.

In addition, 1-naphthylamine is much better sorbed on the

surface of oxidized than non-oxidized tubes.

The electronic structure of CNT can be considerably

rearranged under the action of surfactants or solvents,

which is observed, in particular, in the presence of effective

dispersion agents such as sodium dodecyl sulfate.131 The

rearrangement is caused by groups present in the dispersion

agent or solvent molecules that give rise to permanent (or

induced) dipole moment, which promotes charge transfer

between the adsorbate and the CNT changing the electronic

structure of the tubes. This issue has received little attention

so far. Yoon et al.132 were the first to perform experimental

and theoretical (ab initio methods in the DFT ±LDA

approximation) studies of the adsorption behaviour of

dispersion agents, partial charge transfer and the electronic

properties of the tubes in the single-walled CNT ± chlorine

oxoanion system with chlorine atoms in various oxidation

states. The authors attempted to rearrange the electronic

structure of the CNT by means of the adsorbate. The results

indicate that such rearrangement is possible. It was shown

that single-walled CNT with metallic conduction dispersed

in N-methylpyrrolidone (NMP) are oxidized with sodium

perchlorate even when it is present in low concentrations,

whereas semiconductor tubes are markedly oxidized only by

high concentrations of the salt, minor physical sorption of

the salt being also observed. The sorption of salts contain-

ing a chlorine atom in low oxidation state (in particular,

sodium hypochlorite) occurs, conversely, as chemisorption,

the tube being doped by electrons. The rearrangement of the

electronic structure of the tubes affects their conductivity

and is manifested as intensity changes and shifts of Raman

bands.

Also, the possibility of rearranging the electronic system

of single-walled CNT in the desired direction by selecting

the core of the solvent molecule and electron-withdrawing

or electron-donating groups in it (aromatic compounds:

N

N N

NH
NMe

Me O

O

C12H25-n5
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aniline, benzene, nitrobenzene, or aliphatic compounds:

butylamine, hexane, nitromethane, etc.) was demonstrated

experimentally for the first time.133 Since with the use of

dispersing agents, the effect of the solvent nature is often

debated, the solvent effect was determined in the absence of

surfactants. Aromatic solvents have much greater influence

on the electronic structure of the tube than aliphatic

solvents. Electron-withdrawing groups readily withdraw

electrons of the metallic-conducting tubes and only slightly

withdraw them from the semiconductor single-walled CNT.

The change in the electronic structure of the tube under the

action of surfactants may result (and actually results) in a

considerable increase in the tube conductivity. This

approach markedly increases the efficiency of adsorbates

by selecting an appropriate solvent.

Due to the exceptional sensitivity of the conductivity to

the operation conditions of CNT, the dependences of the

conductivity on the temperature, UV irradiation or treat-

ment with oxygen have been studied.134 Research into the

transporting properties of CNT is not only due to the hope

for future applications; even today single-walled CNT

operate better than the traditional IR-transparent conduct-

ing materials.135

For successful use of electronic properties of CNT, tubes

of some particular type of conduction are needed; however,

most of synthetic procedures afford mixtures of CNT with

different types of conduction. One method of separating

tubes according to their type of conduction is dispersing

them by a chloroform solution of tetramethylenesulfone

and nitronium tetrafluoroborate. The latter reagent disso-

ciates to BFÿ4 and NO�2 ions. In a study of adsorption of the

resulting anions and cations on the surface of CNT of both

conduction types, Cabria et al.136 elucidated some subtle

details of the adsorption mechanism of separation and

interpreted the experimental results obtained previously.

Selective interaction of single-walled CNT suspended in

NMP with covalently modified silica surface was also used

for separation.137 Semiconductor tubes are sorbed on the

surface with amino groups, while metallic-conducting tubes

are sorbed on the surface with phenyl groups.

In some publications, it was stated that effective dis-

persion of single-walled CNT is possible without using

surfactants: a `solution' of individual tubes (cCNT of up to

30 mg ml71) was obtained only by sonication of a suspen-

sion in NMP.137

Solubilization of CNT without the use of traditional

surfactants has been reported.138 It was shown that in the

presence of dibenzo-18-crown-6 and under the action of Na

amalgam, single-walled CNT form complexes [Na(dibenzo-

18-crown-6)]n ±CNT, which are readily soluble in CH2Cl2
and DMF and noticeably soluble in hexane, toluene and

alcohols.

As an alternative to organic dispersing agents, mixtures

of multi-walled CNT with layered silicates have been

proposed.139 These mixtures obtained by grinding the

components have a micellar structure and are readily

soluble in water, DMF and ethanol. The researchers postu-

lated and indirectly confirmed the possible mechanism of

improvement of the dispersibility in the presence of silicates.

The considered mixtures (cCNT=0.5 mass% ± 2.0 mass%)

inhibit the combustion of polymeric films made of poly-

styrene (PS), PMMA and PS ± PMMA composite more

efficiently than traditional fire retardant additives without

impairing the mechanical properties of polymers.140

The distribution pattern of the surfactant molecules on

the CNT surface is not entirely clear until now. Using the

sodium dodecyl sulfate ± single-walled CNT system as an

example, small-angle neutron scattering data were

obtained 141 that refute the views on the formation of

cylindrical surfactant micelles with CNT being located

along their axis. The formation of hemispherical micelles is

also unlikely. In the authors' opinion, a random distribu-

tion of surfactant molecules on the tube surface is most

probable.

In the case of non-covalent interactions, the nature of

bonds between CNT and low-molecular agents, including

surfactants, is not always clear. Therefore, any study that

would clarify this issue is of interest. Leon et al.142 theoret-

ically studied binding of various amino acids, their salts and

amides to single-walled CNT . Considering the calculations

(ab initio, BLYP/DND±DFT) of electron densities, bond

lengths and bond angles in the structures formed, the

authors concluded that the components experience long-

range dispersion interaction. It was shown that arginine,

cysteine, alanine and asparagine form the most stable

complexes with `chair-like' single-walled CNT. However,

the interaction energy with `zigzag-like' tubes is rather low.

Calculations of this type are useful for the understanding of

the mechanism of formation of clusters of CNT and protein

molecules.

It follows from the publications considered above that

modification of CNT by surfactants not only destroys the

aggregates and imparts `solubility' but also changes the

electronic structure and, hence, electroconductive, optical

and luminescence properties of the tubes, thus extending the

scope of their applicability. In addition, using surfactants, it

is possible to separate CNT according to the type of

conduction.

Nevertheless, when choosing the modification techni-

que, one should bear in mind that each method has its

advantages and drawbacks. Thus in many cases, surfactants

efficiently mitigate the intertube interaction but cannot get

into bundles. A possible alternative is chemical functional-

ization. However, some researchers think that functionali-

zation methods such as treatment with strong acids (or

arenediazonium salts) are too drastic. Strong oxidants not

only destroy the end caps but also shorten the tubes, thus

decreasing the aspect ratio. The more drastic the modifica-

tion method, the greater the changes, more precisely viola-

tions, of the electronic structure of CNT up to destruction

of the chain of conjugation.

Meanwhile, surfactant-induced dispersion of CNT

results in some of their properties becoming rather sensitive

to characteristics of the dispersion medium, and this may

restrict the scope of applicability of such dispersions. In

particular, this refers to photoluminescence of semiconduc-

tor single-walled CNT, which depends on the surfactant

concentration, pH and contents of salts in buffer solu-

tions.119 Sonication can also result in CNT shortening and

destruction, moreover, undesirable reactions between the

tubes and the medium are possible.143

Selection of the CNT solubilization method depends on

what properties are to be imparted or improved in each

particular case. Thus treatment with surfactants is inadmis-

sible when CNT-containing materials are used to produce

optoelectronic devices by conventional technology. Urbina

et al.144 refused the use of surfactants and preferred ester-

ification of single-walled CNT carboxylated at the ends by

successive reactions with thionyl chloride and n-pentyl

alcohol. This allowed them to obtain stable dispersions in

toluene with tube concentrations of up to 3.6 mg ml71.

Interesting results were obtained upon comparison of the
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dispersibilities and conductivities of multi-walled CNT in a

silicone elastomer after treatment of the tubes with surfac-

tants (hexadecyltrimethylammonium bromide) and after

chemical grafting of g-aminopropyltriethoxysilane

(APTES).122 Both treatment procedures produce stable

dispersions but the CNT ± surfactant and CNT7APTES

pairs exhibit different transport properties and unequal

sensitivities of the conductivity to temperature and pressure.

By combining these two dispersions in different ratios, it is

possible to control the electric properties of the composite.

Highly luminescent suspensions of individual single-

walled CNT stable at pH from 1 to 11 and in buffers with

high salt concentrations were prepared by combining CNT

pre-suspended by traditional surfactants with polyvinylpyr-

olidone, which can be obtained by in situ polymerization of

the monomeric vinylpyrrolidone on the surface of single-

walled CNT7surfactant micelles.119

An original, according to researchers' opinion, method

of using surfactants for the preparation of homogeneous

stable suspensions of individual single-walled CNT in polar

solvents was proposed.145 The process consists of three

stages: (i) dispersing of CNT in water containing cetyltri-

methylammonium 4-vinylbenzoate (cationic surfactant)

with a polymerizable counter-ion; (ii) fixing a surfactant

monolayer on the CNT surface by in situ free-radical

polymerization of the counter-ions without covalent bond-

ing between the surfactant and the tube surface; (iii) freeze-

drying of the dispersion to give a treated single-walled CNT

powder. After completion of the second stage, the tubes are

readily dispersed in water and lower alcohols (up to n-butyl

alcohol); the powder obtained after the third stage is also

readily dispersed in the same solvents without formation of

aggregates and networks. However, note that this procedure

resembles the procedure for the preparation of single-walled

CNT ± polyvinylpyrrolidone composition published previ-

ously,119 which was not accompanied by covalent binding of

the modifying agent either.

III. Modification of carbon nanotubes by
polymers. First-group polymeric nanocomposites

As noted in the Introduction, modification of CNT by

polymers is the way for preparing first-group nanocompo-

sites in which nanotubes are the major component and the

polymer serves as the modifying agent affecting their

characteristics. These nanocomposites can be formed both

through covalent and non-covalent bonding of macromole-

cules to the CNT; they are meant for the use in medicine,

biology, instrument making, chemical engineering, and for

the manufacture of second-group composites.

1. Functionalization by polymers
Covalent binding of CNT to macromolecules is often

performed using nanotubes functionalized by low-molecu-

lar compounds.

a. Water-soluble polyesters

The poly(ethylene glycol) (PEG) macromolecules with dif-

ferent molecular masses were 146 attached by covalent bonds

to multi-walled CNT having OH groups on the surface

(toluylene diisocyanate as the coupling agent). Nanocom-

posites were employed to prepare inclusion complexes with

a-cyclodextrin, which are of interest for biomedical appli-

cations.

The addition of amines to CNT described above was

used for functionalization of single-walled CNT by PEG

oligomers with terminal amino groups.41 It was found that

the kinetics of this reaction is sensitive to the tube diameter.

This allowed fractionation of tubes according to their

diameters by repeated treatment of the initial mixture with

oligomers with separation of the soluble and insoluble

components in each stage. The nature of single-walled

CNT (metallic or semiconductor type conduction) does

not affect the fractionation.

It was shown147 that water-soluble single-walled CNT

with grafted PEG can bind compounds containing p-con-
jugated aromatic structures, in particular the antitumour

drug doxorubicine, and fluorescein. The amount of the

bound reagent can be controlled by varying pH. However,

the strength of p-complexes depends on the tube diameter,

which allows one to control the reagent release rate by

selecting the appropriate fraction of the tubes. This can also

be used for so-called fractionation by functionalization.

A simple method of covalent modification comprising

esterification of carboxylated multi-walled CNT by the

reaction with PEG in the presence of dicyclohexylcarbodi-

imide has been proposed.148 The tubes obtained in this way

were used as the base for highly sensitive selective gas

sensors.

Among the studies on modification of multi-walled

CNT containing carboxyl or acyl chloride groups by func-

tional polymers or oligomers, noteworthy is their treatment

with poly(ethylene oxide) (PEO) with one terminal amino

group.149 The composites thus formed contain up to 40%

PEO and are readily dispersible in polar solvents, in

particular, in water, methanol and DMF, their character-

istics depending only slightly on the molecular mass of PEO

(from 1000 to 2000) and on the nature of the initial

functional groups [C(O)OH or C(O)Cl].

Yu et al.150 grafted various heterochain aliphatic poly-

mers with terminal hydroxyl groups containing carbonate

groups in the backbone to chloroacylated multi-walled

CNT. Of the four different polycarbonates, only one

copolymer, poly(propylene oxide)(carbon dioxide)(e-capro-
lactone) proved to be suitable for the preparation of a

water-soluble composite with multi-walled CNT. It is

planned to investigate the resulting nanocomposites as

regards their possible use for the development of water-

soluble pharmaceuticals.

b. Biopolymers

As a sorbent for affinity chromatography of proteins, in

particular, for purification of immunoglobulin G, multi-

walled CNT functionalized in the following way were

proposed. After purification, the tubes were treated with

APTES and then the amino groups were amidated with

succinic anhydride, being converted to carboxyl groups to

which protein A capable of reversible binding of antibodies

was attached either directly or through additional lin-

kers.151

Direct covalent bonding of the enzyme to the multi-

walled CNT surface has been considered 152 in relation to

the self-catalyzed esterification of the carboxylated tubes by

lipase. The resulting biocomposite is readily soluble in

common organic solvents (tetrahydrofuran, dimethylforma-

mide, chloroform); it may be useful in biocatalysis and for

the design of biosensors.

A composite based on multi-walled CNT bearing a

covalently attached bis(diphosphine)nickel-containing

active site that models the hydrogenase active site has been

reported.153 This composite exhibited high catalytic activity

being used as the cathodic material in proton-exchange
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membranes both in the reduction of hydrogen ions in dilute

sulfuric acid and in hydrogen oxidation, ensuring current

densities similar to those observed for materials based on

hydrogenase.

c. Dendrimers

The reaction of amino-group-containing single-walled and

multi-walled CNT with second-generation dendrimers

based on carboxyl-containing cyanodiphenyl gave covalent

CNT ± dendrimer nanocomposites capable of further mod-

ification through transformations of numerous terminal

nitrile groups (Scheme 10).154 Amino groups on the nano-

tube surface were formed by 1,3-dipolar cycloaddition of

azomethine ylides obtained in situ by condensation of

a-amino acid containing a protected amino group with

formaldehyde and subsequent deprotection. The authors

state that this way of modification disturbs the electronic

system of CNT to the least extent. The degree of dendrimer

grafting on the multi-walled CNT was much higher than on

single-walled CNT.

Modification of carboxylated CNT by grafting a poly-

amidoamine dendrimer increases the solubility of CNT,

especially in water, due to numerous terminal amino

groups.155 The tubes modified in this way were used for

the design of highly sensitive two-enzyme biosensors for

detecting microconcentrations of glucose.

The synthesis and properties of multi-walled CNT ± po-

lycationic dendrimer nanohybrids suitable for complexing

with pharmaceutical agents were described.156 These com-

plexes can serve for drug delivery to the cells.

d. Miscellaneous polymers

Effective modification of carboxylated multi-walled CNT is

attained by their amidation with hexamethylenediamine

followed by the reaction with sulfonated poly(ether-ether-

ketone).157 It was shown by spectroscopy and transmission

electron microscopy that after treatment, multi-walled CNT

are coated by a polymer layer linked by covalent bonds.

To prepare multi-walled CNT networks suitable for the

use in electronic circuits, the carboxy groups of oxidized

tubes were converted to acyl chloride groups and then

treated with polyamines obtained by the reaction of 1,2-di-

aminopropane with alternating polyketones.158 Up to 40%

of polyamine can be grafted onto multi-walled CNT in this

way. Being cross-linked, the products are poorly soluble in

water and organic solvents, unlike the products of treatment

with low-molecular diamines.

Effective Pt-based catalysts supported on the surface of

multi-walled CNT functionalized by thermally initiated free

radical polymerization of 3-ethyl-1-vinylimidazolium tetra-

fluoroborate were recommended for electrocatalytic oxida-

tion of methanol.159 The ionic polymer introduces a large

number of positively charged evenly distributed functional

groups on the tube surface. They prevent CNT from

aggregation, promote the formation of their stable disper-

sions in water and homogeneous distribution, stabilization

and binding of platinum nanoparticles to the tubes.
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Carbon nanotubes can be not only the objects of

modification by polymers or oligomers; they can also

function as the active component of the reaction mixture.

For example, Liu and co-workers 160 demonstrated that

single-walled and multi-walled CNT can serve as templates

for regioselective oxidative polymerization of phenol in

water in the presence of peroxidase. This affords oligomers

with Mn& 2000 and polydispersity index of 1.3 ± 1.6 con-

taining *90% of thermally stable poly(phenylene) struc-

tures (POP). The oligomer yield increases upon increase in

the CNT concentration and enhancement of their ability to

be solvated by phenol, in particular, on passing from non-

functionalized multi-walled CNT to hydroxylated or car-

boxylated tubes. In addition, the yield of oligomers is higher

for single-walled CNT than for multi-walled ones. In the

same publication, hydroxyphenyl derivatives were obtained

by the reaction of carboxylated multi-walled CNT with

hydroquinone; the resulting tubes participated in the oxida-

tive polymerization of phenol to give tubes with grafted

oligophenol chains. It was found that nanotubes markedly

affect the thermal stability of POP: the most intense

destruction of POP-linked tubes during thermogravimetric

analysis took place at *640 8C, while in the case of free

POP this occurs at 594 8C.
Apart from experimental studies, the covalent bonding

of polymers to CNT was simulated theoretically. In partic-

ular, the interaction of three-walled CNT with a `vinyl ester

epoxy polymer' was investigated by molecular mechanics

techniques. The mechanical properties of the composite

were calculated, and it was found that covalent bonding of

the polymer induces substantial redistribution of the load

applied to the matrix, especially if the load is applied in the

direction normal to the tube axis.161

It was shown by molecular dynamic simulation that an

increase in the number of chemical bonds between the

vertical positioned nanotubes and the silicon substrate as

well as a decrease in the chain lengths of functional groups

entail an increase in the interfacial adhesion and an increase

in the interfacial heat conductivity.162 Using the same

method, Byrne et al.163 found that multi-walled CNT are

preferred over single-walled CNT for nanocomposite rein-

forcement because their properties are less sensitive to the

size of wall defects and for the same defect sizes, they have

higher strength.

2. Non-covalent modification
a. Water-soluble polymers

Aqueous suspensions of isolated semiconducting single-

walled CNT obtained by dispersion in the presence of

SDBS were stabilized by adding either PVP or the polymer

obtained by polymerization of vinylpyrrolidone on

CNT ± surfactant micelles without formation of poly-

mer7CNT covalent bonds.119 The individual character of

single-walled CNT in their stable dispersions, which show

high-intensity luminescence over a broad pH range, was

established using luminescence spectra, atomic force micro-

scopy and transmission electron microscopy.

Dispersions in alcohols of isolated single-walled CNT

coated by a polymeric shell without formation of covalent

bonds were prepared 145 from dispersions of CNT in water

in the presence of cetyltrimethylammonium 4-vinylbenzoate

followed by free-radical polymerization. The solubility was

due to hydrogen bonds between the solvent and the poly-

meric monolayer on the nanotube surface. The absence of

covalent bonds between the polymer and the CNT surface is

supported by invariability of the near-IR absorption spectra.

A water-soluble PEG oligomer (molecular mass *2000)

was used to impart hydrophilicity to single-walled CNT as a

result of non-covalent bonding.164 First, terminal hydroxyl

groups of the oligomer were replaced by amino groups in

several steps. One amino group was used to attach pyrene-

carbaldehyde. The resulting a-amino-o-pyreno-oligoethy-
lene oxide efficiently solubilizes single-walled CNT by

interaction of p-electron systems of the pyrene group and

the tube. The energy of this interaction was estimated

(9.7 kcal mol71). However, the equilibrium constant calcu-

lated on the basis of this value (16107 litre mol71) is

obviously overestimated, as the entropy constituent of the

free energy was neglected. The terminal amino groups of the

oligomer sorbed on single-walled CNT were used for

covalent bonding to the modified protein envelope of the

tobacco mosaic virus; this gave CNT ± biopolymer hybrids

capable of forming self-assembling structures arranged in

parallel. The light-harvesting capsids of the virus attached

to single-walled CNT are meant for the use as bridging

electrodes in the hybrid photovoltaic materials.

The multi-walled CNT treated, after oxidative carbox-

ylation, with a water-soluble polymer, poly(2-ethyl-

oxazoline), in ethanol solution and then sonicated are

distinguished by good dispersibility in water, ethanol and

DMF.165 The composite contains up to 15% of the poly-

mer. According to a transmission electron microscopy

examination, the diameter of the tubes after enveloping by

the polymer increases by 10 nm.

Pluronic type block terpolymers, PEO ± poly(propylene

oxide) (PPO) ± PEO, having a lower critical temperature of

water solubility show a peculiar behaviour in the presence

of CNT.166 Hydrophobic PPO blocks of the terpolymer can

be selectively sorbed on the CNT surface. The self-associa-

tion of block terpolymers that takes place when the solution

temperature is raised above the lower critical temperature

results, in the presence of single-walled CNT of diameter

*1 nm, in enveloping of individual nanotubes by a polymer

coat giving rise to micelle-like structures. Meanwhile, multi-

walled CNT of diameter *20 nm are unable to form hybrid

structures of this type (as found by differential scanning

calorimetry).

Polymer molecules adsorbed on the tube surface can

function as bridges between CNT and inorganic materials.

Thus PVP and PS ± PVP block copolymers connect single-

walled CNT (or C60 fullerene) to SiO2 and TiO2 to give

ternary organic-inorganic hybrid nanocomposites obtained

in situ by sol ± gel polycondensation of tetraethoxysilane

and tetraethoxytitanium, respectively.167 These composites

are of interest as solid catalysts.

b. Conductive polymers

Polythiophenes are very good dispersion agents for single-

walled CNT. In particular, polythiophene containing hexa-

fluoro(hydroxy)isopropyl substituents in position 3 of the

thiophene ring (HFIP-PT) was used to create the HFIP-

PT ±CNT hybrid system. The conductivity of the films

formed from this system sharply decreases in the presence

of dimethyl methylphosphonate (DMMP) vapour, which

simulated the chemical war gas sarin, and is little sensitive

to the presence of vapours of `usual' organic compounds.168

This system was proposed for the design of highly sensitive,

inexpensive selective chemiresistive sensors for the detection

of some chemical warfare agents.

The morphology, electrochemistry and electrochromism

of thin films of the multi-walled CNT ± polythiophene nano-

composites where the polymer was obtained in situ by
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oxidative electropolymerization of 3,4-ethylenedioxythio-

phene were studied.169 Due to the strong electrostatic

interaction of the porous film framework and the CNT,

the polymer macromolecules coat the tubes. In the filled

films, the rate of electropolymerization increases and higher

electrical conductivity, higher rate constants for redox

reactions and enhanced optical properties are observed.

Poly(3-octylthiophene) effectively solubilizes single-

walled CNT carboxylated at the ends.170 The tubes modi-

fied in this way are selectively sorbed on the In ± Sn oxide

surface under conditions of electrophoresis to give struc-

tured films having high field emission characteristics.

For the development of effective and readily available

photovoltaic devices, a composite was proposed based on

poly(3-hexylthiophene) (PHT) and a complex of carboxy-

lated and sulfonated single-walled CNT with C60 fulle-

rene.171 Fullerene proved to be an efficient reagent that

forms a layer adsorbed on the tube surface upon microwave

irradiation of a CNT suspension. The formed single-walled

CNT7C607PHT composite has a higher conductivity than

the C607PHT composite.

The ability to disperse single-walled CNT in water much

exceeding this feature of standard surfactants was shown by

amphiphilic oligothiophene-terminated PEG.172

The interaction of the p-electron systems of conductive

oligomers, oligovinylenephenylenes (6, OVP)

with CNT gives rise to OVP ±CNT composites solubilized

in toluene.173 A solution of OVP in toluene (*10 mg ml71)

forms thixotropic mechanically unstable gels at temper-

atures below 55 8C; as the concentration decreases by an

order of magnitude, the critical gelation temperature

decreases by 10 8C. The introduction of single-walled or

multi-walled CNT into a solution of OVP in toluene

facilitates the self-association of the oligomer, which is

manifested as an increase in the critical gelation temper-

ature. Stable hybrid gels appear as a result of formation of a

common p-electronic system of individually dispersed CNT,

OVP and solvent. The formation of composites was con-

firmed by spectroscopy. The tubes homogeneously distrib-

uted in the gel promote the formation of supramolecular

`ribbons' of OVP and CNT. High aspect ratio and electronic

properties of CNT are retained. The stable oligomeric gel is

supposed to be used in optoelectronic systems.

The same expedient Ð the use of strong p-electron
interaction between CNT and OVP containing hydrocarbon

tails C8 , C12 and C16 Ð was utilized to produce a super-

hydrophobic self-cleaning composite coating. The compo-

site is readily dispersed in organic solvents and can serve to

impart hydrophobicity (the wetting angle reaches

162 ± 1648) to glass, metal and mica surfaces.174

One of the most interesting electroactive conjugated

polymers is poly(9,9-dialkylfluorene) (7, PF), which has

good transport properties, solubility, stability, intense blue

fluorescence and simple preparation.

It is used as a component in thin-film transistors, light

emitting diodes, photovoltaic devices. Poly(9,9-dioctylfluor-

ene-co-3-dodecylthiophene (8, FTC) containing electron-

excessive thiophene and relatively electron-deficient fluo-

rene units in the backbone is also of interest for its

conductivity.

Both PF and FTC have rather efficient systems of

conjugation needed for strong supramolecular bonding to

the CNT surface.175 The resulting discrete complexes of

single-walled CNT with these polymers have excellent

solubility in organic solvents in the presence of excess free

polymer (cCNT=0.5 mg ml71 at a polymer concentration

of 1.5 mg ml71); after removal of excess polymer, the

solutions are stable for a month. Presumably, macromole-

cules destroy the CNT aggregates to individual tubes and

uniformly coat their surface. Thin films cast from these

solutions have high conductivity, which is indicative of

rather strong interaction between single-walled CNT and

the polymer. They were recommended for the use in

electronic recording devices.

A series of new block copolymers including poly[4-(9,9-

dihexylfluoren-2-yl)styrene-block-poly(2-vinylpyridine)] and

poly[4-bi(9,9-dihexylfluoren-2-yl)styrene-block-poly(2-vin-

ylpyridine)] with variable molecular mass and fluorene

chain length were proposed as dispersing agents for car-

boxylated single-walled CNT. Their morphology and self-

assembly ability were studied.176

Hydroxylated (`anionic') single-walled CNT are sorbed

from an aqueous dispersion on the poly(ethylene tereph-

thalate) surface bearing the cationic polymer, poly(2-acryl-

oyloxyethyltrimethylammonium chloride), pre-grafted by

photopolymerization.177 As a result of anion ± cation inter-

action, single-walled CNT, being arranged parallel to the

surface, form a thin transparent film, and the surface

conductivity increases by almost two orders of magnitude.

Non-covalent nature of bonding of single-walled CNT with

the polymer surface was demonstrated by transmission

electron microscopy, atomic-force microscopy and Raman

spectroscopy.

A CNT network formed upon electrophoresis with

adsorbed polypyrrole was recommended as a detector for

a micro-gas chromatograph based on a microelectrome-

chanical system.178 The detector sensitivity proved to be

sufficient for detecting 150 ppm of DMMP.

c. Polyelectrolytes

Nanohybrids readily `soluble' in water (316 mg litre71) and

miscible with other materials 179 were prepared by mere

mixing of multi-walled CNT with polyelectrolytes, which
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envelope CNT as a result of p7p interaction. Polyelectro-

lytes were obtained by treatment of neutral polymers of

highly polar phenylacetylene derivatives (ethynylaniline,

ethynylbenzoic acid, etc.) with acid or base. These compo-

sites can be used as `platforms' in the manufacture of multi-

walled films for immobilization of biomolecules on CNT

and preparation of nanotubes decorated by various nano-

particles, in particular metals and metal oxides.

Multi-walled CNT coated by a polyelectrolyte, poly(di-

allyldimethylammonium chloride) (PDDA), are effectively

dispersed in aqueous solutions of salts (owing to Coulombic

repulsion of the ammonium cations located on the surface);

such dispersions can be used for the formation of platinum

nanoparticles of diameter *1.8 nm on the tube surface.180

Non-covalent functionalization of tubes with PDDA mark-

edly increased the catalytic activity of platinum applied

thereon toward electrooxidation of methanol in fuel cells

as compared with the catalysts based on usual oxidized

multi-walled tubes.

A simple method of preparation of composite nano-

fibres by self-assembly from the complexes of single-walled

(or multi-walled) CNT and polyelectrolytes such as poly-

styrene sulfonate, PDDA, and biopolymers Ð chitosan,

poly(L-glutamic acid) Ð was described for the first

time.181 The nanotubes are dispersed in polyelectrolytes as

a result of non-covalent enveloping by polymers. Owing to

the CNT network incorporated inside the fibres, they

acquire interesting mechanical, chemical and electric prop-

erties; these fibres were recommended for the use in flexible

electronics, biosensors, chemical electrodes.

d. Biopolymers

A CNT surface can adsorb diverse polymers, including

biopolymers. Considerable interest in the interaction of the

latter with CNT is related to investigations of the effect of

nanotube-containing materials on biosystems, in particular,

on the human organism.

An effective dispersing agent for individual single-walled

CNT in water is DNA.182 ± 184 Stable aqueous dispersions in

which separate tubes wrapped around by single-stranded 182

or double-stranded 183 DNA incapable of aggregation were

prepared by sonication of CNT in the presence of DNA.

The authors specially noted that in the DNA±CNT com-

plexes (various oligonucleotides with 30 to 60 units were

used), the electronic structure of the tubes (and, hence, their

electronic characteristics) considerably change as compared

with the CNT structure in dispersions in the presence of

SDBS.182 The new nanosystem can be used to improve the

characteristics of field-effect transistors and chemical sen-

sors and to produce a material with tunable fluorescence

parameters. Wrapping by single-stranded helical DNA is

promising for fractionation of tubes according to length and

diameter.

D'yachkov et al.185 investigated in detail the dependence

of complexation of single-stranded DNA with CNT on the

nucleotide composition of DNA and the tube diameter

(molecular docking).

It was shown 186 that near-IR absorption and photo-

luminescence spectra of individual single-walled CNT dis-

persed in an aqueous solution of double-stranded DNA

change crucially upon slight changes in the solution pH.

The ability of DNA to envelope CNT and thus to

efficiently solubilize them was interpreted in the litera-

ture.187, 188 The authors showed that nucleic bases (guanine,

adenosine, thymine, cytosine and uracil) are sorbed on the

surface of single-walled CNT; this is accompanied by

pronounced shifts of the G-mode in the Raman spectra to

lower frequency by 0.7 ± 1.3 cm71 for metallic-conducting

nanotubes and by 2.1 ± 3.2 cm71 for semiconductor nano-

tubes. Using quantum chemical calculations (MP2 and

DFT), the interaction energy between the base molecules

and the single-walled CNT surface was estimated as tens of

kilojoules per mole. Presumably, the interaction of nucleic

base fragments incorporated in DNA strands with the CNT

surface cannot be as efficient as that of free molecules, due

to steric hindrance, but cooperative effects that accompany

sorption of relatively long macromolecules should counter-

balance this loss. In addition, in some cases, the secondary

structure of DNA may be retained after attachment to the

CNT surface. Gong et al.189 used thionine as the mediator

for attaching DNA. The nanocomposite thus formed was

used in the design of highly sensitive and stable electro-

chemical biosensors.

An unusual feature of DNA ± single-walled CNT sus-

pensions was discovered, in particular, a 4500-fold acceler-

ation of oxidative polymerization of 3-aminophenylboronic

acid hydrogensulfate to give ternary nanocomposite

in situ.190

Deoxyribonucleic acid was used to purify single-walled

CNT by solubilization and for the subsequent formation of

oriented layers of tubes on solid substrates, in particular, on

gold.191

Interesting results were obtained in a comparison of the

behaviour of aqueous `solutions' of single-walled CNT

obtained by means of DNA (double helix containing 30

alternating guanine and thymine pairs) and THF `solutions'

of single-walled CNT with covalently grafted n-butyl- and

n-octadecylamine (ODA) derivatives (size exclusion chro-

matography with refractometric and viscometric detectors,

small-angle neutron scattering and atomic force micro-

scopy).192 It was found that sonication during dispersion

results in crushing of a large portion of CNT into short

fragments, so that the lengths of single-walled CNT that

have passed through a chromatographic column range from

tens to thousand nm. From analysis of the dependences of

viscosity on the molecular mass and parameters of atomic-

force microscopy, it follows that single-walled CNT ±DNA

structures can be classified, in view of their characteristics,

as flexible rods, whereas the single-walled CNT ± butyl-

amine derivative pair forms branched structures, and the

single-walled CNT ±ODA system forms structures that

resemble tight spheres.

A review 193 dealing with covalent and non-covalent

modification of nanotubes with DNA considers the proper-

ties of modified CNT and unique characteristics of biosen-

sors manufactured using these CNT.

A brief review 194 gives experimental and calculated data

on non-covalent interaction of DNA and proteins with non-

functionalized CNT over the years from 2000 to 2005 as

well as the authors' results of studies of conformational

changes of a number of biopolymers, including DNA, upon

the reaction with single-walled CNT. The observed struc-

tural rearrangements in proteins indicate that they are

bonded to the tubes through hydrophobic interactions and

overlap of p-systems (p-stacking interactions).

Not only DNA but also other biopolymers, in partic-

ular, chitosan,195 dextrans, can form complexes with

CNT.196, 197 The results of spectral, calorimetric and rheo-

logical studies of such systems attest to the formation of

single-walled CNT ± polysaccharide clathrate complexes.

Unlike DNA molecules, which are wrapped around CNT,

polysaccharides form a cylindrical clathrate lattice by
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means of intra- and intermolecular hydrogen bonds of the

hydrophilic part of the macromolecule; the inner hydro-

phobic cavity of this lattice serves as the host for hydro-

phobic nanotubes. These observations were confirmed by

molecular mechanics calculations for the dextran ± single-

walled CNT system. The mentioned complexes are formed

upon stirring of aqueous solutions of polysaccharides with

single-walled CNT either without or with sonication of the

mixture over a period of only 30 min.196, 197 This confirms

the crucial role of thermodynamic factors for the non-

covalent solubilization of CNT and the equilibrium nature

of these processes.

Peptides were proposed as non-covalent modification

agents that are suitable for dispersing single-walled CNT to

the state of individual tubes.198 These oligomers with

specially selected amino acid sequences can show selectivity

with respect to solubilization of tubes with different diam-

eters. Upon this treatment, the electronic properties of

single-walled CNT are not changed. By using peptides

containing cysteine residues, it is possible to prepare sus-

pensions (their stability does not depend on the peptide

concentration) through cross-linking of neighbouring pep-

tide molecules upon oxidation of the thiol groups to

disulfide groups and formation of high-molecular polymeric

shell on the CNT surface.

Sodium lignosulfonate (SLS), a biopolymer obtained in

the manufacture of cellulose, was proposed for non-cova-

lent functionalization of multi-walled CNT.199 The multi-

walled CNT ± SLC composite prepared by grinding is water

soluble up to a concentration of 1.5 mg ml71 in relation to

multi-walled CNT; the suspensions are stable for three

months. It is assumed that the polymer envelopes the tubes

through p ± p-stacking and hydrophobic interactions, and

the anionic nature of the polymer leads to electrostatic

repulsion of likely charged particles. On the surface of

these composites in aqueous medium, it is possible to form

in situ uniformly distributed 4 ± 6 nm SnO2 and CdS quan-

tum dots. The results on the modification of CNT by

various biopolymers were summarized in a review.200

In order to use single-walled CNT for medico-biological

purposes, it is necessary to reduce their cytotoxicity. For

solving this problem, a homogeneous bioactive coating of

glycodendrimers containing a pyrene group in the tail unit

(9) was proposed. Second- and third-generation glycoden-

drimers with terminal groups based on galactose, lactose

and mannose are adsorbed on the surface of single-walled

tubes under sonication of an aqueous solution of CNT.
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Adsorption is due to the interaction of the p-systems of the

pyrene tails and the tubes.201

Dispersions of the tubes coated by a thin uniform

dendrimer layer are stable for several months. The growth

rate of the human embryonic kidney 293 cells is sharply

decelerated in the presence of non-modified tubes as com-

pared with that in the absence of tubes. Meanwhile, glyco-

dendrimer complexes with single-walled CNT have almost

no effect on the cell growth rate.

A publication 202 is devoted to the study of adsorption of

natural organic matter on the surface of multi-walled CNT.

The adhesion and formation of a stable dispersion of multi-

walled CNT in water are determined by the nature, the

molecular mass and concentration of the material, water

quality and concentration of the tubes.

A review by Zhao and Stoddart 203 considers non-

covalent modification of single-walled CNT by biomacro-

molecules, conductive polymers, dendrimers and low-

molecular aromatic compounds and gives a brief account

of the achievements (up to 2008) in the preparation, deter-

mination of characteristics and applications of new hybrid

materials.

e. Miscellaneous polymers

Poly(alk-1-ynes) with pyrene and ferrocene pendants are

excellent solvating agents, which make single-walled CNT

`soluble' in common organic solvents.204

The following mechanism of solubilization was con-

ceived:204 owing to the electronic interaction between the

polyaromatic pendants and the CNT surface, the polymer

chains are successively attracted to, stick to and wrap

around the tube. Then the first macromolecules that have

got on the CNT surface attract the next molecules due to the

interaction between their aromatic fragments. Finally, this

gives a thick coating. Deaggregation of CNT by polymers is

much more efficient than by the corresponding monomers.

Obviously, a considerable role is played by the cooperative

nature of interactions of polymer macromolecules with the

CNT surface.

Stable dispersions of oxidized multi-walled CNT in

methyl methacrylate were obtained using oligomeric and

branched polymethacrylates as stabilizing agents.205 Di-

and triblock copolymers such as PMMA±poly(n-butyl

acrylate) (PnBA) and PMMA±PnBA ±PMMA in a 2-ethyl-

hexan-1-ol solution form micelle-like aggregates around

single-walled CNT, which facilitates the formation of stable

CNT dispersions.206 A considerable part of single-walled

CNT was dispersed to individual tubes. Dispersions stable

at room temperature for several months lose stability at

temperature of >40 8C; however, these changes are rever-

sible.

Chang et al.207 were the first to prepare triple nano-

hybrids by non-covalent assembly of the CNT ± block

copolymer [PS ± block-poly(2-vinylpyridine)] system with

subsequent immobilization of gold nanoparticles obtained

by growth in situ on the walls and inside the nanotube.

Non-covalent in situ enveloping of multi-walled CNT by

a polymer is attained during the synthesis of polyimides (PI)

in a DMF solution.208 The presence of p ± p-stacking
between the PI imide groups and benzene rings with the

`graphene' lateral walls of the CNT was demonstrated.

3. Characteristic features of non-covalent modification
of carbon nanotubes by polymers
Analysis of the publications dealing with non-covalent

modification of CNT by polymers considered in this Section

confirms the conclusions of earlier studies (approximately

from 2000) about the diversity of the CNT ± polymer

systems. This may be single- or multi-walled coatings of

polymers whose adhesion to the tube surface is due to

hydrogen and ionic bonds, p ± p interactions, which are

preferred over the forces that join the tubes to agglomer-

ates. Note that non-covalent modification of CNT by low-

molecular compounds is performed by means of the above-

indicated bonds. However, in the case of modification by

polymers, there are some specific features that were consid-

ered in a publication.209 The authors used their own data,

generalized the known results on the nature of forces that

act between the components upon non-covalent modifica-

tion of CNT by polymers, analyzed the results obtained by

various molecular modelling techniques and different

approaches to this problem and thus arrived to interesting

conclusions. First, in dilute solutions of high-molecular

compounds, a universal phenomenon of uniform adsorp-

tion and enveloping of CNT by polymer molecules of

different flexibility was observed. Second, polymers solubi-

lize tubes with larger diameter more easily, as opposed to

low-molecular compounds, which form stronger non-cova-

lent bonds with tubes of smaller diameter.

The adsorption of macromolecules, according to the

data of Gurevich and Srebnik,209 occurs successively. Hav-

ing attached to one point on the surface, the polymer chain

loses abruptly the ability to diffuse in the direction perpen-

dicular to the tube axis but is still able to diffuse in parallel

to the tube axis. Therefore, the macromolecule can move

along the tube, being gradually twisted. The conformation

change of the adsorbed site of the macromolecule depends

on the chain rigidity and the tubes diameter, ranging from

random conformations of flexible chains to fully helical

conformations of rigid chains. In the authors' opinion, the

views they developed could be useful for interpreting the

experimentally observed features of enwrapping (envelop-

ing) of tubes by polymers; they also pointed to the possi-

bility to control this process.

An obvious feature of non-covalent modification of

CNT by polymers containing numerous sorbable groups

along the chain is the cooperative nature of this interaction;

as a result, the polymer chain can be firmly held on the tube

surface by the bonds that are much weaker than it is

necessary for strong adsorption of non-covalently bonded

compounds with few sorbable groups.

IV.Modification of polymers by carbon nanotubes.
Polymeric nanocomposites of the second group

A promising recent line of research in the polymer and

materials science is the design of polymeric nanocomposites

with specified properties.210, 211 There are two basically

different ways for the preparation of polymeric composites

containing nanoparticles:

CH C

CH2

CH2
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Ð formation of nanoparticles inside the polymeric

matrix (in block copolymers, dendrimers, nanoporous poly-

mers, etc.) functioning as nanoreactors;212

Ð introduction of pre-formed nanoparticles into the

polymeric matrix.

It is obvious that composites involving CNT can be

formed only by the second route, the formation of covalent

bonds between CNT and the polymeric matrix and physical

binding of the tubes with the macromolecules being both

possible.

1. Premises for the preparation of polymeric nanocomposites
The primary prerequisite for the preparation of polymeric

nanocomposites is uniform distribution of CNT in the

matrix. In the preceding Sections, we analyzed the ways of

treatment of CNT that provide their dispersion and thus

promote the formation of compositions with as uniform

distribution of the tubes as possible. Knowing the factors

that determine the distribution function and optimizing

these factors, it is possible to produce most efficient com-

posites. For example, for the single-walled CNT ± urethane-

acrylate copolymer system, by combining optical and elec-

tron microscopy, dielectric spectroscopy and Raman spec-

troscopy, and also computation methods, it was possible to

determine the form of the CNT distribution function and to

study the effect of 10 Hz and 1 kHz electric fields on this

function.213 The authors concluded that higher-frequency

field facilitates a better distribution of CNT in the polymer.

To evaluate the quality of distribution, the authors pro-

posed measuring the electrical conductivity of nanocompo-

sites, as this parameter is highly sensitive not only to the

CNT preparation method and morphology, to the type of

polymer and to the method of composite formation, but

also, all other factors being the same, to the quality of

dispersion in the polymeric matrix.

It was shown that the dependences of the conductivity of

PS-based nanocomposites on the concentration of CNT of

different origin are considerably different.214 The limiting

conductivity of the composites and the percolation thresh-

old also vary as functions of the dispersion technique (with

polyphenylenevinylene as a surfactant or by oxidation) and

the tube diameter and aspect ratio. The conductivity of

composites based on polyamide (PA) mixtures with the ABS

rubber (acrylonitrile, butadiene and styrene copolymer) and

with multi-walled CNT obtained by melt mixing was

studied over a broad range of electric field frequencies

(from 1072 to 106 Hz);215 the frequency dependences of

the conductivity were substantially different for the compo-

sites containing native and NH2-functionalized CNT.

The second condition needed for full implementation of

the CNT potential in a polymeric nanocomposite is inter-

facial interaction ensuring effective transfer of mechanical

strain from the polymer to the tubes. In order to obtain

composites with definite functional properties, it is neces-

sary to know the CNT characteristics that affect the

character of the adhesion interaction between the compo-

nents. Earlier publications are mainly devoted to interac-

tions of tubes of various lengths with polymers of various

types, while the effect of chirality on this interaction barely

received attention. Probably, Zheng et al.216 were the first to

demonstrate the relationship between adhesion of single-

walled CNT to a PMMA-based matrix and the tube

chirality. It was found that CNT with similar geometric

parameters but a greater angle of chirality have higher

bonding energies, while `chair-like' CNT are the best type

of tubes for mechanical reinforcement of PMMA. Since a

number of properties (in particular, strength, conductivity,

magnetic properties) of CNT and, hence, of the composites

involving them depend on the chirality, the variation of this

characteristics during the tube growth was studied in order

to gain the possibility to control this parameter and to

prevent its undesirable changes during the synthesis.217

Studies of the magnetic properties of single-walled CNT

in a polymeric matrix as a function of their morphology,

concentration in the composite, temperature and magnetic

field characteristics provide a new tool for the researchers to

gain insight into the interfacial interactions in polymeric

nanocomposites. Thus it was found 218 that magnetization

of the composites based on polyimide and single-walled

CNT per CNT unit weight decreases with an increase in the

tube concentration. This phenomenon is attributable to the

fact that interfacial interaction of the polymeric matrix with

the tube surface induces diamagnetic response from the

CNT, thus decreasing the overall magnetization.

Due to the experimental difficulty of investigating the

relationships between the phases in nanosystems, complex-

ity of the stress transfer mechanism and destruction of

nanocomposites upon the transfer of deforming stress,219

computation methods came at the forefront. The role of

oriented polymer layers near the filler surface in the for-

mation of the mechanical properties of filled polymers has

long been debated in the literature, but many aspects of this

problem are still unclear. The interaction mechanisms of

macromolecules with the filler are studied using computa-

tional methods of molecular mechanics and molecular

dynamics.216 Wall et al.220 used the model of harmonic

interaction of chains with a rigid periodic potential (exten-

sion of the so-called Frenkel ±Kontorova model), and

Svistkov et al.221 substantiated the possibility of using

simpler models (namely, probabilistic and continual mod-

els) for estimating the degree of orientation of the polymer

chains versus their distance from the filler surface in an

analytical form. It was shown that if biaxially oriented

macromolecules in the near-surface layer can transmit the

orienting influence to the neighbouring areas of the poly-

mer, the formation of a rather extended layer with specific

mechanical properties near the filler surface is possible.

The formation of up to 225 nm thick polymer layers

with a structure other than the structure of the whole matrix

was observed experimentally 222 in the composites based on

cross-linked polydicyclopentadiene and multi-walled CNT

linked to the matrix by covalent bonds. It was shown that

physicomechanical characteristics of the composite (espe-

cially relative elongation at rupture and impact strength)

are substantially improved following an increase in the

nanotube concentration.

The molecular dynamics of polymers and orientation of

the molecules of composite components determine to a large

extent the properties of polymeric nanocomposites. Fur-

thermore, for developing the manufacture processes for the

composites, it is necessary to understand the mechanism of

the orientation response of the components to the force

fields that act during the manufacture processes (e.g.

moulding, extrusion). Finally, it is known that CNT act in

polymers as nucleating agents affecting the nucleation and

growth rates of the polymer crystals and orient the crystals

at right angle to their longitudinal axis.223 This hampers the

monitoring and, the more so, targeted orientation of the

macromolecules in the presence of CNT. Meanwhile, the

force loads can affect the density of the originating crystal-
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lization centre and orientation of the filler network in the

matrix.

Studies of the effect of CNT on the molecular dynamics

of polymers and studies of the orientation of components in

nanocomposites have not received adequate attention as

yet; therefore, the works along this line are of particular

interest. Thus it was found that multi-walled CNT linked to

a polymer by covalent bonds serve as crystallization centres

of PEO and poly-e-caprolactone; in such systems, the

degree of supercooling during crystallization decreases and

the melting temperature and crystallization rate of the

polymers increase.69 By simultaneous action of shear defor-

mation and temperature gradient, it is possible to form and

detect diverse crystalline structures [e.g., single-walled

CNT ± poly(butylene terephthalate)].223

The considerable effect of single-walled CNT forming

no covalent bonds on the structure of non-crystallizable

polymer (PS) is manifested as an increase in the glass

transition temperature and a decrease in the change in the

composite heat capacity upon devitrification.224 The

authors believe that these effects are due to the restriction

of mobility of a considerable part of the polymer, the most

pronounced changes in the parameters occur when the

nanotube concentration is only *0.5 mass%.

Using the uncured epoxy resin ±multi-walled CNT pair,

it was demonstrated 225 that the degree of aggregation ±

deaggregation of CNT (determined by the shear deforma-

tion rate) is responsible to higher extent for their stable

orientation and, hence, for the preparation of stable sys-

tems.

Many works on the synthesis of polymeric nanocompo-

sites involving CNT give examples of considerably

improved principal performance properties (first of all,

physicomechanical characteristics) of composites compared

to the properties of the initial polymers. However, it should

be noted that not all of the researchers are optimistic for the

prospects of this trend in the polymeric material science.

When studying composites based on various types of

polymers with nanofillers of various nature (silica gels,

carbon nanotubes, layered aluminosilicates) by ultrasmall-

angle X-ray scattering, light scattering and electron micro-

scopy, Schaefer and Justice 226 concluded that these fillers

result in large-scale disordering of the polymer structure

and, hence, considerable deterioration of their mechanical

characteristics, first of all, the elastic modulus, compared to

the characteristics predicted by idealized models.

2. Methods of nanotube introduction into the polymers.
Characteristics and application of nanocomposites
In the preparation of polymeric nanocomposites, the fol-

lowing methods are used to introduce CNT into the poly-

meric matrix: displacement of the components in the melt,

mixing of tube dispersions and polymer solutions followed

by removal of the solvent, polymerization in situ, latex

process, electrodeposition of polymers on CNT, mixing of

powdered components in a mill and some other,21, 227 and

combinations of several methods. The three first-mentioned

methods are used most often.

a. Melt and solution mixing

Melt mixing involves a simple procedure but has a number

of drawbacks such as poor quality of the dispersions and the

risk of filler destruction during mixing.228 Nevertheless, this

method was used to prepare, for example, the composites

CNT ± isotactic polypropylene (PP),229 single-walled

CNT ±PMMA,216 multi-walled CNT ±PA.215 The quality

of mixing of poly(ether-imide) with multi-walled CNT can

be appreciably improved by simultaneous mixing in an

extruder and sonication of the melt at the die outlet.230

Sonication considerably improves the rheological character-

istics of the composite, slightly changes the mechanical

properties, while the percolation threshold and electrical

conductivity remain almost invariable.

A new two-stage method for the preparation of the

multi-walled CNT ± polymer composite with enhanced

mechanical characteristics has been proposed,231 consisting

in mixing of pre-powdered polymer with thoroughly dis-

persed tubes followed by extrusion of the mixture melt. The

resulting multi-walled CNT ± isotactic PP composite con-

taining *1 mass% of the tubes showed a 1.5-fold increase

in Young's modulus compared to the unfilled polymer. This

is accompanied by noticeable increase in the temperature of

the onset of decomposition (from 407 to 446 8C) and the

yield point (from 33.1 to 40.8 MPa). However, the elonga-

tion at rupture and the strength change slightly. Better

results were obtained with smaller-diameter CNT. Higher

crystallization rate of the polymer was found in the compo-

sites as compared with the unfilled polymer.

For the successful synthesis of nanocomposites by this

method, it is necessary to understand the features of

rheological behaviour of the systems in the melt. The

rheology is closely connected with the process conditions,

the polymer molecular mass and morphology, the CNT

aspect ratio and concentration and the quality of dispersion

in the polymeric matrix. In the above-mentioned

works,215, 216 the effect of a number of listed factors on the

rheology of nanocomposites was studied. It was shown that

the dependence of the rheological characteristics on the

degree of uniformity of tube distribution can be used for

quantitative determination of the state of CNT dispersions

in the polymer.

The solution method { provides more uniform distribu-

tion of CNT in a low-viscosity medium and, hence, more

homogeneous mixing with the polymer. This method was

used, in particular, to prepare nanocomposites of multi-

walled CNT with poly(vinyl alcohol) (PVAl),232 poly-e-
caprolactone,233 PA,234 polyvinylcarbazole (PVC),235, 236

and composites of single-walled CNT with PI, PVC,235 ± 238

poly(ether-urethane-urea).239 In the last-mentioned case, a

considerable increase in the initial elastic modulus of the

elastomer and the rupture strength was achieved even at a

CNT content of about 0.002 mass%; on further increase in

their concentration, the physicomechanical properties of the

composites are deteriorated.

The solution method was also employed to prepare

composites of native and hydroxylated single-walled CNT

(0.1 mass%± 2.6 mass%) with poly(tetramethylene oxide)

polyurethane thermoplastic elastomers with high contents

of rigid non-aromatic segments based on hexylene 1,6-di-

isocyanate, butane-1,4-diol and bis(4,40-diisocyanatocyclo-
hexyl)methane, which proved to be beneficial for dispersing

nanotubes.240 It was found that the extent to which the

physicomechanical characteristics of the composites

increase with respect to the characteristics of unfilled

polymers (elastic modulus and rupture strength, *1.5-

fold) depends only slightly on the tube functionalization.

{Note that the solution method is the key one for the production of first-

group polymeric nanocomposites.
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In the case of hydroxylated tubes, the conductivity of the

composites changes slightly after the percolation threshold

has been attained; meanwhile, in the case of native tubes,

the conductivity may increase by 8 orders of magnitude.

Upon the synthesis of segmented polyurethane block

copolymers from methylene-4,40-bis(phenyl isocyanate),

poly-(e-caprolactone)diol and tri(hydroxymethyl)propane

in the presence of carboxylated multi-walled CNT

(1 mass% ± 5 mass%%), the thermal stability of the poly-

mer substantially increases, the rupture strength increases

almost twofold and Young's modulus increases almost

threefold, while the melting temperature somewhat

decreases compared with non-modified copolymers.241

Many researchers believe that for significant enhance-

ment of the physicomechanical characteristics of polymeric

materials via their modification by nanotubes, functionali-

zation of the nanotubes is required. However, this is not

always true. Kim and Jo 242 introduced, into PMMA, multi-

walled CNT modified in the non-covalent fashion by the

3-hexylthiophene ± PMMA block copolymer. The composi-

tion was prepared by the solution method. As compared

with the initial PMMA, the resulting material has a twice

higher rupture strength and Young's modulus when the

CNT content was 0.1 mass%. The elongations at rupture

almost did not change. In the absence of a compatibilizing

agent, the introduction of multi-walled CNT entails an

increase in the composite strength and elastic modulus by

*30% at a CNT concentration of 0.01%. As the nanotube

concentration was further increased, the strength decreased

to the initial level, while the elastic modulus slightly

increased and the elongation at rupture decreased.

These results can be interpreted as follows: for strong

bonding of the nanofiller with the polymeric matrix, a

significant role is played by not only the nature of the

bond between the modifying agent and the nanotube sur-

face (covalent or non-covalent bond) but rather by the real

strength of this bond. In the case described above, cooper-

ative non-covalent interaction of the polythiophene block

with the multi-walled CNT surface obviously takes place,

thus ensuring relative stability of the coat of PMMA blocks

around the nanotube.

A similar approach was used in another work.243 The

amine or carboxy terminal groups are formed due to

interaction with the defects on the multi-walled CNT sur-

face. The subsequent introduction of these complexes into

the PS matrix ensures good adhesion between CNT and the

matrix which is manifested as a considerable increase in the

strength properties of the material.

By mere mixing of single-walled and multi-walled CNT

functionalized by oxyphenyl groups and `dissolved' in DMF

with a solution of polyacrylonitrile (PAN) in DMF and a

toluene solution of poly(vinyl acetate) (PVAc), it was

possible to prepare homogeneous transparent composite

films and gels.62

The transparency of films of the composite obtained by

introducing a suspension of multi-walled CNT into solution

of PS in toluene (CNT concentration 1mass% ± 3 mass%)

is markedly improved in the region of 230 ± 250 nm in which

pure PS fully absorbs.244 The transmission maximum is

attained when the CNT content is 1.5 mass%. The binding

between the system components is through the shared

electrons of the six-membered carbon rings.

The use of films of the single-walled CNT ±water-

soluble polymer (carboxymethylcellulose, PVAl) compo-

sites as a saturable absorber for pulse laser systems is more

attractive than the use of traditional materials manufac-

tured using complex and expensive processes.245, 246 The

dispersions in D2O of native, not preliminarily purified,

single-walled CNT were prepared in the presence of 1%

sodium dodecyl sulfate under long-term sonication (simi-

larly to the procedure described in the study 124) followed by

centrifugation of the solution at 150 000 g (*30 000 rpm).

The individual character of single-walled CNT that

remained in the solution after precipitation of the impurities

and of non-dispersed CNT was confirmed by optical spectra

and Raman spectra. The polymers were dissolved in ready

dispersions of single-walled CNT.

When the solution method was used to introduce a

mixture of multi-walled CNT with soot into the buta-

diene ± styrene copolymer, it was found that the dispersi-

bility of CNT in a hydrocarbon matrix and the strength and

transport properties of the ternary composite are substan-

tially better than analogous properties of the composites

containing the same fillers separately.247 Thus the elastic

modulus of the composites increases 4-fold, the strength

increases *10-fold, the relative elongation at rupture

increases *1.7-fold, and the conductivity increases by

*12 order of magnitude.

Despite the preference given, as a rule, to the solution

method over the melt mixing, it is desirable to select the

most appropriate method of nanocomposite synthesis for

each particular system. This is indicated by the results of

studies of the effect of methods of CNT introduction into

the polymer on the quality of dispersions, interfacial inter-

actions and, finally, on the physicomechanical properties of,

for example, nanocomposites based on native and oxidized

multi-walled CNT and styrene±vinylphenol copolymer at a

CNT concentration of *5 mass%.248 In this case, melt

mixing of a mixture of multi-walled CNT that were pre-

cipitated from a DMF `solution' with the copolymer at

185 8C was better in all respects than either precipitation

from solution without the subsequent melt mixing or melt

mixing without preliminary dispersion of CNT in a solvent.

According to IR-spectroscopy data, in the first-mentioned

case, more hydrogen bonds between the tubes and the

polymer are formed. It was also demonstrated 249 that the

properties of nanocomposite can be optimized by selecting

the method for CNT introduction into the polymeric matrix

in the single-walled CNT ± curable polydimethylsiloxane

PSW 2286 system. More homogeneous distribution of filler

is attained in this case by grinding of the mixture obtained

by concentrating the polymer solution with the CNT

dispersion as compared with solvent-free procedures. In

both cases, better results were obtained upon introducing

the CNT dispersion into the polymer followed by action of

shear stress in a highly viscous medium.

Under conditions of high shear stress and elevated

temperature, up to 10 mass% of single-walled CNT was

introduced into polypropylene in the presence of benzoyl

peroxide (BP).250 The free radicals formed upon BP decom-

position create active sites on the CNT surface, which

ensure the covalent bonding of the tube to the polymer. As

a consequence, the strength characteristics of the PP fibres

formed from the resulting composite sharply increase, the

increase in the rupture strength reaching 173% and the

increase in the elastic modulus reaching 134%.

In order to select a strategy for the production of

polymeric composites from PP and multi-walled CNT

suitable for large-scale industrial production, Pujari

et al.251 compared the properties of dispersions of multi-

966 E R Badamshina, M P Gafurova, Ya I Estrin



walled CNT in polypropylene prepared by conventional

melt mixing and by solid-phase mixing of powdered com-

ponents under the shear stress. It was found that the degrees

of dispersions are similar in both cases (in the latter case, it

is somewhat higher), however, the performance properties

are different. In the second case of mixing, the electrical

conductivity is much lower. Probably, the minor difference

in the size and distribution of the clusters of multi-walled

CNT (none of the mixing variants provides deaggregation

down to individual tubes) results in considerable difference

in CNT `networks', and in the case of melt mixing, PP is

also affected, in particular, its molecules are destroyed on

long-term intensive stirring, which is needed to obtain

homogeneous dispersions. The results of studies indicate

that complete comparison of the states of dispersions

cannot serve as a criterion for the choice of the method of

CNT introduction into the polymers. The choice depends

on the properties that are related to the particular applica-

tion of the nanocomposite.

This conclusion was confirmed in another work 252

where the percolation threshold of electrical conductivity

was reached at a single-walled CNT content of 0.14 mass%

in the composite based on superhigh-molecular polyethy-

lene [M& (3 ± 6)6106]. The composite was prepared by the

simplest method: dry mixing of the polymer powder with

the powder of single-walled CNT ± silica gel mixture (7 : 93

ratio) followed by pressing into sheets at 175 8C and at a

pressure of 100 kg cm72. All of the physicomechanical

characteristics of the composite (elastic modulus, strength

and elongation at rupture) sharply decreased as compared

with the initial polymer.

b. Polymerization in situ

When CNT are introduced into polymers using in situ

polymerization of the monomer in which nanotubes have

been dispersed, the polymerization active sites (free radicals,

functional groups, catalytic complexes, etc.) are formed on

the nanotube surface and the chain growth starts on these

sites (grafting from), or, otherwise, the growing polymer

chains are attached to CNT (grafting to). In the latter case,

interaction can occur both directly with the tube surface and

with the functional groups pre-grafted to the CNT. The

introduction of nanotubes into polymers in situ may solve

simultaneously the problems of polymer synthesis, func-

tionalization of CNT by macromolecules and formation of

a composite.

As a rule, polymerization in situ results in covalent

bonding of CNT to the polymer. In particular, this method

has recently been employed to obtain nanocomposites from

single-walled CNT with polyepoxides,253 poly(butylene ter-

ephthalate) (PBTP),254 and multi-walled CNT with polyur-

ethane (PU),255 poly(ether-ketones) 256 and PMMA.257

A large review of studies published before 2007 was devoted

to composite preparation by covalent grafting of polymers

[PS, PMMA, poly(N-isopropylacrylamide) and so on] to

CNT using living radical polymerization involving nitroxide

radicals, atom transfer polymerization, reversible decom-

position ± addition polymerization, etc.258 The grafting to

and grafting from reactions are also considered in this

review.

Non-polar polymers. A series of publications 259 ± 263

present a method for the preparation of nanocomposites

by in situ catalytic polymerization of non-polar monomers,

in particular, propylene, in the presence of CNT.

The authors used the principle of close contact between

the catalytic sites and the surface of filler particles Ð this is

not a new principle but earlier it had been used only to

introduce CNT into polymers by radical polymeriza-

tion.219, 220, 249 An experimental technique suitable for

industrial application was developed. A specific feature of

the technique is that the liquid monomer, propylene, serves

as the medium for dispersing CNT. Its subsequent polymer-

ization produces a nanocomposite in high yield with rather

high molecular mass of the polymeric matrix. Oxidized

multi-walled CNT are dispersed by ultrasound in the

presence of a co-catalyst, methylalumoxane (MAO), which

is immobilized on the tube surface, partly due to weak ionic

interactions and partly due to covalent bonds with hydroxyl

and carboxyl groups. After introduction of the metallocene

catalyst to the reaction mixture, the active sites of polymer-

ization are formed near the tube surface upon the catalyst

interaction with the immobilized MAO. Depending on the

nature of the catalyst, this gave crystalline isotactic and

syndiotactic PP and amorphous elastomeric stereoblock PP.

The use of t-multi-walled CNT of small diameter was due to

the fact that they are much less prone to aggregation than

single-walled CNT, and therefore, they provide the highest

efficiency of polymer modification. The nanocomposite

morphology, thermal and electrical properties, and phys-

icomechanical characteristics have been studied in detail,

the CNT concentration being varied in the range of

0.1 mass%± 3.5 mass%. It was shown that nanotubes dis-

persed mainly down to individual tubes stabilize the com-

posite against thermal and thermooxidative destruction. As

the filling degree increases, the dielectric constant increases,

the elastic modulus changes from 25% to 60%. Below the

glass transition temperature (Tg), the reinforcing effect of

CNT was 20%± 40%, and above Tg this was up to 50%;

furthermore, for considerable increase in the physicome-

chanical characteristics, the presence of only 0.1 mass% of

the tubes is sufficient and the optimal properties are

observed when their content is in the range of

0.1 mass%± 0.4 mass%.

The effect of additives of multi-walled CNT containing

COOH and OH groups and additionally functionalized by

maleic anhydride (cCNT=0.5 mass% ± 2 mass%) on the

rupture strength of films made of non-miscible PP and

ethylene ± co-vinyl acetate elastomer with various compo-

nent ratios was studied. The reinforcement is governed by

the film morphology, which is specified by its composition

and CNT concentration.264

The composites comprising multi-walled CNT ± low-

density polyethylene (LDPE) and multi-walled CNT ± ethy-

lene copolymers with a-olefins were obtained using MAO-

activated double metallocene catalysts (Co7Zr and

Co7Ti).265 The electrostatic interaction of the anions of

the co-catalyst fixed on the CNT surface with the cationic

centres of metallocenes results in the formation of active

sites initiating the growth of polymer chains, which are

deposited on CNT, and the CNT aggregates are thus

destroyed down to individual tubes, which are coated with

polymer macromolecules. The proposed method for the

synthesis allows one to efficiently control the microstructure

of polyolefins, namely, the type and number of branchings.

Direct in situ grafting of PS, PS ± PAN copolymer and

PAN on the multi-walled CNT surface by atom transfer

polymerization or copolymerization of monomers initiated

by 2-hydroxyethyl 2-bromoisobutyrate was considered.266

It was noted that the grafting of polymers affects slightly the
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CNT structure but increases considerably the glass transi-

tion temperature of the polymers. The modified multi-

walled CNT are readily dispersed in organic solvents.

The radical polymerization of styrene in an aqueous

emulsion in the presence of non-ionic surfactant and a

cationic cross-linking agent, [2-(methacryloyloxy)ethyl]tri-

methylammonium chloride, was used for in situ grafting of

PS on the multi-walled CNT.267 Functionalized CNT are

dissolved in toluene; when introduced into the PS ± PI ± PS

block copolymer, they are incorporated in the PS domains.

A method of PS grafting on the multi-walled CNT

surface to give a 5-nm thick polymeric layer was consid-

ered.268 First, hydroxylation was carried out by treatment

of a dispersion of multi-walled CNT in dichloromethane

with an acidified aqueous solution of KMnO4 in the

presence of a phase transfer catalyst; this was followed by

condensation with methacryloyloxypropyltrimethoxysilane

in which groups capable of polymerization were attached to

the OH group. The subsequent radical polymerization of

styrene gave a product readily dispersible in organic sol-

vents.

An original method of functionalization of multi-walled

CNT meant for modification of PS was reported.269 In the

first stage, styrene groups linked to the CNT surface by

ester bridges were obtained by treatment of carboxylated

tubes in the salt form with 4-vinylbenzyl chloride. The

multi-walled CNT modified in this way are introduced in

PS. The composite has much higher mechanical character-

istics and enhanced thermal stability compared with the

composites based on non-functionalized tubes.

By treatment of multi-walled CNT with acyl chloride

groups with living (capable of further transformations)

polystyryllithium, PS macromolecules were grafted to

them.270 The new composite containing *40% PS is homo-

geneously dispersed in common organic solvents and can be

used to obtain styrene-based nanomaterials. In another

study,271 it was shown that living PS obtained by anionic

polymerization can be directly attached to various types of

CNT: single-walled, multi-walled and truncated multi-

walled ones.

The papers 270, 271 illustrate well the general approach to

the design of polymeric composites involving CNT that is

outlined in Ref. 272. It is known that polymers with differ-

ent structures are most often poorly compatible. The

authors believe that to attain the best dispersibility of

CNT in the polymeric matrix, CNT should be modified by

a polymer whose structure is identical or similar to the

structure of the matrix polymer. Partially oxidized CNT are

most convenient for this purpose. The carboxyl groups of

these CNT can be used either for the formation of polymer-

ization centres of the corresponding monomers or for

esterification or amidation by a polymer containing appro-

priate functional groups (hydroxyl or amino groups).

Polar polymers. The composites based on carboxylated

single-walled CNT and PBTP 254 were synthesized by poly-

condensation of dimethyl terephthalate with butane-1,4-

diol containing suspended CNT. When the content of

single-walled CNT in PBTP is 0.01 mass% ± 0.2 mass%,

the crystallization rate of the polymer after cooling of the

melt sharply increases and the crystallite structure is

ordered compared to the structure of the neat polymer.

The chemical grafting of the polymer induces strong

adhesion between the components; as a consequence, the

rupture strength of the polyurethane composite increases by

60.6% with respect to the strength of the unfilled polymer

and the elastic modulus increases by 6.3% when the content

of hydroxylated multi-walled CNT in the composite is

0.1 mass% (Scheme 11).255

The modification method of oxidized CNT by successive

treatment with poly(acryloyl chloride) and ethylene glycol

can be used for introducing them into other polymers able

to react with hydroxyl groups, in particular, into PU.

Note that according to this scheme, the synthesis of

composite in situ refers only to the last stage. In addition,
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unlike the PU obtained from methylene-4,40-bis(phenyl
isocyanate) and butanediol, the composite obtained in the

presence of modified polyfunctional filler should contain a

noticeable amount of the gel fraction. Unlike most other

methods, hydroxyl rather than carboxyl groups on the

surface of oxidized tubes were used 255 for polymer grafting

to CNT.

Functionalization of single-walled CNT was carried out

in three stages.273 First, the tubes were treated with a

solution of lithium in liquid ammonia and then with

o-bromopentanoic or o-bromodecanoic acid; the resulting

carboxyl groups bound to the CNT surface through ali-

phatic linkers (C4 or C9, respectively) were converted to acyl

chloride groups. Then phase transfer polycondensation of

hexamethylenediamine with decanedioyl chloride was car-

ried out in the presence of the tubes functionalized in this

way. Nylon-6,10 containing up to 1 mass% of functional-

ized single-walled CNT has 2.5-fold higher elastic modulus

and strength than nylon without nanotubes; however, the

relative elongation at rupture decreases. The polymer mod-

ification by native tubes induces a slight increase in the

elastic modulus and the rupture strength and almost two-

fold decrease of the relative elongation at rupture.

Metallic lithium reduces single-walled CNT in THF in

the presence of 4,40-di-tert-butylbiphenyl (DTBP, 10 mol.%

with respect to lithium) and electrophiles such as trimethyl-

chlorosilane, methyl methacrylate (MMA), methyl 2-acet-

amidoacrylate, which react with Li-derivatives of CNT in

situ.274 The reaction is carried out at room temperature

under sonication. The single-walled CNT obtained under

these conditions were covalently functionalized, being either

coated by trimethylsilyl groups (up to the ratio Si : C=2) or

embedded into a polymer shell. It was noted that DTBP is

much more efficient as electron transfer agent to CNT than

naphthalene or hexametapol. The density and the average

length of polymer chains attached to the tube walls can be

controlled by varying the amounts of the monomer, lithium

and the catalyst. Modified CNT are convenient intermedi-

ates in the reactions with diverse electrophilic reagents,

especially in view of the fact that multiply negatively

charged CNT are separated from the aggregates due to the

Coulomb repulsion, pass to the solution and react with

electrophiles.

Interesting results were obtained in a study of the

anionic polymerization of acrylate monomers in the pres-

ence of single-walled CNT treated with BusLi.275 It was

found that MMA cannot add to the carbanions formed on

the CNT surface, whereas grafting of tert-butyl acrylate

(BA) is performed successfully, the content of the grafted

polymer being *14 mass%. Successive polymerization of

BA and MMA gave single-walled CNT with block copoly-

mer macromolecules grafted to the lateral surface; the

content of the grafted polymer was *47 mass%. The

authors concluded that direct addition of MMA to the

carbanionic centres of single-walled CNT is impossible due

to steric hindrance caused by the presence of the methyl

group at the C=C bond. Suspensions of modified nano-

tubes in THF with concentrations of 1 mg ml71 are stable

for a month.

Poly(tetramethylene oxide) was grafted to the surface of

carboxylated multi-walled CNT by cationic polymerization

of THF.276 The carboxyl groups were converted to acyl

chloride groups; silver perchlorate served as the catalyst.

Velasco-Santos et al.277 introduced carboxylated multi-

walled CNT into MMA, which was polymerized in the

presence of AIBN. Presumably, grafting of PMMA to the

CNT surface occurs as a result of chain transfer to carboxyl

groups. Composites based on PMMA containing

1mass%± 1.5 mass% of carboxylated multi-walled CNT

are twice as strong as non-modified polymers and possess

high heat-resistance Ð the elastic modulus at 90 8C
increases more than tenfold and is roughly equal to the

elastic modulus of neat PMMA at 40 8C. Upon the intro-

duction of non-functionalized multi-walled CNT, character-

istics of the polymer (especially heat resistance) were

enhanced much less considerably.

The grafting of PMMA by atom transfer radical poly-

merization to single-walled CNT containing covalently

bonded 2-bromo-2-methylpropionyloxy groups was carried

out.92

Tang et al.278 carried out in situ functionalization of

multi-walled CNT by free-radical polymerization of acrylic

acid. The surface of covalently modified CNT was deco-

rated by nickel nanoparticles. The ternary composite

proved to be an efficient catalyst for hydrogenation of

a,b-unsaturated aldehyde, citral. The hydrogenation prod-

uct, citronellal, which is an important material used in food

and perfume industries, is obtained in a yield seven times

higher than that obtained using the traditional nickel

catalyst.

Among the studies considering the development of

polymeric composites with covalently bonded CNT, atten-

tion is attracted by the work 279 where the effects of various

types of nanotubes on the properties of composites are

compared using PVAl as an example. It was found that

non-functionalized CNT increase the tensile modulus of the

polymer; however, the angular coefficients of the linear

dependences between the elastic modulus and the CNT

concentration have different values for tubes of different

diameter; this angle and the tube diameter follow clearly

antiparallel patterns of variation. The dependence of the

modulus on the ratio of the overall CNT surface to the

composite volume is described satisfactorily by increasing

linear function from which single-walled CNT deviate due

to their higher tendency to form aggregates. It is of interest

that similarly to the elastic modulus, the degree of crystal-

linity of PVAl grows linearly with increase in the CNT

concentration. According to the authors' opinion, this effect

is related to crystallization of the polymer near the surface

and small-diameter multi-walled CNT are best candidates

for polymer reinforcing agents.

A simple one-stage method for functionalization of

multi-walled CNT was proposed for polymers, which can

be grown on CNT by radical polymerization.280 This is

attained by electroinitiated (with highly oriented, multi-

walled CNT grown on a substrate as the cathode) mini-

emulsion polymerization of 4-vinylpyridine, acrylic acid or

butyl methacrylate at room temperature. The authors called

the new method surface electroinitiated emulsion polymer-

ization (SEEP). This process makes use of 4-nitrobenzene-

diazonium tetrafluoroborate, which undergoes cathodic

reduction to give atomic hydrogen and nitrophenyl radical,

which initiate the polymerization of the vinyl monomer.

Simultaneously, aromatic radicals add to the CNT surface

and create the primary grafted layer on the surface of multi-
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walled CNT the nitro groups of which are able to react with

the macroradicals growing in solutions (Scheme 12). As a

result, CNT acquire a thick polymeric coat. In the authors'

opinion, the SEEP method is of interest for the preparation

of nanocomposites, which would find use in electronics and

as selective sensors.

Atom transfer radical polymerization of vinylquinolines

was first used for functionalization of single-walled CNT by

photoactive polymers (polyhydroxyquinolines) for optimi-

zation of electronic and optical properties of polyvinylqui-

nolines.281 The tubes were first functionalized by introduc-

ing 2-chloropropionyl groups as chlorine atom transfer

agents. The functionalization was carried out in two ways

(amino or hydroxy derivatives) in several stages.

An unusual way of grafting a polymer to the CNT

surface was reported.282 On treatment of multi-walled

CNT with atomic nitrogen formed in an argon ± nitrogen

microwave plasma on the tube surface, nitrogen-containing

functional groups, including amino groups, are formed on

the tube surface; they initiate the polymerization of e-
caprolactone (triethylaluminium as the cocatalyst). Accord-

ing to transmission electron microscopy, polycaprolactone

linked by covalent bond through the amide group forms

evenly arranged islets on the multi-walled CNT surface.

The action of plasma on single-walled CNT was also

used in another work.283 After treatment of thoroughly

purified tubes with argon plasma followed by keeping in

air, the tubes were placed in 1-vinylimidazole and exposed

to UV radiation. This resulted in grafting of *30 mass% of

the polymer to the CNT surface, whereas without plasma

treatment the degree of grafting did not exceed 15 mass%.

Argon plasma treatment gives rise to defects on the tube

surface, which serve as the centres of formation of peroxide,

hydroxyl and carboxyl groups.

Hyperbranched polymers. Hyperbranched polymers hav-

ing unusual topology and differing by a number of unique

properties from linear and cross-linked analogues with a

similar composition are interesting polymeric objects for

functionalization of CNT. In particular, they have

enhanced solubility, high sorption capacity, low viscosity

of solutions and melts, and contain large numbers of func-

tional groups, which opens up prospects for their subse-

quent modification in the desired direction.

Xu et al.284 used the strategy of in situ ring opening

polymerization to grow hyperbranched polymers on the

multi-walled CNT surface. The carboxyl groups of CNT

were converted to acyl chloride groups by treatment with

thionyl chloride, and then hydroxyl groups, which are the

active sites of cationic polymerization of 3-ethyl-3-hydrox-

ymethyloxetane, were obtained by esterification with excess

glycol. This approach gave rise to the multi-walled

CNT ± hyperbranched polymer composite, which was rather

readily dispersed in methanol, ethanol, DMF, DMSO and

was capable of further transformations owing to the pres-

ence of numerous OH groups (Scheme 13).

An original method for the synthesis of poly(ether-

ketone) nanocomposites by in situ polycondensation was

proposed.256 Three alternatives for conduction of the proc-

ess based on AB [3- and 4-(2-phenoxyethoxy)benzoic acids]

and AB2 [3,5-bis(2-phenoxyethoxy)benzoic acid] monomers

in the presence of non-modified multi-walled CNT in a

PPA± phosphorus pentoxide mixture at 110 ± 120 8C were
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discussed. Of particular interest is the third variant

(Scheme 14) giving rise to the hyperbranched polymer.

Scheme 14

The composites thus obtained, which contain 10 mass%

of multi-walled CNT, are readily soluble in phenol, cresol

and most strong acids (sulfuric, trifluoroacetic, methane-

sulfonic); they have high thermooxidative stability and can

be used as structuring additives to other polymers.

Conducting polymers. Researchers pay considerable

attention to investigation of covalent grafting to CNT of

polyconjugated conducting polymers, in particular, poly-

aniline (PAn), and production of the corresponding nano-

composites. Abalyaeva and Efimov 285 generalized the

knowledge on the PAn ±CNT compositions accumulated

up to 2008 inclusive. It was noted that introduction of CNT,

especially by the polymerization filling technique, improves

considerably the electrochemical characteristics of PAn,

first of all, increases the conductivity. The composite

materials have enhanced stability, and owing to the for-

mation of microporous structure of the material, they can

adjust themselves to the volume changes following the

reversible intercalation ± deintercalation of Li+ ions. Meth-

ods for preparing the composites with CNT contents from

0.2 mass.% to 65 mass% were described and numerous

examples of their use in electrochemical cells, light emitting

diodes, gas sensors, battery cells and so on are considered.

The PAn ±multi-walled CNT (0.8 mass%) composites

were obtained by in situ oxidative polymerization of ani-

line.286 Electrodes made of the composite showed better

thermal stability, higher conductivity and better capacitance

characteristics than electrodes made of the non-modified

polymer. Similar results were obtained in another work 28

where ready solubility in N-methylpyrrolidone, the ability

to form films, coatings and fibres from solutions to be used

in optoelectronic devices were noted for the PAn ±multi-

walled CNT composite in the emeraldine base form (semi-

oxidized form of PAn).

The single-walled CNT ±PAn composites were also

prepared in situ in the following way: nanotubes were

dispersed in ionic liquid (1-butyl-3-methylimidazolium

hexafluorophosphate) containing 1 mol litre71 of trifluoro-

acetic acid, and in this medium, electrochemical polymer-

ization of aniline was carried out.288 The resulting

`copolymers' based on a p-type conductive polymer and

n-type conductive single-walled CNT can be applied in

photovoltaic devices.

The effects of two methods of CNT functionalization on

the properties of the single-walled CNT ±PAn composites

obtained in situ were compared.289 The composites based

on oxidized tubes were found to have higher conductivity

than the composites based on single-walled CNT function-

alized by covalently bonded dodecylamine; this is at var-

iance with the data obtained by other researchers and cited

above.

In order to combine highly stable PAn whose electro-

optical characteristics can be controlled with inorganic

magnetic nanoparticles (Fe3O4), in situ oxidative polymer-

ization of aniline in the presence of multi-walled CNT was

carried out.290 On the tube surface, monodisperse Fe3O4

nanoparticles of diameter 1.76 nm were pre-formed. These

were obtained by successive treatment of carboxylated

multi-walled CNT with iron chlorides and aqueous ammo-

nia.290 The multi-walled CNT7Fe3O47PAn composites

combine high electrical conductivity and superparamagnet-

ism. It was shown that the tubes, together with magnetic

nanoparticles, are coated with a polymer layer.

Polysulfonylamide (PSA) was grafted on the multi-

walled CNT surface through the addition of 2,5-di-

aminobenzenesulfonic acid and subsequent in situ conden-

sation with diphenylamine-4-sulfonic acid (DPASA).291 The

properties of covalently modified multi-walled CNT were

compared with the characteristics of the PSA composite

obtained by in situ condensation of DPASA in the presence

of non-functionalized multi-walled CNT. Both composites

are readily soluble in water and able to form films. The

conductivity of the grafted material is almost twice as high

as the conductivity of non-grafted one; however, the con-

ductivity of composites is several orders of magnitude

higher than that of neat PSA.

The enhancement of the conductive properties of poly-

mers after the introduction of CNT was attributed in most

of the studies cited to the electric properties of the proper

nanotubes and the change in the morphology of polymers in

the presence of nanotubes irrespective of the introduction

method and the type of bonds formed. The joint action of

these factors gives rise to more efficient charge-transport

paths with respect to those present in the initial systems.

Epoxy resins. A large number of publications are

devoted to the use of CNT for modification of epoxy resins

that serve as matrices in the structural composite materials.

Wang et al.253 developed an epoxy composite using

single-walled CNT pre-treated in two ways: grafting of

poly(glycidyl methacrylate) by in situ radical polymeriza-

tion and functionalization with amino groups using an

aminodiazonium salt. It was shown that epoxy composites

with functionalized single-walled CNT are much more

sensitive to temperature variation than composites based

on native tubes.

The strength characteristics of a composite material

based on carbon fibre are considerably enhanced when the

epoxy matrix is modified by single-walled CNT.292 The

authors noted that to gain a noticeable effect, it is necessary

first to disperse the CNT, which can be done only using the

solution method for reactant mixing. The introduction of

up to 0.5 mass% of single-walled CNT carboxylated at the

ends (unlike the native ones) increases the shear strength of

the carbon fibre-reinforced plastic by 40% with slight

decrease in the bending strength. It was assumed that

reinforcement is due to stronger bonding of the matrix to

the carbon fibre surface.

nHOC

O

OCH2CH2O

OCH2CH2O

PPA, P2O5

C

O

OCH2CH2O

OCH2CH2O

hb

hb is hyperbranched.
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Usually, CNT are pre-dispersed in epoxy resin with or

without a solvent, and then a curing agent is added.

However, it was found that pre-dispersion in the curing

agent also improves the mechanical,293, 294 conducting 293

and tribological 295 properties of the epoxy composites.

A new method for deliberate modification of CNT for

reinforcement of the epoxy matrix was proposed.293 Maleic

anhydride was grafted to plasma-pretreated multi-walled

CNT, and then the tubes bearing the anhydride groups were

dispersed in an amine curing agent, and the obtained

suspension was introduced in the epoxy resin. The function-

alized multi-walled CNT were much better dispersed in the

cured matrix than untreated tubes. The material thus

obtained had enhanced mechanical characteristics, and its

conductivity increased from 10712 to 1074 O m71 at a

CNT concentration of 0.1 mass% ± 1 mass%. The same

concentration range of CNT modified by covalently bonded

poly(acryloyl chloride) 296 provided a 45% increase in the

rupture strength and a 90% increase in the elastic modulus

of epoxy composites.

A less pronounced enhancement of the strength charac-

teristics (*19%) and increase in the thermal stability (by

25 ± 27 8C) of composites was achieved by introducing

0.5 mass% of multi-walled CNT into the composites;297

when APTES-modified CNT were used,298 the effect was

more pronounced than for non-modified tubes.

A considerable increase in the strength (by 40%) and

Young's modulus (by 60%) was induced by introducing

1 mass% of epoxidized single-walled CNT.299 A similar

outcome was obtained by modification of epoxy resin by

multi-walled CNT functionalized by silanes.300 However,

the authors of another study 301 failed to achieve the

expected substantial increase in the strength characteristics

of the composites by using polyamidoamine dendrimer-

functionalized single-walled CNT compared to non-func-

tionalized tubes.

An interesting fact was observed 302 in the modification

of epoxy composite. The introduction of 1 mass% of

single-walled CNT into the resin resulted in considerable

decrease in the thermal expansion coefficient of the cured

resin as compared with the intact resin at temperatures

below Tg (in the case of functionalized tubes, by a factor of

almost two), which was however accompanied by a notice-

able increase in this coefficient at temperatures above Tg .

A similar finding was observed in another study,294 the

effect being independent of the method of introduction of

CNT.

A significant change in the characteristics of epoxy

composites upon introduction of multi-walled CNT was

reported.303 The introduction of 0.5 mass% of tubes entails

an increase in the resin curing rate accompanied by embrit-

tlement; higher concentrations of multi-walled CNT (up to

1.5%) lead to decrease in the curing rate and deteriorate the

mechanical characteristics. The authors concluded that for

effective functioning as a modifying agent, CNT need to be

appropriately functionalized.

An extensive review 304 is devoted only to the modifica-

tion of epoxy composites by CNT additives. The authors

concluded that modification of epoxy resins by CNT may

considerably improve the performance characteristics pro-

vided that the tubes covalently bonded to the matrix are

evenly distributed in the resin.

However, it was noted 305 that solubilization of CNT by

a non-ionic surfactant such as Triton X-100 allows one to

attain an even distribution of the tubes in the epoxy matrix

due to better wettability of the tube surface by the resin by

means of a successful combination of hydrophilic and

hydrophobic fragment of the surfactants. Finally, the

strength and impact characteristics of the nanocomposite

are enhanced. It was emphasized that unlike chemical

modification, treatment with surfactants changes little the

electrical conductivity of nanocomposites. The benefits of

non-covalent modification of CNT were also pointed out in

other works. For example, multi-walled CNT modified

through sorption of H2N(CH2)2ONa proved to be a much

more effective filler for attaining the optimal relationship

between the increase in the electrical conductivity and

mechanical characteristics of epoxy composites compared

with the tubes covalently functionalized by NH2 groups.306

De et al.307 introduced non-oxidized multi-walled CNT

non-covalently modified by melamine and t-multi-walled

CNT dispersed in ethanol into a thermoset based on

bisphenol A glycidyl ether and polycyclic amine (CNT

concentration of 0.075 mass%). This induced an increase

in Tg by 7 ± 8 8C and extension of glass-transition range

with respect to that observed with the use of neat CNT,

which is indicative of more intense filler ±matrix interaction

in the composite.

V. Conclusion

The increase in the number of publications on the modifi-

cation of carbon nanotubes and development of polymeric

nanocomposites involving them observed in recent years

attests to the increasing interest of researchers in this topic.

Certain progress has been achieved in the search for new

and optimization of the known methods for CNT modifi-

cation by low-molecular compounds and polymers of vari-

ous nature, in the theoretical and experimental studies of

the properties of modified tubes and the possibility of

forming bonds between them and polymers for the develop-

ment of new-generation materials and in the studies of the

properties of these materials.

The developed methods for CNT modification with low-

molecular compounds have considerably extended the range

of nanofillers capable of bonding to the polymeric matrix

for the development of materials with a broad scope of

applicability.98, 99 In addition, new sorts of CNT modified

in this way could find use in biological and medical

studies,58, 98 in optical safety devices,106 in data storage

devices,104 as catalysts,109 for imparting hydrophobicity to

materials of various destinations 53, 61, 62 and for other

purposes.

The range of compounds suitable for effective solubili-

zation of CNT,124, 126, 138 in particular, for the preparation

of stable concentrated aqueous and aqueous methanol

dispersions of non-functionalized individual single-walled

CNT, has been extended.182 ± 184

Original methods for separation of CNT with metallic

and semiconductor types of conduction based on the differ-

ence in their reactivities towards low-molecular-mass com-

pounds,64, 72 and simple separation methods using CNT

suspensions 136, 137, 145 have been proposed. Subtle details

of the adsorption mechanism of separation were studied.136

The possibility of systemic rearrangement of the electronic

structure of CNT was theoretically predicted and experi-

mentally confirmed for the first time.132, 133
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Optimization of the known methods of CNT modifica-

tion under the action of microwave radiation reduced the

time of treatment of nanotubes from several days to several

minutes,42, 73, 82 and plasma treatment increased severalfold

the degree of grafting of polymers to CNT.283

Modification of nanotubes by different polymers pro-

duced promising polymeric composites for the design of

sensor devices for various purposes having high sensitivity,

stability and selectivity;148, 152, 155, 168, 181, 186, 189, 193, 285 cata-

lytic systems free from the drawbacks of traditional cata-

lysts;152, 159, 167, 180, 278 pharmaceutical agents,146, 147, 150 and

for the use in optoelectronic,169, 173 photovoltaic 164 and

electronic recording devices.175

Polymeric materials with considerably enhanced per-

formance properties as compared with the initial polymers,

in particular, strength,247, 273, 277, 292 ± 294, 298 ± 300, 304 ther-

mal,231, 241 tribological,295 electrophysical properties 240, 293

were proposed and the range of their possible applications

was described. In some cases, substantial improvement was

achieved upon the introduction of CNT in amounts of

several hundredths or even thousandths of mass per-

cent.242, 239, 254 In some cases, methods for the preparation

of composites suitable for industrial application were devel-

oped.251, 259, 263 By optimization of the electronic properties

of CNT and polymers,285 ± 291 materials with high electrical

conductivity and superparamagnetism were developed.290

Researchers made considerable advances in the under-

standing of the nature of bonds formed upon CNT

modification,116, 126, 127, 142, 209 problems of interfacial adhe-

sion 161, 162, 216, 221 and interfacial conduction 161, 162 in nano-

composites.

A relatively new line of research, the development of

nanocomposites CNT ± hyperbranched polymer has been

further developed.256, 284 Composites with high thermoox-

idative stability, structuring additives to polymers were

obtained.256

Numerous data needed for the understanding of the

effect of CNT-containing materials on biosystems were

published.151 ± 153, 182 ± 200

With the obvious advances made in the development of

polymeric composites involving CNT, quite a few funda-

mental and applied problems remained unsolved. In partic-

ular, development of the procedures for controlled func-

tionalization of CNT, elucidation of the features of nano-

tube behaviour in colloid systems and studies of the diver-

sity of factors that determine the formation of polymeric

nanomaterials with optimal properties are still topical tasks.

Study of these issues at a quantitative level is complicated

by the fact that CNT obtained by different methods have

broad size, aspect ratio and morphology distributions. The

chemistry of some functionalization reactions of CNT is

still unclear (see Section II.2); the nature of structural

changes in the polymers upon the introduction of CNT,

resulting in crucial changes in the properties of the matrix

are far from being always known; the issues concerning the

mechanisms of action of ultrasound and microwave radia-

tion on the CNT modification processes are being scarcely

studied.

The studies on the combined use of nanofillers of

different type in polymeric composites appear promising.

For example, synergism was found in the reinforcing action

of components in the combinations single-walled CNT ± na-

nodiamond or single-walled CNT ± `small-layer' graphene

introduced in the concentrations of 0.1 mass% ± 1 mass%

to polyvinyl alcohol,308 and synergistic fire-retardant action

was found for the components of the multi-walled

CNT ± layered silicate system.140

A number of studies dealing with this subject matter

were published during preparation of this review for pub-

lication. These include, in particular, a brief review 309

considering new data on CNT ± polymer nanocomposites

published from the mid-1990s to 2004, a large paper 310 on

the chemistry, preparation and mechanical and electric

properties of polymeric nanocomposites (covering the

results obtained mainly in 2003 ± 2008) and a review 311 on

the applications of CNT-containing composites in sensor

devices.

Among the publications, a significant place is occupied

by works dealing with enhancement of the electrophysical

properties of polymers due to the introduction of CNT.

Conducting composites were obtained from polythio-

phene,312, 313 polystyrenesulfone,313 PI,314 various electro-

active block copolymers 315 and other polymers.316 ± 320

The influence of the number of factors on the electrical

characteristics of CNT ± polymer composites was studied;

these factors include the microstructure of polymers,321 the

length,322 aspect ratio and orientation of CNT,323 and the

conditions of formation 324 and operation modes 318 of

nanocomposites. The formation of conductive networks of

multi-walled CNT in polymers was studied.325, 326

New nanocomposites for the use in solar batteries,327

high-voltage power cables,328 polymeric membranes,329

photovoltaic 330 and sensor devices,311, 331 ± 333 and for

other purposes 334, 335 were proposed.

Enhancement of electrooptical properties of liquid crys-

tals upon the introduction of nanocomposites was estab-

lished.312, 336 ± 338

A ternary hybrid containing, apart from poly(vinylidene

fluoride) and multi-walled CNT, a ceramic component,

namely, nanocrystalline barium titanate, has a high dielec-

tric constant,339 the Ag7CNT± nylon 6 hybrid has anti-

microbial properties,340 and the poly(sodium styrene

sulfonate7CNT7Pt) hybrid shows high electrocatalytic

activity and is proposed as a fuel cell material.341

By using ozone-mediated functionalization of CNT by

unreactive polymers, a broad range of composites with high

performance characteristics were obtained.342

The formation of nanocomposites under the action of

plasma was studied.343 The LIFT (Laser Induced Forward

Transfer) technology was used for the precise deposition of

pixels based on the polymer ±CNT composite on aluminium

microelectrodes for the production of chemical sensors and

for high-quality printing on glass substrates.344

Problems of non-covalent modification of CNT with

low-molecular compounds and polymers are the subjects of

Refs 341, 345 and 346.

A theoretical work 347 considers structuring and phase

behaviour of polymeric nanocomposites containing fillers

consisting of non-spherical particles, including CNT.
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