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troscopy (EELSY/ and X-ray photoemission spectroscopy
(XPS)28 whereas thermodynamical data were obtained using
theoretical approaché¥:3?

The structures of fluorinated CNT have been investigated
both experimentally and theoretically. Controversy exists
regarding the favorable pattern of F addition onto the
sidewalls of CNT. On the basis of STM images and
between room temperature and 60C (Figure 13+25 semiempirical calculations, Kelly et #. proposed two
Fluorinated nanotubes have been extensively characterizegossible addition patterns, consisting of 1,2-addition or 1,4-
by transmission electron microscopy (TER)scanning addition, and concluded that the latter is more stable. On
tunneling microscopy (STM¥ electron energy loss spec- the contrary, DFT calculations on a fluorinated tube predicted
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Figure 2. Cycloaddition reaction witlin situ generated dichloro-
carbene.

at 1225 cm?! as a result of the reaction. Because of the
presence of terminal amino groups, the aminoalkylated CNT
are soluble in diluted acids and water. The amino-function-

alized CNT were further modified, for example, by conden-
sation with dicarboxylic acid chloride8.The cross-linked
nanotubes were characterized by Raman and IR spectroscopy.
In additon, primary amines can be employed to further bind
various biomolecules to the sidewalls of CNT for biological
applications.

Using an alternative approach, the functionalization of
fluoronanotubes with free radicals, thermally generated from
organic peroxides, has been reported and the resulting
material was characterized by FT-IR, Raman, thermogravi-
metric techniques, and microscofdy.

Chlorination or bromination reactions to CNT were
achieved through electrochemical meétishe electrochemi-
cal oxidation of the appropriate inorganic salts afforded the
coupling of halogen atoms on the graphitic network. The
modified material was found to be soluble in polar solvents,
whereas the carbon impurities were insoluble.

Figure 1. Reaction scheme for fluorination of nanotubes, defunc-
tionalization, and further derivatization.

an energetic gain of 4 kcal/mol in favor of the 1,2-addition
pattern®® However, such a small energy difference between
the two addition patterns implies that both types of fluori- ;
nated material probably coexist. The sidewall carbon atomsz'z' Hydrogenation

on which F atoms are attached are tetrahedrally coordinated Hydrogenated CNT have been prepared by reducing

and adopt sphybridization. This destroys the electronic band pristine CNT with Li metal and methanol dissolved in liquid
_StrUCtU_re of meta_.l“c or Sem|CondUCt|ng CNT, generatlng an ammonia (B|rch reductiorff_ Using thermogravimetfymass
insulating material. spectrometry analysis, the hydrogenated CNT were found

The best results for the functionalization reaction have to have a stoichiometry of @H. The hydrogenated material
been achieved at temperatures between 150 and®@@® was found to be stable up to 40C. TEM micrographs
as at higher temperatures the graphitic network decomposesshowed corrugation and disorder of the nanotube walls due
appreciably. The highest degree of functionalization was to hydrogenation. Binding energies between carbon and
estimated to be about,E by elemental analysis. However, hydrogen atoms were estimated with computational meth-
when fluorination was applied to small diameter HipCO- ods*” Moreover, CNT have been functionalized with atomic
SWNT (single-walled CNT), the nanotubes were cut to an hydrogen using a glow dischar§e®® or proton bombard-
average length of less than 50 ffFluorinated nanotubes  ment® Supporting evidence for the covalent attachment was
were reported to have a moderate solubilityl(mg/mL) in given by FT-IR spectroscopy.
alcoholic solvent8* The majority of the fluorine atoms could
be detached using hydrazine in a 2-propanol suspension of2 3. Cycloadditions
CNT 235 whereas heat annealing was used as an effective
way to recover the pristine nanotuli4” In a different Carbene [2-1] cycloadditions to pristine CNT were first
approach, defunctionalization of fluoronanotubes has beenemployed by the Haddon grodp.*® Carbene was generated
observed under electron beam irradiation in microscope in situ using a chloroform/sodium hydroxide mixture or a
observations® phenyl(bromodichloro methyl)mercury reagent (Figure 2).

The fluorination reaction is very useful because further ~ The addition of dichlorocarbene functionality induced
substitution can be accomplish&dt was demonstrated that some changes in the XPS and far-infrared spectra, whereas
alkyl groups could replace the fluorine atoms, using Grig- chemical analysis showed the presence of chlorine in the
nard® or organolithium* reagents (Figure 1). The alkylated sample. It was found that over 90% of the far-infrared
CNT are well dispersed in common organic solvents such intensity is removed by 16% Cgfunctionalization. Such
as THF and can be completely dealkylated upon heating atcovalent modification exerted stronger effects on the elec-
500 °C in inert atmosphere, thus recovering pristine CNT. tronic band structures of metallic SWNT.

In addition, several diamin&sor diols** were reported to Nucleophilic addition of carbenes has been reported by
react with fluoronanotubes via nucleophilic substitution the Hirsch grou@:®” In this case, zwitterionic 1:1 adducts
reactions (Figure 1). Infrared (IR) spectroscopy allowed were formed rather than cyclopropane systems (Figure 3,
confirming the disappearance of the-€ bond stretching  route a).
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Figure 3. Derivatization reactions: (a) carbene addition; (b)
functionalization by nitrenes; and (c) photoinduced addition of
fluoroalky! radicals.

In another [2-1] cycloaddition reaction, the thermal
functionalization of CNT by nitrenes was extensively studied
(Figure 3, route b}:5%° The first step of the synthetic
protocol was the thermal decomposition of an organic azide,
which gives rise to alkoxycarbonylnitrene via nitrogen
elimination. The second step consisted of the-I2 cy-
cloaddition of the nitrene to the sidewalls of CNT, affording
alkoxycarbonylaziridino-CNT. A variety of organic func-
tional groups, such as alkyl chains, dendrimers, and crown
ethers, were successfully attached onto CNT. It was found
that the modified CNT containing chelating donor groups

in the addends allowed complexation of metal ions, such as

Cu and CcP® The [2+1] cycloaddition reaction resulted in
the formation of derivatized CNT, soluble in dimethyl
sulfoxide or 1,2-dichlorobenzene. The final material was fully
characterized byH NMR, XPS, UV-vis, and IR spec-
troscopie$® while chemical cross-linking of CNT was
demonstrated by using,w-bifunctional nitrenes?

In a similar approach, the sidewalls and tips of CNT were
functionalized using azide photochemisityl he irradiation
of the photoactive azidothymidine in the presence of nano-
tubes was found to cause the formation of very reactive
nitrene groups in the proximity of the carbon lattice. In a
cycloaddition reaction, these nitrene groups couple to the
nanotubes and form aziridine adducts (Figure 4).

The free hydroxyl group at the' position of the deoxy-

Tasis et al.

HO/\ﬁ/T
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Figure 4. Photoinduced generation of reactive nitrenes in the
presence of nanotubes.

SWNT R-NHCH,COOH/(CH,0),
or
MWNT DMF, 130 °C

Figure 5. 1,3-Dipolar cycloaddition of azomethine ylides.

have been extensively explored including applications in the
fields of medicinal chemistry, solar energy conversion, and
selective recognition of chemical species. The amino-
functionalized CNT were particularly suitable for the covalent
immobilization of molecules or for the formation of com-
plexes based on positive/negative charge interaétivfari-

ous biomolecules have been attached on amino-CNT, such
as amino acids, peptides, and nucleic acids (Figuf& ).
Several applications in the field of medicinal chemistry can
be envisaged, including vaccine and drug delivery, gene
transfer, and immunopotentiation.

One of the central aspects in CNT chemistry and physics
is their interaction with moieties via electron tranfer. In-
tramolecular electron-transfer interactions between nanotubes
and pendant ferrocene groups showed that this composite
material can be used for converting solar energy into electric
current upon photoexcitatiof. In another application, a
SWNT—ferrocene nanohybrid was used as a sensor for
anionic species as a result of hydrogen bond interactins.
The complexation of the functionalized CNT with phosphates
was monitored by cyclic voltammetry. The detection of ionic
pollutants is very important in the field of environmental
chemistry. By an analogous approach, glucose could be
detected by amperometric medas.

The organic functionalization of CNT with azomethine

nbose moiety m'ea(.:h a2|r|doth)_/m|d|ne group was used as ylides can be used for the purification of raw material from
the site of modification from which DNA strands could be peta] particles and amorphous carbonaceous spétigee
further attache@ Theoretical studies have supported the main steps were followed: (a) the chemical modification of
feasibility of the reactions of CNT with carbenes (or nitrenes) the starting material, (b) the separation of the soluble adducts
from a thermodynamic point of vied.®2 and reprecipitation by the use of a solvent/nonsolvent
A simple method for obtaining soluble CNT was devel- technique, and (c) the thermal removal of the functional
oped by our grouf?® The azomethine ylides, thermally  groups followed by annealing at high temperature. The final
generatedn situ by condensation of an-amino acid and  material was found to be free of amorphous carbon whereas
an aldeyde, were successfully added to the graphitic surfacethe catalyst content was less than 0.5%.
via a 1,3-dipolar cycloaddition reaction, forming pyrrolidine-  Water-soluble, functionalized, multiwalled carbon nano-
fused rings (Figure 5). tubes (MWNT) have been length-separated and purified from
In principle, any moiety could be attached to the tubular amorphous material through direct flow field-flow fraction-
network, in an approach that has led to a wide variety of ation (FIFFF). In this context, MWNT subpopulations of
functionalized CNT. After the first repof® various aspects  relatively homogeneous, different lengths have been obtained
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Figure 7. 1,3-Dipolar cycloaddition of nitrile imines to nanotubes.
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Figure 9. Derivatization scheme by reduction of aryl diazonium
salts.
undecene (DBU) afforded the modified material. In a
subsequent step, CNT reacted with 2-(methylthio)ethanol to
give thiolated material. The functional groups on the nano-
tube surface could be visualized by a tagging technigue using
chemical binding of gold nanoparticles (Figure 8). The degree
of functionalization by the Bingel reaction was estimated to
be about 2%.

A Diels—Alder cycloaddition was performed on the
sidewalls of CNT’®2The reaction involves fout-electrons
of a 1,3-diene and twar-electrons of the dienophile. The

from collecting fractions of the raw, highly polydispersed active reagent was-quinodimethane (generat@dsitu from
(200-5000 nm) MWNT samplé® Although the resulting  4,5-benzo-1,2-oxathiin-2-oxide), and the reaction was assisted
length-based MWNT sorting was performed on a micro- by microwave irradiation. The modified tubes were charac-
preparative scale, the isolation of purified and relatively terized by Raman and thermogravimetric techniques. The
uniform-length MWNT is of fundamental importance for feasibility of the Diels-Alder cycloaddition of conjugated
further characterization and applications requiring monodis- dienes onto the sidewalls of SWNT was assessed by means

perse MWNT material.

In another approach, Alvaro et @ modified nanotubes
by thermal 1,3-dipolar cycloaddition of nitrile imines,

of a two-layered ONIOM(B3LYP/6-31G*:AM1) molecular
modeling approaclk® While the reaction of 1,3-butadiene
with the sidewall of an armchair (5,5) nanotube was found

whereas the reaction under microwave conditions affordedto be disfavored, the cycloaddition of quinodimethane was

functionalized material in 15 min (Figure P The pyra-
zoline-modified tubes were characterized by t\Ws, NMR,

predicted by observing the possible aromaticity stabilization
at the corresponding transition states and products.

and FT-IR spectroscopies. Photochemical studies showed ) .
that, by photoexcitation of the modified tubes, electron 2.4. Radical Additions

transfer takes place from the substituents to the graphitic

walls.”*2The applicability of the 1,3-dipolar cycloadditions

Classical molecular dynamics simulations have been used
to model the attachment of CNT by carbon radi¢&Ehese

onto the sidewalls of CNT has been supported by theoretical sjmylations showed that there is great probability of reaction

calculations’®

The so-called Bingel [21] cyclopropanation reaction was
also reported recentlf/.In this reaction, diethyloromoma-
lonate works as a formal precursor of carbene. ThelR
addition to CNT dispersed in 1,8-diazobicyclo[5,4,0]-

of radicals on the walls of CNT. A simple approach to
covalent sidewall functionalization was developed via dia-
zonium salts (Figure 988

Initially, derivatization of small diameter CNT (HipCO)
was achieved by electrochemical reduction of substituted aryl



1110 Chemical Reviews, 2006, Vol. 106, No. 3 Tasis et al.

Reductive coupling Oxidative coupling

-

R = CH,NH,, COOH Q
R HN R
Figure 10. Electrochemical functionalization resulting in—C

bond formation. ] ) ) o o )
Figure 11. Electrochemical functionalization by oxidative coupling
resulting in C-N bond formation.

SWNT

SWNT

diazonium salts in organic medi&#? where the reactive
species was supposed to be an aryl radical. The formation
of aryl radicals was triggered by electron transfer between
CNT and the aryl diazonium salts, in a self-catalyzed
reaction. A similar reaction was later described, utilizing
water-soluble diazonium saft$8* which have been shown

to react selectively with metallic CN®:24Additionally, the
methodology gave the most highly functionalized material
by using micelle-coated CNT. The micelles were generated *(CHL),CO,H
using the surfactant sodium dodecyl sulfate (SB¥SY.he

micelle-coated material was made of noncovalently individu-

ally wrapped SWNT. Functionalization of this type of CNT (CH2)sCOH
material occurred very easily according to bVis spec- Figure 12. Derivatization reaction with carboxyalkyl radicals by
troscopy, and the tubes were heavily functionalized according a thermal process.

to Raman spectroscopy and TGA (one functional group every

10 carbon atoms). Analysis by AFM of the modified CNT, first immersing the nanotubes into a solution of the hetero-
dispersed in DMF, showed a dramatic decrease in bundling.bifunctional cross-linker sulfo-succinimidyl MN¢maleimido-

This profoundly increased the solubility of CNT in DMF  methyl)cyclohexan-1-carboxylate to expose the reactive
(0.8 mg/mL). maleimido groups for the selective ligation with a thiol-

In situ chemical generation of the diazonium salt was modified DNA. The specificity of the DNA-modified CNT
found to be an effective means of functionalization, providing was tested in the presence of a mixture of four complemen-
well-dispersed nanotubes in DNff®or aqueous solutiorfg. tary DNA molecules, each of which was labeled at the 5
The same reaction can also be performed under solvent-freeend with a different fluorescent dye. Emission spectra showed
conditions, offering the possibility of an efficient scale-up that the DNA molecules are able to recognize their appropri-
with moderate volume¥. ate complementary sequences with a high degree of selectiv-

Electrochemical modification of individual CNT was ity. Each sequence was able to hybridize only with the
demonstrated by the attachment of substituted phenylcomplementary sequence bonded to the CNT. Similarly,
groups?*-9t Two types of coupling reactions were proposed, zhang et af?® have electrografted poly¢succinimidyl
namely the reductive coupling of aryl diazonium salts (Figure acrylate) byin situ polymerization onto the surface of SWNT.
10) and the oxidative coupling of aromatic amines (Figure |n a subsequent step, glucose oxidase was covalently attached
11). In the former case, the reaction resulted ine0bond  to the nanotube-polymer assembly through the active ester
formation at the graphitic surface whereas, in the latter, groups of the polymer chain. The authors explored the

amines were directly attached to CNT. Commercial fabrica- potential application of this composite for the electrocatalytic
tion of field-effect transistors (FETs) using electrochemically qyigation of glucose.

modified CNT was recently reported by Balasubramanian
et al®* The authors utilized electrical means for the selective
covalent modification of metallic nanotubes, resulting in
exclusive electrical transport through the unmodified semi-
conducting tubes. To achieve this goal, the semiconducting
tubes were made nonconducting by application of an X : o
appropriate gate voltage prior to the electrochemical modi- N€atéd in the presence of peroxides and alkyl iodides or
fication. The FETSs fabricated in this manner display good treated with various sulfoxides, employing Fenton's reagfent.
hole mobilities and a ratio approaching®lbetween the The reaction of CNT with succinic or glutaric acid acyl
currents in the on/off states. peroxides resulted in the addition of carboxyalkyl radicals

Electrochemically modified CNT with amino groups were onto the sidewalls (Figure 129.This acid-functionalized
shown to act as potential grafting sites for nucleic aétdds. material was converted to acid chlorides and then to amides
Covalent attachment of DNA strands was accomplished by with various terminal diamines.

o) o)
HOOC(CH,), —C—0O—0—C—(CH,),COOH

Thermal and photochemical routes have also been applied
to the successful covalent functionalization of CNT with
radicals. Alkyl or aryl peroxides were decomposed thermally
and the resulting radicals (phenyl or lauroyl) added to the
graphitic network®34In an alternative approach, CNT were
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The reductive intercalation of lithium ions onto the the SWNT sidewalls toward metal coordination was not
nanotube surface in ammonia atmosph@eor in polar straightforward. It was found that coordination mainly
aprotic solvent¥?chas been studied. The negatively charged occurred at defect sité&°c The development of this
tubes were found to exchange electrons with long chain chemistry was crucial for applications of SWNT as reusable
alkyliodides, resulting in the formation of transient alkyl catalyst supports.
radicals’cThe latter were added covalently to the graphitic  Carbon nanotube interconnects were obtained by covalent
surface, and the resulting modified nanotubes were charac-attachment of an inorganic metal complex, such as [ruthenium-
terized by FT-IR, Raman, and TEM. (4,4-dicarboxy-2,2bipyridine)(2,2-bipyridyl)z](PFs)2, to CNT

Addition of perfluoroalkyl radicals to CNT was obtained which were previously treated in ammonia atmosph&te.
by photoinduced reactions (Figure 3, routeé®€)%%The Cross-linking was visualized by microscopy imaging, while
precursor used in this case was an alkyl iodide which emission spectroscopy showed significant changes between
dissociated homolytically upon illumination. the starting components and the resulting ruthemium

In another approach, it was shown that H, N, NH, and nanotube complex.

NH, radicals could be added to CNT using a cold plasma The coordination chemistry of CNT with the inorganic
method® The authors used ammonia plasma generated bycomplex Cr(COj was studied by density functional theory
microwave discharge as a precursor. By using amino- calculationst®®199]t was suggested that the metal fragment
functionalized multiwalled CNT as a starting material, coordinates to the walls of the nanotube. The synthesis of
chemical bonds were shown to form by covalent attachmentthe nanotube adduct had been attempted by Wilson'é? al.
of 13C-enriched terephthalic ac The characterization of However, experimental difficulties in the manipulation of

these modified tubes was achieved ust#g NMR spec- nanotubes rendered impossible the characterization of the
troscopy. final product.
2.5. Electrophilic Additions 2.7. Ozonolysis

Electrophilic addition of chloroform to CNT in the Single-walled CNT have been subjected to ozonolysis at

presence of a Lewis acid was reported followed by alkaline —78 °C! and at room temperatut& affording primary
hydrolysis!®! Further esterification of the hydroxy groups CNT-ozonides. Pristine CNT were subjected to cleavage by
to the surface of the nanotubes led to increased solubility, chemical treatment with hydrogen peroxide or sodium
which allowed the complete spectroscopic characterization borohydridei*ayielding a high proportion of carboxylic acid/

of the material. ester, ketone/aldeyde, and alcohol groups on the nanotube
surface. This behavior was supported by theoretical calcula-
2.6. Addition of Inorganic Compounds tions113 By this process, the sidewalls and tips of the

. . i nanotubes were decorated with active moieties, thus sub-
Osmium tetroxide is among the most powerful oxidants giantially broadening the chemical reactivity of the carbon
for alkenes. The base-catalyzedHd] cycloaddition of the  nanostructures. Banerjee et*8 found that the chemical
oxide with alkenes readily occurs at low temperature, forming yeactivity in this sidewall addition reaction is dependent on
osmate esters that can be further hydrated to generaté®iols. e giameter of the nanotubes. Smaller diameter nanotubes

In light of these features, the covalent linkage of osmium paye greater strain energy per carbon atom due to increased
oxide to the double bonds of CNT lattices was theoretically cyprature and higher rehybridization energy. The radial

studied'® The calculations predicted that the cycloaddition breathing modes in the low wavenumber region of the Raman
of osmium oxide could be viably catalyzed by organic bases, spectra of CNT indicate that, after functionalization, the

giving rise to osmylated CNT. In practice, the sidewall featyres corresponding to small diameter tubes were relatively
osmylation of CNT has been achieved by exposing the tubesgecreased in intensity as compared to the profile of larger
to osmium tetroxide vapors under UV irradiati¥¥? The diameter tubes.

proposed mechanism for the photostimulated osmylation of
CNT involved photoinduced charge transfer from nanotubes
to osmium oxide and subsequently quick formation of the

olsmat((aj gstLeJr\/ell_dcrj]qct. The cycI%addition product chan beenes). The derivatized materials were characterized by means
cleaved by Ightin »acuoor under oxygen atmosphere - ¢ g gng TEM, and spectroscopically, using Raman,
whereby the original electronic properties are restored. UV —vis—NIR. and XPS

Concerning the effect of the oxide vapor on MWNT, the
ith%srg‘;fni?fe;‘az?@)b"’ere opened after treatment with the 5 g \10chanochemical Functionalizations

Using a solution-phase approach, Banerjee et®*al. The ball-milling of MWNT in reactive atmospheres was
suggested that the reaction is highly selective to the metallic shown to produce short tubes containing different chemical
tubes. The phenomenon of chemoselective reactions withfunctional groups such as amines, amide, thiols and mer-
metallic versus semiconducting CNT was confirmed by Lee captans® The solid material obtained after treatment with
and co-workers using Raman spectroscpyl.he authors different gases contained functional groups in rather high
observed the selective disintegration of metallic tubes by quantity. The introduction of the functional groups was
stirring them in a solution of nitronium (NO) salt, while confirmed by IR and XPS.
semiconducting tubes remained intact. In an analogous strategy, SWNT have been reacted with

CNT were allowed to react wittransIrCI(CO)(PPh); potassium hydroxide through a simple solid-phase milling
to form nanotube metal complexe&%2The coordination of  technique'® The nanotube surface was covered with hy-
the inorganic species to the graphitic surface was confirmeddroxyl groups, and the derivative displayed an increased
by FT-IR and®P NMR spectroscopies. The reactivity of solubility in water (up to 3 mg/mL). Using the same

Cai et al*'* demonstrated the attachment of ozonized
nanotubes to gold surfaces by the use of appropriate chemical
functionalities, namely conjugated oligo(phenyleneethynyl-
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approach, fullerene<gcould also be attached to the graphitic
network of nanotube®. The featureless absorption spectrum
of SWNT-Gs and the increased intensity of the disordered

mode in the Raman spectrum were indicative of the suc- chchon.  SWNT
cessful functionalization of SWNT. CHaCHTCHCH-Ny _———, —1CH,CHT-CH,CH—N
Ph | ~ Ph 0-DCB, A Ph Ph
n

2.9. Plasma Activation

An alternative approach to chemical modification of CNT
involving radiofrequency glowdischarge plasma activation . p - "
was developed® Nanotubes were treated with aldehyde- Ec',%%silég_ Grafting to” approach for nanotubepolystyrene
plasma, and subsequently aminodextran chains were im-
mobilized through the formation of Schiff-base linkages. The
resulting material possessed a highly hydrophilic surface due
to the presence of polysaccharide-type moieties.

CH=CH,

2.10. Nucleophilic Additions SWNT + K25208 *[CHZCHTCHZCH—

J

Solvent-free amination of closed caps of MWNT with H0. A

octadecylamine was attempted recently by Basiuk &tal.
It was suggested that the addition takes place only on five- SO;Na  SO3Na
membered rings of the graphitic network of nanotubes and Figure 14. Grafting of a polyelectrolyte by aim situ process for
that the benzene rings are inert to the direct amination. obtaining water-soluble nanotubes.

Thermogravimetric analysis revealed a high content of
organic groups attached on the nanotube surface. To co
valently modify CNT with both alkyl and carboxylic groups,
Chen et al'® treated pristine material witkeeBuLi and
subsequently with carbon dioxide. The resulting CNT have
lengths ranging between 100 and 200 nm, which can be
individually dispersed in water at the concentration of 0.5
mg/mL.

Georgakilas et dk°studied the alkylation of single-walled
nanotubes catalyzed by layered smectite minerals. The alkyl-
modified tubes were found to intercalate between the clay
layers, and the resulting composite was characterized by FT-
IR, Raman, TGA, XRD, and microscopy techniques. In the
presence of functionalized tubes, the spacing of the clay
layers was increased by about 2.5 nm, indicating partial
exfoliation of the inorganic component.

SO3Na

(butadiene), and the resulting polymeric anions were grafted
to the surface of nanotubes. An alternative approach was
reported by the group of Blad® MWNT were functionalized
with n-butyllithium and subsequently coupled with haloge-
nated polymers. Microscopy images showed polymer-coated
tubes while the blend of the modified material and the
polymer matrix exhibited enhanced properties in tensile
testing experiments.

Qin et al’®2 reported the grafting of functionalized
polystyrene to CNT via a cycloaddition reaction. An azido-
polystyrene with a defined molecular weight was synthesized
by atom transfer radical polymerization and then added to
nanotubes (Figure 13). In a different approach, chemically
modified CNT with appended double bonds were function-
alized with living polystyryllithium anions via anionic
polymerizationt?*> The resulting composites were soluble

- in common organic solvents.
2.11. Crafting of Polymers Using an alternative method, polymers prepared by ni-

The covalent reaction of CNT with polymers is important troxide-mediated free radical polymerization were used to
because the long polymer chains help to dissolve the tubesfunctionalize SWNT through a radical coupling reaction of
into a wide range of solvents even at a low degree of polymer-centered radical®® The in situ generation of
functionalization. There are two main methodologies for the polymer radical species takes place via thermal loss of the
covalent attachment of polymeric substances to the surfacenitroxide capping agent. The polymer-grafted tubes were
of nanotubes, which are defined as “grafting to” and “grafting fully characterized by UVvis, NMR, and Raman spec-
from” methods. The former relies on the synthesis of a troscopies.
polymer with a specific molecular weight followed by end )
group transformation. Subsequently, this polymer chain is 2.11.2. “Grafting from” Method
attached to the graphitic surface of CNT. The “grafting from”  cNT—polymer composites were first fabricated byian
method is based on the covalent immobilization of the ity radical polymerization proced® Following this pro-
polymer precursors on the surface of the nanotubes andcedure, the double bonds of the nanotube surface were
subsequent propagation of the polymerization in the presencegpened by initiator molecules and the CNT surface played
of monomeric species. the role of grafting agent. Similar results were obtained by

“ : » several research group®. Depending on the type of
2.11.1. “Grafting to” Method monomer, it was possible not only to solubilize CNT but

Koshio et al?*2reported the chemical reaction of CNT also to purify the raw material from catalyst or amorphous
and PMMA using ultrasonication. The polymer attachment carbon. Qin et al?’d studied the grafting of polystyrene-
was monitored by FT-IR and TEM. As a result of this sulfonate (PSS) bin situradical polymerization (Figure 14).
grafting, CNT were purified by filtration from carbonaceous Through the negative charges of the polymer chain, the
impurities and metal particléd!® A nucleophilic reaction composite could be dispersed in aqueous media, whereas the
of polymeric carbanions with CNT was reported by Wu et impurities were eliminated by centrifugation.
al*?2 Organometallic reagents, like sodium hydride or In a subsequent work, the same authors fabricated films
butyllithium, were mixed with poly(vinylcarbazole) or poly-  consisting of alternating layers of anionic PSS-grafted
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CO,H

®0
SYIeNe L CHCH,[CHCH;
Ph Ph
n|

Activating agent
e.g. diimide

Figure 15. Grafting of polystyrene chains by anionic polymeri-
zation.

nanotubes and cationic diazopolyni&® The ionic bonds

in the film were converted to covalent bonds upon UV

irradiation, which improved greatly the stability of the

composite material. Ford and co-work@rsprepared poly-

vinylpyridine (PVP)-grafted SWNT byn situ polymeriza-

tion. Solutions of such composites remained stable for at unclear, although the authors suggested that a possible cross-

least 8 months. Layer by layer deposition of alternating thin linking could take place between the two components.

films of SWNT-PVP and poly(acrylic acid) resulted in free- The development of an integrated nanotubpoxy poly-

standing membranes, held together strongly by hydrogenmer composite was reported by Zhu et#ln the fabrication

bonding. process, the authors used functionalized tubes with amino
Assemblies of PSS-grafted CNT with positively charged groups at the ends. These moieties could react easily with

porphyrins were prepared via electrostatic interactiéfishe the epoxy groups and act as curing agents for the epoxy

nanoassembly gave rise to photoinduced intracomplex chargenatrix. The cross-linked structure was most likely formed

separation that lives for tens of microsecot¥3The authors ~ through covalent bonds between the tubes and the epoxy

have demonstrated that the incorporation of Ciborphyrin polymer.

hybrids onto indium tin oxide (ITO) electrodes leads to solar ~ Multiwalled CNT were successfully modified with poly-

energy conversion devices. This system displayed mono-acrylonitrile chains by applying electrochemical polymeri-

chromatic photoconversion efficiencies up to 8.5%8. zation of the monomél® The surface-functionalized tubes
Viswanathan et a@2° demonstrated the feasibility of situ showed a good degree of dispersion in DMF while further

anionic polymerization and attachment of polystyrene chains Proofs of debundling were obtained by TEM images.

to full-length pristine nanotubes. The raw material was treated

with seebutyllithium, which introduces a carbanionic species 3. Defect Site Chemistry

on the graphitic surface and causes exfoliation of the bundles.

When a monomer was added, the nanotube carbanions3.1. Amidation/Esterification Reactions

initiate polymerization, resulting in covalent grafting of the

polystyrene chains (Figure 15).

CXT~CONHR (-CO;R)
cocl CONHR (-CO,R)

Figure 16. Derivatization reactions of acid-cut nanotubes through
the defect sites of the graphitic surface.

Up to now, all known production methods of CNT also
generate impurities. The main byproducts are amorphous

i 130 : S .
_Xia et al'. a.StUd'ed the fa.br|cat|on of'cor.nposnes toy carbon and catalyst nanoparticles. The techniques applied
situ ultrasonic induced emulsion polymerization of acrylates. ¢, he purification of the raw material, such as acid

It vlvas nothngcessary to usle ar|1y initiaﬂng speﬁies, and tgeoxidation,mvminduce the opening of the tube caps as well
polymer chains were covalently attached to the nanotube o he formation of holes in the sidewalls. The final products
surface. MWNT grafted with poly(methyl methacrylate) were .o hanotube fragments with lengths belown, whose ends

sgnthesized by efmulsi(ér_l p?Iym_ertigq%tion of the m?nﬁ_mer N and sidewalls are decorated by oxygenated functionalities,
the presence of a radical initiato or a Cross-inking — majnly carbonyl and carboxylic groups. Many groups have
agent*CNT were found to react mostly with radical-type  g¢,died the chemical nature of these moieties through IR

oligomers. The modified tubes had an enhanced adhesiong e iroscopy, thermogravimetry, and other techniques. In the
to the polymer matrix, as could be observed by the improved gemina| work of Liu et al® it was demonstrated that the
mechanical properties of the composité. o groups generated by the acid-cut nanotubes were carboxy-
A different approach to composite preparation involves [ates, which could be derivatized chemically by thiolalkyl-
the attachment of atom ftransfer radical polymerization amines through amidation reaction. The resulting material
(ATRP) initiators to the graphitic network. These initiators coyld be visualized by AFM imaging after tethering gold
were found to be active in the polymerization of various nanoparticles to the thiol moieties. Lieber and co-work&rs
acrylate monomers. Adronov and co-workérprepared and  gemonstrated that nanotube tips can be created by coupling
characterized composites of nanotubes with methyl meth-pasic or biomolecular probes to the carboxylic groups that
acrylate andert-butyl acrylate. The former composites were  gre present at the open ends. These modified nanotubes were
found to be insoluble in common solvents, while the latter ysed as AFM tips to titrate acids and bases, to image
were soluble in a variety of organic media. patterned samples based on molecular interactions, and to
The fabrication of nanotubepolyaniline composites via  measure binding forces between single protéigand
in situ chemical polymerization of aniline was studied by pairs13%
many groups32*3nitially, a charge-transfer interaction was ~ Chen et af? treated oxidized nanotubes with long chain
suggested?*whereas a covalent attachment between the two alkylamines via acylation and made for the first time the

components was describ&d. functionalized material soluble in organic solvents (Figure
The surface modification of SWNT was reported recently 16).
via in situ Ziegler—Natta polymerization of ethylerié! The Further studies showed that 4-alkylanilines could also give

exact mechanism of nanotubpolymer interaction remains  soluble materiat/® whereas the presence of the long alkyl
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cOH COZ "HaN-R two components. It is believed that the structural arrangement

7502 THNR between the nanotube and the porphyrins is critical for the

CO7 "HN-R photophysical behavior of the composites. In independent

COH pirect

h | -4 .. . . ..
R COM Triing 2 7O, "HaN-R works, oxidized nanotubes with phthalocyanine moieties
COH CO; "HaN-R linked by amide bonds have been prepafd? The
Figure 17. Direct thermal mixing of nanotubes and long chain resulting composites were characterized by-ti\s, IR, and
amines. TEM.

. » . o The effects on the photocurrentoltage characteristics
chain played a critical role in the solubilization process. of sglar cells were thoroughly studied by anchoring ruthe-
Direct thermal mixing of oxidized nanotubes and alkylamines pnjym dye-linked CNT to Ti@ films.152¢ In comparison to
produced functionalized material through the formation of the case of the unmodified Tiell, the open-circuit voltage
zwitterions (Figure 17)#%141 The length-fractionation of (Voo increased by 0.1V, possibly due to the presence of the
shortened (250 to 25 nm), zwitterion-functionalized, SWNT NH groups of the ethylenediamine moieties in the FiO
has been demonstrated via gel permeation chromatogréhy. |inked nanotubes. In an analogous study, Haddon and co-
The UV—vis spectrum of each fraction indicates an apparent \yorkerd52edemonstrated that photoinduced charge separation
solubilization, as evident by the direct observation of all \yithin chemically modified SWNT results in persistent
predicteq optically.allowed inte_rband trans_itions. This non- conductivity of semiconducting carbon nanotube films.
destructive and highly versatile separation methodology carhoxylated tubes reveal negative persistent photoconduc-
opens up an array of possible applications for shortenedyjyity that could be quenched by infrared illumination. The
SWNT in nanostructured devices. authors found that the covalent attachment of Ru(#pytp

In a subsequent work, the same gréfipsuggested that  S\WNT makes carbon material sensitive to the light that is
stable dlsperS|ons'of SWNT with octadecylarr_nne (ODA) in  gpsorbed by Ru(bpy)" and persistently photoconductive,
tetrahydrofuran originate not only from the first proposed hys opening opportunities for the selective light control of
zwitterion model**** but also from physisorption and  conductivity in semiconducting SWNT. Persistently photo-
organization of ODA along the nanotube sidewalls. The conductive SWNT have potential uses as nanosized optical
affinity of amine groups for semiconducting SWN¥,as  gyjitches, photodetectors, electrooptical information storage
opposed to their metallic counterparts, provides a way for geyices, and chemical sensors.
the selective precipitation of metallic tubes upon increasing g amidation or esterification of oxidized nanotubes has

Qispersion concentration, as indicated by Raman investiga—become one of the most popular ways of producing soluble
tlogsi ficati i tted also in soluble function. M2teriais either in organic solvents or in water. Gu and co-
i sden Ica 'Obn re?;_: |0nslres_the ﬁso 'E SOl I?) lﬁnc_'on' workers®® showed that the solid-state reaction between
alized nanotubes (Figure 18Y.The photochemical behavior  iqized nanotubes and taurine (2-aminoethanesulfonic acid)

of solublgal alrl:yi ester-rpodfitfieq" na_not_ubes Ig;’:}ve ri?teh 10 afforded water soluble material. Pompeo etasucceeded
measurable photocurrents atter liuminating Solutions oTthese;, - gqpilizing short-length nanotubes by attaching glu-

145 i i - i . . - P
tuhbes.l By Uﬁmg time resolved spectfror?coprlles (laser flash ¢nsamine moieties, whereas the groups of Kimiztfkand
photolysis), the transient spectrum of the charge separatecs,ssv prepared galactose- and mannose-modified nano-

state could be detected. . . ;
; . . . tubes. The grafting was obtained by producing the acyl
Size and shape are very important issues in CNT chem- o 1iges or by carbodiimide activation, and the adducts were

istry. The change in shape from straight form to circles can ¢, tg e water soluble. Carbohydrated carbon nanotubes
have interesting implications in electroni®$The conden- were used to capture pathogenischerichia coliin

sation of carboxylate and other oxygenated functions at the solution55b
ends of the oxidized SWNT allowed Shinkai and collabora- By analogous coupling reactions, various fluorescent

tors to produce perfect ring4s® ) :
Sun gnd co—wgrkeﬁg‘ﬁodattached lipophilic and hydro- prog_esl\é\éer?] attachedl_zét the "I"C'd'cﬁt en%s for fpf;)o_toph;&sg:al
o ; - . " . studies'®® whereas solid catalysts have been fabricated by
philic dendrimers to oxidized CNT via amidation or esteri grafting of organic complexes of metal ioHg.

fication reactions (Figure 16). The modified material was Following the method developed by the Haddon group
characterized by NMR and electron microscopy. To provide '
5 y ! kY provi Cao et alt>® condensed dodecylamine with the oxidized ends

evidence about the existence of ester linkages in the ftub hile oth died th decvlami dified
functionalized tubes, acid- or base-catalyzed hydrolysis was®' tuoes, while others studied the octadecylamine-moditie
tubes by optical spectroscop’y.

performedt®® This resulted in the recovery of starting CNT, L ) o
which were again insoluble in any solvent. Using deuterated Kahn et al® showed the possibility to modify oxidized
alcohols as coreactants in esterification reactions, the sameé'anotubes with an amine, bearing a crown ether. The
group demonstrated the attachment of deuterium to the chemical interaction between the nan_otupes and the amine
nanotubed®® The attachment of fluorescent pyrene moieties Was suggested to be noncovalent (zwitterion formation). By
to the surface of nanotubes induced some interesting pho-Using the carbodiimide approach, Feng et®alprepared
tophysical properties. It was demonstrated that the planarcrown ether-modified full-length CNT.
pyrene groups interact with CNT after photoexcitafiéits The gas-phase derivatization procedure was employed for
Photophysical experiments indicated that energy transfer isdirect amidation of oxidized SWNT with aliphatic amines.
the main reason for the fluorescence quenching of pyreneThe procedure includes treatment of the tubes with amine
groups. vapors under reduced pressiffe.

Modified porphyrins were also attached at the defect sites  Zhu and co-workef€3 studied the modification of MWNT
of oxidized nanotubes for the fabrication of novel photo- by the reaction of a secondary alkylamine with the chlori-
voltaic deviceg522PPhotophysical studies of the porphyrin- nated acidic moieties of the tubes, following the Haddon
tethered nanotubes showed that fluorescence quenching oéipproach. The adduct exhibited good optical limiting proper-
the dye is dependent on the length of the spacer linking theties. The authors demonstrated that the amine-modified
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groups onto the sufaéé? Various spectroscopies have been
used to characterize the assembly, including Raman, AFM,
and TEM.

The formation of organized CNT onto silicon wafers was
shown to proceed through metal-assisted assehiblihe
substrate was chemically modified using*Fewhich was
subsequently transformed into its basic hydroxide form. The
oxidized nanotubes bearing acidic groups were assembled
onto the modified substrate by electrostatic interactions.

3.2. Attachment of Biomolecules

The integration of CNT with biological systems to form
functional assemblies is a new and little explored area of
researchi®®174CNT have been studied as potential carriers

\ S S S that transport and deliver various bioactive components into
cells® The combination of the conducting properties of CNT
Au surface and the recognition properties of the biomaterials can give
Figure 18. Controlled deposition of oxidized nanotubes onto gold rise to new bioelectronic systems (e.g. biosensors). Nano-
surfaces by using aminothiols as chemical tethers. tube—protein conjugates were prepared by the group of

_ _ _ Surt’ via diimide-activated amidation reaction. The tubes
soluble CNT could be linked with gold nanoparticles, by were functionalized with bovine serum albumifféc or
using a thiol-pyrene derivative as the cross-linkétBeing horse spleen ferriti#/5¢ and the composites were found to
a bifunctional molecule, the cross-linker can be bound to be soluble in aqueous media. The majority of the proteins
the surface of the CNT by—z stacking, while at the same  remained active when conjugated to the nanotubes, as
time the thiol groups can react covalently with the gold confirmed by microdetermination assay% Alternatively,
nanoparticles. The nanotubmetal interaction was studied  the same proteins can be covalently bound to nitrogen-doped

by fluorescence and Raman spectroscopies. multiwalled nanotube¥’®

The groups of Casta®$ and Shaffef®® independently In other cases, CNT were functionalized with paly-
described a method of silylating oxidized MWNT by reacting lysine, a polymer that promotes cell adhesién.The
the carboxylic acids with the appropriate silanes. biomolecule provided an environment for further derivati-

zation. By linking peroxidase to this assembly it was found
that hydrogen peroxide could be detected in relatively low
concentrationg’’@

Similarly, streptavidin was attached to nanotubes and the
resulting composite was studied in biorecognition applica-
tions1’8The group of Dai covalently attached biotin at the

Similar to the acylatiorresterification approach, the
carboxylic groups of oxidized nanotubes were converted to
carboxylate salts by treatment with a ba€eSubsequently,
the carboxylates reacted with alkyl halides in the presence
of a phase transfer agent to give alkyl-modified nanotubes.

The solubility of the adducts was found to be a function of carboxylic sites of oxidized nanotubes, and the resulting

the chain length of the alkyl group. conjugate was incubated with streptaviditf. The uptake
Intermolecular junctions between CNT were reported by of the nanotubeprotein composite into mammalian cells
coupling oxidized material with the appropriate link&r&. was monitored by fluorescence confocal imaging and flow
Acyl chloride-terminated nanotubes reacted with aliphatic cytometry. It was found that streptavidin could enter inside
diamines, and the resulting adduct was characterized bythe cells when complexed with the nanotuttgotin trans-
Raman spectroscopy. Such amino-functionalized tubes areporter.
perfect scaffolds for the covalent binding of polymers and  Gooding et ak™ studied the covalent immobilization of
biomoleculeg®7 a redox protein (MP-11) at the oxidized ends of aligned CNT
The issue of the controlled deposition and alignment of on a gold electrode surface. The reversible electrochemistry
CNT on different types of surfaces has been studied Of the enzyme originated from the electron transfer through
extensively in the last few years. In principle, by attaching the bridging nanotubes. Wang et'&.have fabricated a
acidic moieties to the graphitic surface, one can guide the Nanotube-enzyme assembly for amplifying the electrical
assembly on any substrate. Important progress concerning®€nsing of proteins and DNA. The composite could have
the controlled deposition of CNT on gold surfaces was Potential applications in medical diagnostics.
achieved by the thiolization reaction of carboxyl-terminated ~ Patolsky et at* fabricated an array of aligned nanotubes
CNT.1381681695hort-length oxidized CNT were treated with 9N @ gold_ surface. An amino derivative of flavine adenine
the appropriate thiol derivative, and the resulting material dinucleotide cofactor was coupled at the free ends of the
was tethered chemically to a gold substrate (Figure 18). standlng tubes. In a subsequent_step, glucose oxidase was
. . reconstituted on the cofactor units. The tubes acted as a
Alternatively, gold substrates have been shown to interact ,, oconnector that electrically puts in contact the active site
with the appropriate tethering agents and subsequently ot he enzyme and the gold electrode. In an analogous work,
assemble into oxidized tubes by forming amide bonds.

; X , glucose oxidase was covalently immobilized on nanotubes
Typically, the molecular bridges can bew-aminomercap- — yig carbodiimide chemistry by forming amide linkages

tans:417%1"n a subsequent step, different macromolecules peyyeen their amine residues and carboxylic acid groups at

can be attached at the free ends of the oxidized CNT. the tips'®! The catalytic reduction of hydrogen peroxide
Deposition of oxidatively shortened nanotubes on a silver liberated by the enzymatic reaction of glucose oxidase leads

surface was based on spontaneous adsorption of the COOHo the selective detection of glucose. The biosensor ef-
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fectively performs a selective electrochemical analysis of amphiphilic polymer brushes on the surface of multi-walled
glucose in the presence of common interfering agents (e.g.,nanotubes. They attached polystyrdrieckpoly(tert-butyl
acetaminophen, uric and ascorbic acids), avoiding the acrylate) chains by sequential ATRP of styrene aed-
generation of overlapping signals due to the presence of thebutyl acrylate. This was followed by hydrolysis of the
different molecules. Similar nanotubeedox protein con-  acrylate block, giving rise to the fabrication of a nanotube
jugates have shown enhanced sensitivity in the detection ofcomposite with a block copolymer of polystyrengoly-
low concentrations of hydrogen peroxitfé. (acrylic acid).

Following a similar method, CNT were linked covalently Jin et al?%?2showed for the first time grafting of poly-
to DNA strands by diimide activation of the carboxylic (ethylene oxide) to CNT modified with acyl chloride
moieties!8* 18 The adducts were found to have a moderate moieties. The solubilization of oxidized CNT by attachment
solubility in aqueous solutiof® A multistep route for of amine-terminated poly(ethylene glycol) (PEG) chains was
covalently linking DNA to oxidized nanotubes has been studied by several groupg%?c¢2% The functionalization
reported by independent work¥. The authors attached a reaction was achieved via three different approaches: (1)
bifunctional linker at the defect sites of the tubes, and then direct thermal reaction of the reactants, (2) acylation
a chemical reaction took place between the linker and the amidation, and 3) carbodiimide-activated coupling. Nonlinear
thiol-terminated DNA strands. The resulting composites were transmission measurements on solutions of PEG-SWNT in
found to hybridize selectively with the complementary chloroform showed a better optical limiting performance
sequences of oligonucleotides. relative to that recorded for original SWNT suspended in

Alternatively, the self-assembly of nanotubes to gold the same solverif?c
electrodes (or nanoparticles) via DNA hybridization was ~ An in situ ring-opening polymerization strategy was
demonstrated by different research grotfi§his approach  employed to grow multihydroxyl dendritic macromolecules
consists of two steps. In the first step, a self-assembledon the surfaces of multi-walled carbon tuB#8.CNT were
monolayer of single stranded DNA was adsorbed onto gold oxidized, activated with thionyl chloride, and allowed to react
contacts by reaction with thiol-terminated oligonucleotides. with a diol, thus obtaining hydroxy-functionalized MWNT
In the second step, oxidized SWNT modified with oligo- (MWNT-OH). Using MWNT-OH as a growth support and
nucleotides of the complementary sequence were allowedBF,;-Et,0 as a catalyst, multihydroxy hyperbranched poly-
to hybridize with the DNA located on the gold electrode. ethers-treelike macromolecules were covalently grafted on

. o the sidewalls and ends of nanotubesiwiaitu ring-opening
3.3. Grafting of Polymers to Oxidized Nanotubes polymerization of 3-ethyl-3-(hydroxymethyl)oxetane. TGA

The grafting of polycationic electrolytes to defect sites of Measurements showed that the weight ratio of the as-grown
CNT hgas begn secugied by the grouyp of S who hyperbranched polymers on the MWNT surfaces lay in the
attached poly(ethyleneimine) chains to CNT' The free fange between 20 and 87%. The products were characterized
carboxylic acid functions on oxidized CNT were converted by FTIR, NMR, DSC, TEM, and SEM. These nanocompos-

to acyl chlorides. The activated tubes were mixed with poly- ;E'esdgxhlblteéj relatlveklé(gggo dd d'Spe;S'li'“éy In polalr sol\;entts.
(propionylethyleneimineo-ethyleneimine), and the polymer- CﬁlT—on Ian co-wor.t th emcr)]ns ra:e ta nof\t/_e rgute 0
bound nanotubes were isolated upon amidation reaétfon. nylon composites through covaient grafling between

; e -~ the polymer chain and the acidic functions of the graphitic
\?V}égl(;rgzgﬁ% Srtr:glr?l;’ gtvﬁsef?il;gd é?a:’;]?ecpf\lo_ll_ymlféiggaglns surface of the tubes. The authors used caprolactam as both

alternative approach, direct heating of oxidized nanotubes 2 S°'Ve’.“ a}nd a monomer for thie Situ ring-opening
in the polymer melt gave soluble functionalized mateal. polymerization and grafting to the oxidized CNT. Results

The diimide-activated amidation reaction for the function- from IR, TGA, and AFM spectroscopies confirmed the

alization was greatly enhanced by continuous sonicaffion, S0Valent grafting of the polymer chains at the defect sites.
The functional?zed n);aterial was fgund to possess interesting | '€ incorporation of 1.5 wt % CNT into the nylon matrix
optical limiting propertied% Haddon, Parpura, and collabora- Increases th.(.a Young§ modulus "’,‘I,mo_St 3 tlme.s. o
torsi97 studied the feasibility of using nanotubpolymer By carbod||m|d.e—acyvated'ester|f|cayon reaction, oxidized
composites as substrates for neuronal growth. Polyethylene-CNT were functionalized with poly(vinyl alcohoty> The
imine was attached to oxidized tubes, and the resulting @dduct was found to be soluble in highly polar solvefits.
composite was shown to promote neurite outgrowth and Chemically oxidized MWNT were incorporated into a
branching. polymer matrix byin situ polymerization of methyl meth-
Several ways have been devised to attach polystyrenes tcrylate monomet?’2Using Raman and IR spectroscopies,
CNT. Oxidized single-walled and multi-walled CNT were it was found that a chemical interaction between the polymer
functionalized with polystyrene copolymers under amidation chain and the carboxylic moieties of the graphitic network
or esterification reactions of the nanotube carboxylic atftls.  is established. Alternatively, PMMA chains terminated with
Nucleophilic substitution reaction of living polystyrene hydroxyl groups were grafted to the acidic functions of
lithium anions with the acyl chloride-CNT was reported MWNT by esterification reactiod™
recently’® The polymer-functionalized nanotubes were In a different approach, Qin et &€ synthesized ATRP
shown to remain well-dispersed in common organic solvents initiators attached on the carboxylic acids of oxidized
for several days. nanotubes and studied the graftingmebutyl methacrylate
Qin et all?%a attached ATRP initiators to the carboxylic monomer on the graphitic surface. The composites were
groups of CNT and studied the grafting of styrene monomers found to be soluble in a variety of solvents. The same strategy
to the graphitic network. Microscopy showed that the original was followed for the functionalization of MWNT with
nanotube bundles were exfoliated into very small ropes. acrylate polymers byn situ ATRP 209
Simultaneously, the ATRP grafting of polystyrene chains was ~ ATRP initiators were attached to the carboxylic groups
studied by other group®%2°1 Kong et al?°!® constructed  of aligned CNT, and the grafting of an acrylamide monomer
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was studiedi®@|t was found that the composite wettability possibility of attaching chemical handles without affecting
in aqueous media is temperature dependé@htAccording the electronic network of the tubes. The noncovalent interac-
to the authors, this composite might have applications for tion is based on van der Waals forcesmwfr stacking, and
drug delivery or thermally responsive nanodevices. it is controlled by thermodynamics.

Ruthenium-based olefin metathesis catalysts have been Stacking interactions between nanotubes and polynuclear
attached at the defect sites of acid-treated nanottites. species have been reported to aid the controlled placement
These catalyst-functionalized tubes were shown to be effec-of the carbon structures onto various surfaces and nanopar-
tive in the ring-opening metathesis polymerization of nor- ticles. Pyrene-modified oxide surfaces have been employed
bornene monomer. This resulted in rapid polymerization for the patterned assembly of single-walled carbon nano-
starting from the graphitic surface. The polymer-modified materials??'2b The method relies on distinct molecular
tubes exhibited improved solubility in organic solvents. By recognition properties of pyrene functional groups toward
an analogous approach, the ring-opening polymerization of the carbon graphitic structure. The initial surface modification
p-dioxanone to shortened CNT resulted in the fabrication of consisted of the reaction between bifunctional molecules
covalently grafted nanotubgoolymer composite: (with amino and silane groups) and the hydroxyl groups on

Sun and co-workef& studied the condensation reaction an oxide substrate, generating an amine-covered surface. This
of oxidized nanotubes with a modified polyimide. The was followed by a coupling step where molecules with
covalent attachment of the two components took place by pyrene groups were allowed to react with amines. With the
thermal treatment after solution mixing. The electrical area covered with pyrenyl groups, the patterned assembly
conductivity of the composite remained unaffected, even at of a single layer of SWNT could be achieved throughxz
very low nanotube loading. Similarly, polythiophene was stacking. Georgakilas et &°have attached alkyl-modified
attached at the COOH groups on the nanotube suffdce. iron oxide nanoparticles onto CNT by using a pyrenecar-
This nanocomposite showed higher conductivity than a boxylic acid derivative as a chemical cross-linker. The
simple mixture of the two components. authors reported that the resulting material had an increased

Oxidized CNT were incorporated into epoxy matrixes by solubility in organic media due to the chemical functions of
simple mixing via the formation of covalent bonds in the the inorganic nanoparticles.
course of epoxy ring-opening esterificati®i.?® The Surfactants were initially involved in the purification
uniformly dispersed nanotubes enhanced the overall me-protocols of raw carbon material as dispersing agéfts.
chanical properties of the epoxy composites up to 30%. To Then, surfactant-stabilized dispersions of individual CNT
achieve a much better dispersion of the nanotubes, the acidwere prepared for spectroscopic characterizati®?? for
shortened material was further fluorinated at the sidewalls optical limiting properties studi€$and for compatibility
before mixing with the polymer matr&&* Using mild enhancement of the one-dimensional structures in the
reaction conditions, Zhang et &F added a photoinitiator ~ fabrication of composite materiad®X CNT composites with
system to the nanotubepoxy composite for cationic UV~ a variety of noncovalent wrapping agents are reviewed
curing. extensively in the following sections.

Haddon, Parpura, and collaboraféra®studied the fea-
sibility of using nanotube polymer composites as substrates 4.1. Polymer Composites
for neuronal growth. Polyd-aminobenzenesulfonic acid) was
attached to oxidized tubes, and this allowed control of the
branching pattern of the neuronal process by manipulating
the charge carried by the modified nanotubes. In a subsequen
work, the same authors showed that the composite exhibits
improved sensor performance for detection of ammétifa.
Compared to purified nanotubes, electrodes fabricated wit
the composite have higher variations of resistance upon
exposure of the analyte vapors.

CNT are considered ideal materials for reinforcing fibers
due to their exceptional mechanical properties. Therefore,
panotubepolymer composites have potential applications
In aerospace science, where lightweight robust materials are
needed?¢ 1t is widely recognized that the fabrication of high
h performance nanotubgpolymer composites depends on the

efficient load transfer from the host matrix to the tubes. The
load transfer requires homogeneous dispersion of the filler
18 . . . - and strong interfacial bonding between the two compo-
Sano et af™® treated CNT bearing acid chloride moieties nents??” To address these issues, several strategies for the

with a polyamine starburst dendrimer of tenth generation. . ,oqis of such composites have been developed. Currently,
AFM images revealed star-shaped nanotube structures result;

ing from the chemical interaction of the reactants. Green andthese strategies involve physical mixing in solutiensitu
co-workerd introduced starburst polyamideamihe (PAM- polymerization of monomers in the presence of nanotubes,

AM) dendrimers to the tube surface via carbodiimide surfactant-assisted processing of composites, and chemical

. ) . . ; functionalization of the incorporated tubes.
coupling. Dendrimers are of particular interest since they hold
promise for drug delivery or slow release of therapeutic 41 7. Epoxy Composites

molecules. ] ) )
Nanotube-epoxy composites have been widely studied.

; Aligned arrays of MWNT within an epoxy resin matrix were
4. Noncovalent Interactions prepared by Ajayan et &8 The CNT material was produced
Due to the formation of big bundles held strongly together, by the arc-discharge technique and was dispersed in the resin
CNT are very difficult to disperse homogeneously in solution. by mechanical mixing. The orientation of the nanotubes was
One of the approaches that have been widely used to exfoliateobserved after cutting the composite into thin slices (thick-
bundles and prepare individual CNT is the noncovalent ness< 200 nm).
wrapping of the tubular surface by various species of A method to fabricate epoxy-based composites with
polymerst® polynuclear aromatic compounds, surfac- mechanically aligned CNT was reported by Jin e2&iThe
tants?2° and biomolecule$’® Noncovalent functionalization ~ composites were prepared by casting a suspension of CNT
of CNT is particularly attractive because it offers the in a solution of a thermoplastic polymer in chloroform. They
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were uniaxially stretched at 10€ and were found to remain  the polymer chains entrapped the nanotubes and prevented
elongated after removal of the load at room temperature. Thethem from rebundling. Raman studies of these composite

orientation and the degree of alignment were determined by materials showed modifications of the bands assigned to the
X-ray diffraction and TEM. The same group studied the nanotubed??

bUCk“zggb of the strained nanotubes in epoxy blends by  ging the solution mixing protocol, pyrene-containing

TEM.?2® The deformation was found to be reversible at o\ (acrylates) were successfully immobilized on the surface

moderate strains. _ of multi-walled nanotubes due ta—x stacking?** The
The mechanical behavior of the nanotube-based composmodified carbon material could be easily dispersed in organic

ites has been the subject of study of many researchgglvents and characterized by thermogravimetric analysis,
groups?**-2*® Multi-walled nanotubes ultrasonically dispersed TEM. and AFM.

in epoxy matrix were studied in both tension and compres-
sion by Raman spectroscop¥.Cooper et af3°cd studied

the stress transfer between the nanotubes and the epoxy . . : ) : ;
matrix by detecting a shift of the Raman 2600 ¢rband to hile tg?'{, mechanical behavior was investigated thor-
a lower wavenumber. The shift indicates that there is stressoughly' *°In an analogous work, prior to the meit blending

transfer and hence reinforcement by the nanotubes. In otheP'OCESS, th? nanotupe ’.“ate“a' was madg more compatible
investigationg3%2b the authors suggest that their nearly by mixing with poly(vinylidene fluoride). This treatment led

constant value of the Raman peak in tension is related to© |m|provedhmecrLan|cal propt_amles of éhe bléffd.Block
tube sliding within the bundles and hence poor interfacial COPO'YMErs have been extensively used to increase compat-
load transfer between the nanotubes ibility and dispersibility in carbon nanotube composites.
. ) 6 ,
For improved dispersion and interfacial bonding of CNT Vﬁéasr‘(;otr?a}?t?ﬁ letmé‘f;[hprerp?rted com?orﬁlt?s rzf gfﬁn%tuveﬁﬁ
with an epoxy matrix, a surfactant-assisted processing of aNd Methyl-ethyl methacrylate copolymer, moainied |
tubes has been studied thorougk§2*aThis resulted in a nonionic surfactant to improve the dispersion and manipula-

30% increase of the elastic modulus of the composite with tion of the mixture. Similarly, for dispersing high concentra-

addition of 1% nanotube® Strano and co-worketdd have tions of individual CNT in organic solvents, raw material
studied the dispersion of individual SWNT into an epoxy was sonicated in the presence of a synthetic block copolymer

matrix by the decoration of a nanotube surface with the Of tertbutyl acrylate and styreré! Electron microscopy

protein concanavalin A. Regions of aggregation within the indicated that the solvent could be evaporated without

composite could be monitored by fluorescence spectroscopy,Provoking bundling of nanotubes, while the composite could
since they have no emission. be redispersed in ethanol solution. These samples were found

Cooper et afs? investigated the adhesion of CNT to an to be permanently dispersed for a period of at least two

epoxy matrix by pulling out a single tube with the tip of a months.

scanning probe microscope. In most cases, the nanotube Sabba et a&*®reported an exfoliation method for dispers-
ropes underwent fractufé The effect of oxidation of CNT ~ ing nanotubes in solution before mixing with poly(methyl
on the mechanical durability of epoxy blends has been methacrylate). They treated CNT with a solution of hydroxy!-
studied, and it was found that this treatment resulted in amine hydrochloric acid salt, which induced an electric
mechanical improvement of the composite. charge on the surface of the tubes. Therefore, the electrostatic

The thermal conductivity was studied extensively. Johnson repulsion reduced the overall forces that hold the tubes
and collaboratof&abfabricated nanotubeepoxy composites  together in the form of bundles, resulting in a homogeneous
and measured a thermal conductivity enhancement greatePolymer composite. An alternative approach for preparing
than 125% at 1% nanotube loading. In similar studies, it was composites with oriented tubes was based on a dry powder
found that the incorporation of nanotubes into an epoxy Mixing method for the two components followed by a
matrix affects the cure reaction and that the thermal degrada-Polymer extrusion techniqué? The fracture toughness of
tion of the composite increases with increasing the filler the mixture was significantly improved by even small
concentratiorgd7c.d.e amounts of filler.

Many groups have studied the electric conductivity of  Putz et aP>°@prepared nanotubePMMA composites by
dispersed CNT into epoxy polymet®¥:22°The value of the in situ radical polymerization of the monomer. The spec-
conductivity was found to be proportional to the nanotube troscopic studies showed clear evidence of cohesive interac-
content in the composite. tions between the surface of nanotubes and the polymer

To improve the interaction of oxidized CNT with epoxy chain. Ajayan and co-workef8chave studied the stiffness
matrixes, Gojny et &l*? attached an amino derivative to the of thick-aligned MWNT-PMMA composite disks, prepared
carboxylic groups through ionic functionalization. The result- by in situ polymerization. Aligned arrays of tubes grown on
ing composite showed that the bundling of the tubes was a quartz substrate were immersed into excess monomer
clearly reduced. Similarly, fluorinated CNT have been solution, and the resulting polymer occupied the interstitial
dispersed through sonication in an epoxy matrix, giving pores of the nanotube arrays. Stiffness properties were studied
reinforced composite materi#f: using Vicker's microhardness as well as through the force

curves generated by an AFM instrument.

4.1.2. Actyiates Electrical conductivity measurements of nanotuhery-

CNT and PMMA were mixed together in solution using late composites showed that small weight percentage addi-
ultrasonicatiort*>243 A combination of solvent casting and tions of tubes dramatically increase the magnitude of the
melt mixing gave composite films with exceptional mechan- electric current permittivity, whereas, by using the method
ical and electrical propertiééAlternatively, the coagulation ~ of a PMMA suspended dispersion, nanotubes could be
method was used to produce nanotuB&MA compositeg® deposited between metal electrodes for field emission ap-
After mixing the components, precipitation took place so that plications?>!

Melt blending was used to fabricate thermoplastic polymer
omposites. MWNT were dispersed in a PMMA matrix,
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Aligned CNT in a polyester matrix were obtained by CNT were obtained after their incubation with-B—A
polymerizing the tubemonomer dispersion under the ap- block telomers, where the A block is either poly(alkyl-
plication of a constant magnetic fiete Magnetic suscep-  acrylamide) or glucopyranoside chains and the B block is
tibility and electric conductivity measurements showed that polystyrene?1P
the orientation of the nanotubes was magnetic field induced. Instead of preparing composites of well dispersed nano-

Enzyme-containing acrylatenanotube composites have tubes in a polymeric matrix, Coleman et?#d.showed that
been explored as novel biocatalytic materfafsChymo- polystyrene chains could be intercalated into the porous
trypsin was added to a nanotubBMMA dispersion, and internal sites of carbon nanotube sheets by simply soaking
the activity of the resulting mixture was found to be higher the components in solution phase. Tensile tests on the
than that in a polymerenzyme film. The authors reasoned composites showed enhanced toughness by a factor of 28,
that the incorporation of nanotubes might offer a higher indicating that the intercalated polymer transmits the load

surface area for interactions with the enzyme. to the tubes.
Harmon and co-worket¥ studied the effect of ionizing The electrical conductivity of nanotub@olystyrene com-
radiation on the mechanical properties of nanottBSMA posites was examined in detail, thus giving the conclusion

composites. It was concluded that the radiation resistancethat defective nanotubes within the polymer blend transport
of the polymer may be increased through the addition of the electric current more efficientB?® CNT have also been
small amounts of CNT. The most dramatic change observedstudied as potential oxidation retarding components in
after radiation was in the dielectric properties of the polymer composite$* The matrixes examined were poly-
composite. styrene, polyethylene, and polypropylene. Boron doping in
Soluble multi-walled nanotubes obtained via amidation nhanotubes was found to lead to a small increase in antioxidant
reaction of oxidized material with long chain alkylamines efficiency.
were mixed in solution with an acrylate copolymer in various ~ Another thermoplastic polymer that is used extensively
loadings?®® Compared to the neat polymer, the composite for strong composite materials is polypropylene. The most
had improved mechanical properties due to efficient distribu- common ways of composite fabrication are shear miigg*

tion of the filler component. or melt blending’®6-26° Grady et af"°mixed soluble defect-
functionalized CNT with polypropylene in solution followed
4.1.3. Hydrocarbon Polymers by solvent evaporation. By studying the crystallization

CNT have been dispersed in a variety of hydrocarbon Pehavior offt{;]e polyrr}[etr) ma.trix,uig Wlafs concllud(te'd that t?el
olymers, such as polystyrene, polypropylene, and polyeth-Présénce of the nanotubes Is criical Tor nucleating crystal-
5Ie¥e. Many rese;rcr): goups Fr)]a\),/ep p?()a/pared pol)estil/rene“”'ty in polypropylene@ega~d~27°The thermal and flammability
composites by solution or shear mixifg® 2>’ The mechan- properties of polyp.ropyle_ne filled with mu_m-walled nano-
ical properties of the blends were improved compared to ftubes have been investigat® Flammability properties
those of the neat matrix. Moreover, the interfacial strength ere measured using a calorimeter and a gasification device.
between the reinforcement and the matrix has been studiedt Was found that more than 2% weight of CNT is required
through molecular mechanics simulations, and it was esti- t© increase the ignition delay time of the composite.
mated that the shear stress of such a system is about 160 Barber et ak™ studied the interfacial strength of a glass
MPa, significantly higher than those for most polymer fiber—polypropylene composite using embedded CNT as
composited3sb258 stress sensors. Previous work has shown that stresses in
Barraza et at®%dispersed nanotubes in a styrene monomer POlymer systszms can be measured using CNT and Raman
solution, and the mixture was subjected to polymerization SPectroscopy:?During mechanical testing of the composite,
under emulsion conditions. The composite exhibited solubil- R&man spectra of the nanotubes were recorded and the strain
ity in organic solvents, and the electrical resistivity dropped conditions of their environment were evaluated in real time.
substantially due to the incorporation of the tubes. In arecent In addition, CNT have been functionalized noncovalently
work 25% double-walled CNT-polystyrene composites were ~ With polyethylene by melt blendingj?*¢ controlled polymer
synthesized byn situ nitroxide-mediated polymerization. In ~ Crystallizationi"*"or in situ supported coordination polymer-
a second step, the presence of the stable nitroxide radicafzation?*' and with polynorbornene by situ polymeriza-
on the tube surface allowed reinitiation of the polymerization tion"Barber et ak™ investigated the adhesion of CNT to
of different monomers. a polyethylene-butene matrix by pulling out a single tube
Covalently functionalized CNT by diazonium salts have With the tip of atomic force microscope. It was concluded
been mixed with polystyrene, giving better dispersion and that the polymer mechanlcgl properties in the vicinity of the
compatibility, while the glass transition properties were nanotube appear to show differences when compared to those
examined in detafl The maxima in the differential scanning  ©f the bulk polymer behavior. The interfacial separation stress
calorimetry spectra are at slightly higher temperatures for Was found to be about 47 MPa.
the composite samples. Similarly, as-prepared and defect- :
functiona?lized singlep—walled nangtubespwgre admixed with 4.1.4. Conjugated Polymers
polystyrene using the electrospinning techniéffeThe An interesting class of polymer composites that has
composite membranes showed a significant enhancement irattracted much attention is that of conjugated polymers such
the mechanical properties, and among the samples, the blends poly(phenylenevinylene) (PPV). The first polymer that
with the functionalized tubes gave the best results. was mixed with CNT was poly(phenylacetyle?®).The
Amphiphilic copolymers of polystyrene were used for composite was prepared bysitu polymerization of phenyl-
encapsulation of individual tubé%ia By using the right acetylene in the presence of the tubes. It was found that the
binary solvent system (dimethylformamide/water), the co- polymer chain wraps the nanotubes helically and this induces
polymers act as a common micelle and cause permanentolubility of the blend in common organic solvents. Under
dispersion of the nanotubes. Moreover, stable dispersions ofharsh laser irradiation, the nanotubes exhibited a strong
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photostabilization effect, protecting the wrapped polymer This allowed a 20-fold solubility enhancement for small
from photodegradation. diameter nanotubes. In a subsequent work, the authors
Because of the great promise of conjugated polymer demonstrated the homogeneous dispersion of such tubes in
composites in photovoltaic devices, the CNT were mixed Matrixes of polystyrene or polycarbondté? These com-
with PPV and their optical properties were investigst€d. ~ Posites show dramatic improvements in the electrical con-
The quantum efficiency obtained was 1.8%%which arises ductivity at low filler loading (percolation threshold at 0.045
mainly from the complex interpenetrating network of poly- Wt %).
mer chains with the nanotube film. The predominant Nanotube-polypyrrole composites have been engineered
electronic interaction between the two components is non- by in situ chemicat®®> or electrochemical polymeriza-
radiative energy transfer from the excited polymer to the tion.”*28.28These types of composites have been used as
tubes. A modified PPV, poly[2,5-dimethoxy-1,4-phenylene- active electrode materials in the assembly of a supercapaci-
vinylene-2-methoxy-5(2ethylhexyloxy)-1,4-phenylenevi-  tor,?® for the selective detection of glucos&?® and for
nylene] (M3H-PPV), was used also for photoluminescence selective measurement of DNA hybridizati®f The detec-
studies in composites with CNF7e.278 tion approach relied on the doping of glucose oxidase and
A polymer that has been studied extensively in optoelec- nucleic acid fragments within electropolymerized polypyrrole
tronic applications as a CNT dopant is patyphenylene- ~ Onto the surface of nanotubes. Recently, nanotyiody-
vinylene€o-2,5-dioctyloxyp-phenylenevinylene) (PmPV§-283 pyrrozlg composites have been studied as gas sensors for
The substitution pattern of the polymer chain leads to NO. ) o .
dihedral angles resulting in a helical structure. The coiled Electrochemical polymerization of aniline onto CNT
conformation allows the polymer to surround the surface of €lectrodes for the deposition of conducting polymeric films
nanotubes by interacting with—zx forces. In the seminal has been reported by independent wdfRsAlternative
work of Blau and co-worker¥%eit was found that, after ~ Strategies |_r1yolve the chemical polymenzatlon of aniline or
the incorporation of CNT, the electrical conductivity of the Solution mixing of nanotubes and the conjugated poly-
conjugated polymer film was increased by up to 8 orders of Mer:*#?%#¢ The blends exhibited an order of magnitude
magnitude. Because of the luminescent properties of theincrease in electrical conductivity over the neat polyAtée.
polymer, the composite was used in the fabrication of Liu et al?**have successfully assembled poly(aminoben-
optoelectronic memory devicé® Through the special ~ zenesulfonic acid)-modified SWNT with polyaniline via the
interaction between the two components, it was demonstratedsimple layer-by-layer (LBL) method. The obtained PANI/
that solutions of the polymer could keep the CNT suspended PABS-SWNT multilayer films were very stable and showed
indefinitely 27°cRaman and absorption studies suggested that& high electrocatalytic ability toward the oxidation of reduced
the polymer wraps preferentially with nanotubes possessing- nicotinamide adenine dinucleotide (NADH) at a much
a specific range of diameters. The same group suggested thd@wer potential (about-50 mV vs Ag/AgCl). In the case of
incorporation of raw nanotube material in PmPV could lead Six bilayers, the detection limit could go down tox1107°
to efficient phase separation from the main impurity, the M.
amorphous graphitic shefg2d281b.282¢ A nondestructive Blends of nanotubepoly(alkylthiophene) have been fab-
purification method for CNT was addressed using a one- ricated?*>and their electrical properties were stud#étd2°’
step process. Amorphous carbon impurities tend to sedimentThe enhanced photovoltaic behavior of the composites makes
out of solution, whereas the nanotubes stay in suspensionthem ideal candidates as solar cells for energy convef&ion.
Atomistic molecular dynamics studies have elucidated the For improved light harvesting, organic dye molecules were
strong nature of the interaction between the polymer and theincorporated into the blend and the resulting photocurrent
nanotubeg8!e was 2 orders of magnitude larger as compared to that of the

Stoddart, Heath, and co-work&fstudied composites of ~ Nanotube-polymer blend devicé?’
nanotubes with alkoxy-modified phenylene vinylene-type .
polymers. They characterized the composites with PmPV by 4.1.5. Other Nanotube—Polymer Composites
UV—vis, NMR, and AFM, whereas the performance in a (i) Polyacrylonitrile. 298-301 For the fabrication of nanotube
photovoltaic device was improvéé?in a subsequent work,  composites, different methods have been used like solution
the same researchers studied for comparison the chemicamixing with the aid of sonicatiof?-3%%ag|ectrospinning?®
interactions of CNT with PmPV and poly(2,6-pyridinylene- andin situ polymerization of the monomer in the presence
vinylene€o-2,5-dioctoxyp-phenylenevinylene) (PPyPV¥§3b of tubes*®°The performance of such composites was studied
In both cases, they observed dispersion of the tubes in thein supercapacitor electrode applicatiGf§, whereas the
organic media. The concept of solubilizing nanotubes by mechanical properties study showed a 100% increase in
using macromolecules with well-defined cavities was studied tensile modulus at room temperature, significant reduction
recently. A hyperbranched polymer was synthesized and wasin thermal shrinkage, and a 40% increase in glass transition
found to suspend CNT in organic solveft& Similarly, temperaturg?0b.301a.b
functionalized conjugated polymers that have the capacity (ii) Polycarbonates32 Nanotube composites were first
to form pseudorotaxanes were mixed with CNT, affording prepared by solution mixirif2eand were characterized by
structures with potential applications in actuation and Raman spectroscof§?® Another fabrication strategy in-
electronics3 volves melt extrusioft2cdfollowed by fiber spinning for

An alternative strategy for solubilizing CNT was reported well-aligned nanotubes in the mat#%?The polymer sheath
by Chen and co-workef8* The authors attached nonco- around the nanotube surface was studied thoroughly by SEM,
valently short rigid oligomers of poly(aryleneethynylene) giving direct evidence for tubepolymer interactiori®2
type. The major interaction between the polymer backbone (iii) Aminopolymers.393:3%4 By using a solution mixing
and the nanotube surface is most likety-z stacking, approach, O’Connell et &%2succeeded in solubilizing CNT
whereas no helical wrapping of polymer chains occurred. in aqueous media by wrapping them with poly(vinylpyrroli-
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done). The process was found to be solvent-dependent, sincef the nanotubes and the oxygen atoms of the polymeric
dissociation of the tubepolymer complexes took place when chain332Using different approaches, CNT were chemically
tetrahydrofuran was used. By the same strategy, SWNT werefunctionalized by fluorination before mixing with PE&¢
directly dispersed in alcoholic solvents by sonicating the or were processed by an electrospinning technfése.
tubes in the presence of poly(vinylpyridin&¥® Depending Electron microscopy showed improved uniformity of the
upon the alcohol, it was possible to disperse up to 300 mg composite, while the storage modulus increased five times
of raw material per liter of solvent. in comparison to the neat polymer at 4% loadihy.
Single-walled nanotube polyimide composites were syn- Motivated by the applications of CNT in biology, the groups
thesized byin situ polymerization of monomers and of DaiP*@P<and Stat“dinvestigated the nonspecific binding
sonicatior®%a The resulting blends showed electrical con- (NSB) of proteins to the surface of tubes. They showed that
ductivity enhancement by 10 orders of magnitude at low filler prevention of NSB of certain biomolecules on SWNT can
loading (0.1 wt %}%acThe dispersion of nanotubes in the be achieved by coating the graphitic surface with ionic
polymer matrix was studied by magnetic force microsc8fly,  surfactants and PEG.
showing also the presence of agglomerates within the For dispersing high concentrations of individual CNT in

polyimide. aqueous media, as-prepared CNT were sonicated in the
(iv) Fluoropolymers.3°5-307 The first fluoropolymer used  presence of a synthetic block copolymer of ethylene glycol
for the successful dispersion of CNT was Nafi§hThe and propylene glycd?*’ Electron microscopy indicated that
components were mixed in solution, and the resulting blendsthe composite could be dried without bundling of nanotubes
were found to behave as potential actuatt¥By applica- and be redispersed in water solution. These samples were

tion of a voltage to the composite films, the authors observed found to be permanently dispersed for a period of at least
deflections up to 4.5 mm. Wang and co-work&fxreported two months.

the ability of Nafion to solubilize nanotubes in alcoholic (vii) Silicon Polymers 2472315 Modification of CNT by
media. The polymer-induced solubilization permitted the silicon-based polymers was found to activate the fluorescence
modification of the electrode surfaces for amperometric of the tubular structures for better observation and manip-
sensing of hydrogen peroxide or dopamine. Similarly, Guo ulation352 Frogley et aP!%" performed mechanical studies
et al**studied the electrochemistry and the electrogeneratedin nanotube-silicon elastomer composites showing a stiff-
chemiluminescence of a rutheniumgHyis(bipyridine) com-  ness increase of about 200% at 1% loading. Block copoly-
plex after its immobilization in a nanotubd&afion com-  mers of poly(dimethylsiloxane) have been used recently for
posite film. The system showed a three orders of magnitudethe dispersion of CNT in organic solverifg?

higher sensitivity and long-term stability, compared to neat (viii) Polyelectrolytes 3032316318 One of the most studied

Nafion films on carbon electrodes. polymers for nanotube doping is poly(ethyleneimine). This
Nanotube-Teflon composite electrodes were prepared by amine-rich polymer was found to adsorb irreversibly on
dry-state mixing for effective amperometric sensing of typular surfaces after solution phase treatment, while the
glucose and ethand!® Poly(vinylidene fluoride) or its  potential application of the composite in field effect transistor

copolymers has also been used as a matrix for nanotubegevicegéab or selective detection of gas trag¥s was
composites?” while electrical conductivity measurements  demonstrated by conductance measurements. For the fabrica-
were obtained in electrospun fibers from DMF solutié#a. tion of super strong nanotub@oly(ethyleneimine) com-

(v) Poly(vinyl alcohol) 281¢:308 312 The first papers reported  posites, many groups have developed the stepwise adsorption
the solution mixing of CNT with the polymer matrix in  of nanotubes and polymer thin films onto a substrate via
aqueous media and subsequent preparation of the film byelectrostatic interactions and/or chemical linkgf.¢ Mi-
casting*®3%The presence of nanotubes was found to stiffen croscopy studies confirmed the structural homogeneity of
the material and retard the onset for thermal degradation.the prepared composites, which displayed an ultimate tensile
The electrical properties of the composites were measuredstrength of 150 MP4&t%e In addition, it was found that the
by impedance spectroscopy, and the percolation thresholdmorphology of the nanotubes can induce differences in the
was found to lie between 5 and 10 wt % loading. Further- mechanical performance. The replacement of hollow tubes
more, microscopy studies suggested extremely strong inter-with bamboo-type nanotubes significantly improved the
facial bonding between the components as the presence obtrength of the composite. In a similar work, Guldi eB4l.
nanotubes nucleates the crystallization of the m&#fix. studied the organization of CNT into films with poly-
Covalent modification of CNT with ferritin protein prior to  (ethyleneimine) by AFM. It was found that perfect ring
polymer mixing was shown to increase the modulus of the structures form spontaneously after electrostatic interactions
polymer matrix by 110% with the addition of 1.5 wt % filler  between the oxidized tubes and the polyelectrolyte. The
material3t© electrical conductivity of such composite films was studied

An alternative processing consists of dispersing the nano-extensively by Kovtyukhova et 1% Due to the presence
tubes in surfactant solutions and recondensing the materialof CNT in the plane of the thin films, the electrical properties
in the flow of PVA solution, forming ribbonlike struc- could be enhanced by several orders of magnitude.
tures$312These fibers were found to bend without breaking, By the LBL assembly, nanotubgoly(diallyldimethyl-
while tensile stress measurements showed Young’s modulusammonium chloride) composites can be formed via electro-
values up to 40 GPa. By using scanning electron microscopy,static interactions onto substraf8& ¢ The protocol for
most of such fibers had diameters of about-30 xm. composite fabrication involved the alternate immersion of

(vi) Poly(ethylene glycol)?47313314 The fabrication of  flat glass surfaces into solutions of nanotubes and polymer.
nanotube-PEG composites by solution mixing was first The Coulomb nature of the interactions between the car-
demonstrated by Goh and co-workét&.313aThe resulting boxylic groups of the oxidized nanotube surface and the
blends were found to have enhanced mechanical propertiegpositive charges of the polyelectrolyte was confirmed by
due to hydrogen bond interaction between the defect sitesrheological studies in solutiot’® By similar approach,
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Pavoor et af!’f fabricated multilayer composites of nano- poration of 1% MWNT, the elastic modulus improved by
tubes and poly(allylamine hydrochloride). about 115% and the tensile strength by about 12#8g20c.d
Alternatively, polyelectrolyte LBL assemblies on CNT (xi) Poly(vinylcarbazole)310321 Using either purified
have been fabricated by initially modifying the nanotube MWNT or alkylamine-modified MWNT, Dai and collabora-
surface with an ionic pyrene derivative followed by elec- tors prepared PVK composites by solution mixitt
trostatic deposition of polystyrene sulfonate and poly- Fluorescence quenching of the polymer by the modified tubes
(diallyldimethylammonium chloride}.®2 Microscopy data  showed that the latter could act as electron acceptors in the
confirm the formation of polymeric shells around the tubular ground or excited state. In contrast, purified tubes did not
surfaces of the carbon materials. improve the photoconductivity of the polymer matrix due
Instead of immersing the glass substrates into the solutions 0 Miscibility problems. Potential use of these composites
Carrillo et al?® carried out the deposition of hydrolyzed in the fabrication of light emitting devices was envisag&d.
poly(styrenealt-maleic anhydride) on the nanotube surface  (Xii) Poly(p-phenylene benzobisoxazolé}? This polymer
using a flow cell reactor. The authors reasoned that suchhas been synthesized in the presence of CNT under poly-
polymers would adsorb noncovalently via hydrophobic condensation conditions. The tensile strength of the com-
interactions. The attached polymer layer contains carboxylic posite containing 10% of filler material was about 50%
groups that can be used to graft a second polyelectrolyte ofhigher than that of the neat matrix, whereas the presence of
opposite charge. These depositions can be repeated to buildhe nanotubes was evidenced by Raman spectroscopy.
a multilayered film of polycations and polyanions. In a  (xiii) Phenoxy Resin?* Goh and co-workers reported the
subsequent step, gold nanoparticles could be attached to th&brication ofin situ modified nanotube phenoxy compos-
polymer-coated nanotubes via ionic interactiétigc ites by melt mixing. During the thermal treatment of the
O’Connell et af%2 have studied the solubilization of ~components, imidazole groups were covalently attached to
nanotubes, by mixing them with polystyrenesulfonate in the defect sites of.the nanotube _surfacgs. It was sugges_ted
aqueous media. The surfactant-like polymer is supposed tothat the functionality helps the dispersion of hydrophobic
disrupt the hydrophobic interface with the solvent molecules tubes within the hydrophilic matrix via hydrogen bond
and cause partial exfoliation of the bundles. The nanotubes!Ntéraction. _ .
were found to unwrap by changing the solvent medium, as  (Xiv) Natural Rubber. *2* The effects of incorporation of
precipitation was observed. In a similar approach, Kotov and Nanotubes on the mechanical properties of an elastomer
co-worker§!8d showed that poly(vinylpyridinium bromide) ~matrix have been d_escnbe(_i. Dynamic mechanical analysis
chains formed exceptionally stable CNT dispersions in Showed a strong interaction between the components,
aqueous media. whereas the vulcanization reaction of rubber was accelerated
(ix) Polyesters3® CNT were dispersed in a poly(vinyl N the presence of nanotubes. _ _
acetate) emulsion-based matrix, and the electrical properties (xv) Petroleum Pitch?* SWNT were dispersed in a
were investigated as a function of filler loadi#§2A very petroleum pitch matrix to form composites with enhanced
low percolation threshold was achieved (below 0.1%) as a Properties. The tensile strength, modulus, and electrical
result of segregated networks. To achieve low percolation conductivity improved by 90%, 150%, and 340%, respec-
thresholds (about 0.2%), Nogales et34P studied the  tively, as compared to those of unmodified pitches.
fabrication of polyterephthalates composites by usingnan i ) )
situ polycondensation reaction. The authors dispersed CNT4-2. Interactions with Biomolecules and Cells

in butanediol and subsequently added the phthalate reagent cNT can interact with many biomolecules without forming
for starting the polymerization. The agglomerauon effect_of a covalent conjugate. The electronic properties of CNT
the tubes seems to lead to the fprmatlon of conducting coupled with the specific recognition properties of the
networks within the insulating matrix. immobilized biosystems would therefore generate a minia-
By using melt blending under high stirring, Peeterbroeck turized biosensot An important class of substrates having
et al®*° prepared composites of CNpoly(vinyl acetate)  high affinity with the graphitic network are proteins. They
copolymer, as well as ternary systems with organo-modified tend to adsorb strongly on the external sides of nanotube
clays. Both thermal and mechanical properties of the walls and can be visualized clearly by microscopy techniques.
composites were enhanced by the presence of the nanofillerjn the seminal work of Tsang and co-workéts metal-
A synergistic effect was observed when clays and nanotubesjothionein proteins were found to adsorb onto the surface of
were added simultaneously. multi-walled CNT, as evidenced by high-resolution TEM.
Shape memory polymers can recover their original shape Streptavidin was found to adsorb on nanotubes presumably
when heated above some critical temperature. Instead ofvia interactions between the graphitic surface and the
trying thermal actuation, Cho et #P? have studied the  hydrophobic domains of the biomolec##® or even via
potential of MWNT—polyurethane composites as electro- charge-transfer interactio®$? The immobilization of strepta-
active actuators. When an electric field of 40 V was applied vidin on CNT has been reported as the key approach for the
at room temperature, the composite recovered the shape thatontrolled deposition of carbon wires on specific surfaces.
it should have above the transition temperature within 10 s. Keren et aP?® showed that the protein-coated nanotubes
The energy conversion efficiency was estimated to be almostcould be assembled on a DNA scaffold through recognition
10%. schemes based on biotistreptavidin specific interactions.
(x) Polyamides®?® Nylon nanocomposites have been This approach allowed the precise localization of CNT in
prepared byin situ polycondensation of the appropriate field-effect transistor devices.
diamines and acyl chlorides in the presence of nanotubes. To prevent the nonspecific adsorption of streptavidin, CNT
The first reports described improvements of the mechanical have been decorated noncovalently by a surfactant/polymer
properties below 20%#°"More recently, nanotubenylon mixture 342 The authors showed that specific binding of the
blends have been fabricated by melt mixing. Upon incor- protein can be achieved by cofunctionalization of the CNT
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° Oﬁ the use of the composite as a sensor for enzymatic activity.
Yl AR At the same time, several groups have studied the change
A of the electric properties (sensitivity) of the CNT in the
presence of various biomolecufgg?¢4341In general, the
results show that carbon tubes are excellent biosensors with
potential applications in medicine and nanobiotechnology.

Synthetic peptides were designed not only for nanotube
coating but also for the solubilization of the carbon mate-
rial.3*2 Amphiphilic helical peptides were found to fold

N © around the graphitic surface of the nanotubes and to disperse
t#o them in aqueous solutions by noncovalent interactions. Most
importantly, the size and morphology of the coated fibers
can be controlled by peptidgeptide interactions, affording
with biotin, a molecule which exhibits extremely high affinity Nighly ordered structures.
to streptavidin. Another example of assembly on the carbon nanotube

Azamian et af*® prepared several nanotubprotein surface involves the synthetic single-chain liptésRegular
composites and characterized them by AFM. Concerning striations could be seen on the entire nanotube netyvqu by
biosensor technology, glucose oxidase, an enzyme whichMicroscopy studiegi>*Moreover, the polar part of the lipids
catalyzes the oxidation of glucose, has been immobilized ontocould participate in the selectlve_|mmoblllzat|on of h|5t_|d|ne-
the surface of CN3033land it is extensively used in clinical tagged protein thrpugh mgebtal ion _chelates. In_ a different
tests. The nanotubeenzyme conjugate was integrated on a @PProach, Artyukhin et &t deposited alternating layers
carbon electrode for voltammetric detection of glucose, of cationic and anionic polyelectrolytes on templated carbon
resulting in an increase of the catalytic response of more N@notubes. The authors demonstated the occurrence of
than 10 times due to the presence of conducting CNT. OtherSPontaneous self-assembly of common phospholipid bilayers
examples of such electrochemical biosensors concern the2found the hydrophilic polymer coating CNT. The lipid
hemoglobin systef for hydrogen peroxide detection, the membrane was found to maintain its fluidity, and the mobility
myoglobin composite for nitric oxid&2ab or hydrogen of lipid molecules can still be described by a simple diffusion
peroxidé33 detection, the hemin conjugate for oxygen gas Model.
sensing®# the microperoxidase-11 system for oxygen  Noncovalentinteractions between DNA and CNT, as well
reduction®4 the cholesterol esterase system for blood as certain organization properties of such systems, have been
analysis®®5a and the horseradish peroxidase system for reported:88327.344353 Techniques used to study DNA
hydrogen peroxide reductiG®® Karajanagi et a3 have ~ nanotube systems include TE¥UV/IR spectroscopy;>34
investigated the secondary structure and activity of enzymesand flow linear dichroisni?” Clear evidence of binding
adsorbed on CNT by FT-IR spectroscopy and AFM imaging. between the components was observed in each case.

The authors concluded that certain protein substrates retain Several groups have reported that DNA strands interact
their catalytic activity, while others experience structural strongly with CNT to form stable hybrids that can be
perturbation on the surface of the tubes. The reason for theseeffectively dispersed in aqueous solutiét§:3*¢3*Moreover,
differences still remains unclear. by wrapping the nanotubes with a DNA sequence of

Similarly, monoclonal fullerene-specific antibodies have alternating guanine and thymine bases, it was possible not
been shown to specifically bind to the surface of nano- only to separate metallic from semiconducting tubes but also
tubes®¥” The binding cavity of the antibody consists of a to perform a diameter-dependent separation via ion exchange
cluster of hydrophobic amino acids. An analogous nanetube chromatography2° Further supporting information about the
antibody conjugate was found to function as immunosensor nature of each eluted fraction was confirmed by fluorescence
for Staphylococcus aured® Wang et aP3® observed that ~ and Raman spectroscopic characterizatfén.
peptide sequences rich in histidine and tryptophan residues Xin et al3%? fabricated nanotubeDNA composites by
can be isolated from peptide phage-display libraries by using the pyrene methylammonium compound as the chemi-
specific binding to CNT. The peptides presented a certain cal linker. The ammonium groups interact electrostatically
degree of flexibility, which allowed them to adopt the with the phosphate moieties of the DNA backbone, whereas
appropriate folding to wrap around the tubes. The hydro- the pyrenyl moiety is adsorbed onto the graphitic surface
phobic parts of the peptide chain were suggested to act asy van der Waals forces. Through AFM imaging, it was
symmetric detergents. concluded that two-thirds of the tubes were anchored with

A different approach for the noncovalent modification of DNA strands. The latter were used as templates for the direct
CNT with biomolecules involves the use of bifunctional positioning of CNT on a Si surface. A similar modification
linkers, based on a pyrene moiety (Figure ¥9). strategy involves the attachment of pyrene-modified oligo-

The anchor molecule can adsorb irreversibly onto graphitic nucleotides to the sidewalls of the nanotubes. In this case,
surfaces due to van der Waals interactions. In a subsequenf aft et al*8¢introduced the polynuclear aromatic compound
step, enzymes can be covalently attached to the activatedonto the 5-end of a DNA by covalent binding. To visualize
pyrene by nucleophilic attack of the basic amino acid the immobilized strands, complementary sequences were
residues. Using this binding approach, Dekker and co- thiolated and attached to gold nanoparticles. This strategy
worker§“®studied the effect of immobilized glucose oxidase allowed analysis of the DNACNT conjugates by scanning
on the electrical conductance of CNT. They observed that €lectron microscopy.
the presence of the attached enzyme decreases the electrical The electrostatic assembly of DNA on nanotube-modified
conductance. Upon adding trace quantities of glucose gold electrodes via the cationic polyelectrolyte poly(diallyl
molecules, an increase in conductance takes place, suggestindimethylammonium chloride) (PDDA) has been evaludtéd.

o ©

SWNT

Figure 19. Interactions of nanotubes with pyrene derivatives.
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The piezoelectric quartz crystal impedance technique andsolubilization in water but also their partial separation with

electrochemical impedance spectroscopy were used to charrespect to diameters and the determination of the number of

acterize the system. PDDA plays a key role in the attachmentnanotube types on the basis of NMR speéttaPurified

of DNA to MWNT acting as a bridge. SWNT and cyclodextrins mixed by a mechanochemical high-
The presence of CNT in a polymerase chain reactor wasspeed vibration milling technique were also solubilized in

also found to increase the amount of products at nanotubean aqueous medium due to the formation of noncovalent-

concentrations below 3 mg/mt? type complexes and debundling of tul3&'s.

The preparation of carbon nanotube electrodes for im-  Angther class of molecules that have been immobilized

proved detection of purines, nucleic acids, and DNA onto CNT is light harvesting species, such as phthalocya-
hybridization was reporte#® The graphitic surface was  nines!58.362 porphyrinsi2833 and dyes of phenazine and

found to facilitate the adsorptive accumulation of the guanine thjonine type®®* The decoration of the graphitic surface
bases and eventually to enhance their oxidation signal. In ayegyited fromz—o interactions with the conjugated mol-
recent worki**the change in the electrochemical response gcyles or from chemisorption at the carboxylic defect sites
of guanine in leukemia K562 cells was detected by using a of the nanotubes. The phthalocyanine composites exhibited
MWNT-modified carbon electrode. The voltammetric re- 5, enhanced photosensitivity, which was ascribed to the
sponses of the cells were found to decrease significantly, o qtoinduced charge transfer from the dye molecule to the
whereas the cytotoxicity curves were in good agreement with o510 tupes. Researchers have reported the dissolution of
conventional tests such as ELISA. _ CNT in organic solvenf&3abdior aqueous mediceovia

To make CNT soluble in aqueous media, many groups noncovalent adsorption of porphyrins. The interaction of the
explored the possibility of decorating the graphitic surface components was evident by detecting the fluorescence
with carbohydra;tse macromolecules. In the work of Regev g, enching of the porphyrin molecule due to energy transfer
and co-worker$®8 it was shown that CNT can be dispersed to the tubes. Sun and co-work&®&reported that porphyrin

in an aqueous solution of Arabic Gum by NONSPecific yeriyatives adsorb selectively onto semiconducting nanotubes
physical adsorption. Arabic Gum is a highly branched ;= <oubilized sample, according to Raman, near-IR

ﬁg?ebr:?ﬂgg:?ﬁéﬁg p(;'iﬁ:%‘;hn%rt'sgé \rlc\;hlecz _T_ﬁ?smv\?atsosﬁaugftee;hbsorption, and bu!k conductivity characterﬁzations. The
by TEM imaginggan d X-ray scatterir?g s:pectroscopypp authors proposed this p_rocedure as a convenient method for
c7a . . " the separation of semiconducting and metallic CNT. Re-
Star et af*"*studied the complexation of nanotubes with oty Satake et & have synthesized stable CNT
starch and, in partlcu_lar, its linear component e_lmylose. This orphyrin composites by condensation of tetraformylpor-
polysaccharide consists of glucopyranose units and adopts, 1ing and diaminopyrenes on the nanotube surface, whereas
a helical conformation in water, forming inclusion complexes 11+ 2o co-worker&ei have applied two different ap-
with various substances. The initial experiments revealed thatproaches. In the first wor¥3e/the authors immobilized either

CNT are not soluble in an aqueous solution of starch but, oligo-anionic or oligo-cationic porphyrin derivatives onto

rather, are soluble in a solution of a stargbdine complex. modified CNT via electrostatic interactions. A cationic or
The authors suggested that the preorganization of amylose

in a helical conformation through complexation with iodine anionic der|.vat'|ve of pyrene was used as an eIectrqstaUc
is critical for a single tube to enter the cavity of the helix. In anchor for binding the porphyrin chromophores, respeciively.

: : ._In a similar work, the supramolecular association of pristine
a subsequent work, the enzymatic degradation of starch in . ' . . .
its water-soluble composites with CNT was studied by direct CNT With poly(porphyrin) chains was studied thoroug#k?

microscopy imaging and electronic measurem@fitstwas "' these novel doneracceptor ensembles, quenching of
observed that CNT precipitated after hydrolysis of the Photoexcited porphyrins by CNT results in the creation of
polysaccharide chains. long-lived radical ion pairs. Chichak et %P discovered that

a porphyrin derivative carrying two pyridine ligands enters
reported the solubilization of nanotubes with amylose. In into a self-assembly process with a palladium(ll) complex

these media, the polysaccharide adopts an interrupted loos@nd €an simultaneously solubilize SWNT in aqueous solu-

helix structure. The authors claimed that the helical state of 1ONS- The combination of both complexes is suggested to
amylose is not a prerequisite for nanotube encapsulation. Infor™M charged acyclic and/or cyclic adducts on or around the
addition, the same group studied the dispersion capability Sidéwalls of CNT. The potential application of this approach
of other amylose homologues, pullulan and carboxymethyl IS that the nanotubes might be sorted out according to
amylose. These substances could solubilize CNT but to adiameter.
lesser extent than amylose. Several other examples of helical Basiuk et aFf® studied the possibility of reversible
wrapping of linear or branched polysaccharides around the modification of CNT sidewalls with metal complexes, such
surface of CNT have appeared sirfee. as Ni- and Cu-tetramethyl tetraazaannulene (TMTAA), by
The complexation of nanotubes with cyclodextrins, mac- taking advantage of the stacking process. Despite the
rocyclic analogues of amylose, was studied thoroughly. The aromatic nature of the ligand, its geometry is distorted from
first composite was prepared by a simple grinding procedure, the plane because of the presence of four methyl substituents

Using dimethyl sulfoxide/water mixtures, Kim et %¢f.

which has been reported to cut HipCO tuB@alternatively, interfering with the benzene rings. As a result, the molecule
both components have been mixed in refluxing water and adopts a saddle-shaped conformation, with the @idups
the resulting conjugate was fully characterized by-txs, and benzene rings turned to opposite sides of the; MN

Raman, and DSC spectroscopi@8The results showed clear  coordination plane. This geometry was especially attractive,
evidence of strong intermolecular interaction between the since it roughly matches the curvature of small-diameter
nanotubes and the cyclodextrins. tubes. By the same— stacking mechanism, electroactive

Complexation of SWNT with 12-membered cyclodextrins complex Prussian blue was found to interact effectively with
by simple solution mixing was found to enable not only their the graphitic network of CNFe
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Studies of the interactions between CNT and biological 5.1. Encapsulation of Fullerene Derivatives and
samples are still limited. The group of Dai demonstrated that Inorganic Species
oxidized CNT were able to complex proteins by electrostatic . . .
interactions and could act as molecular transporters. Proteins 1" th|shsec]:g|on, ct))nly SV(\j/Nr;I' hﬁl\.’e befgvf/%%derekda-rhe
were internalized into the cells via the endocytosis mecha- gr_O#pg that |r§t_o serv_ecgstwee iling o at &NOI’ ead
nism, and they exerted their biological activity once released With Cee®™ and Inorganics®=" as encapsulate speuces.
from the endosomed® Mattson et afe® reported the Concerning the fullerene case, the pioneering sti&$
feasibility of using CNT as a substrate for neuronal growth. showed that th? so-called. peapods formed spontaneous!y as
Neurites could grow on and extend from unmodified multi- byproducts during the purification of raw nanotube material

walled CNT. More elaborate neurites and branching were using the pulsed laser vaporization (PLV) method. Other
formed when neurons were grown on MWNT coated by groups have observed fullerene peapods in as-prepared tubes

physisorption of 4-hydroxynonenal. This work suggested the formed by catalyzed carpon arc evaporafighi® .
biocompatibility of CNT as a substrate for neurons. One _ ' e controlled synthesis of high amounts of peapod-like
extension of this study is the use of CNT for the potential structures was achieved starting from oxidized SWNT in the

preparation of neural prosthesis. CNT are not biodegradable,gtrSrS:?Ang;égggg)d ;lij\llli?]r;;% T diqgigg?gﬁgrenéglggg ;e?mper—
:Qtdra::giﬁlacro%%:fuI:rsec(:jueis fgpprzzieTrSitewgit[grclJ(\ivI:ﬁ_tg:g] The rather low sublimation temperature of fullerenes and

X . . . their thermal stability make the above method suitable for
necessary, such as in regeneration after spinal cord or brai

o~ ) ; oraife peapod fabrication
injury. In a different approach to the same issue, function- e ) .
alized CNT were deposited onto glass coverslips. The The fullerene-filled nanotubes have been characterized

i 78a,b i i i
functional groups were removed by heating, after which spectroscopically’®P and their electronic properties were

neurons were deposited on the reaenerated. pure CNT Itstudied in detaif’®¢During electron beam irradiation within
P 9 ' P " “an electron microscope, peapods underwent remarkable

was found that postsynaptic currents and the f'”ng activity transformations, such as dimerization, coalescence, and
of the neurons grown on CNT were strongly increased as diffusion of Cso moleculest’#37lijima and co-worker&®

compared to the case of a pure glass substféite. studied the thermal behavior of fullerene peapods at tem-
Supronowicz et &’ reported the application of nano- peratures approaching 120Q. The authors observed full
composites consisting of blends of polylactic acid and CNT coalescence of the fullerene molecules within the tube cavity,
that can be used to expose cells to electrical stimulation. Theleading to formation of double-walled CNT. The resulting
current delivered through these novel current-conducting assembly was fully characterized with Raman spectros-
polymer-nanophase composites was shown to promote copyZ’°®efwhile the structural transformation was followed
osteoblast functions that are responsible for the chemicalby X-ray diffraction analysi§’® The intertube spacing
compositions of the organic and inorganic phases of bones.between the two graphitic layers was found to be about 0.36

By using the above polymer as matrix, Khan et*®8l.  nm.

performed a study to evaluate the feasibility of CNT-based Concerning the fabrication of fullerene peapods with
composites for cartilage regeneration amd vitro cell alternative strategies, researchers have succeeded in encap-
proliferation of chondrocytes. sulating fullerenes into single-walled tubes by using alkali-

It was also shown that multi-walled nanotubes can be usedfullerene plasma irradiatiof¥® High filling of CNT with
as scaffolds in tissue engineeri# Their potential applica-  fullerenes in SOJ;‘“O” phase at Zg was reported by the
tion in this field was confirmed by extensive growth, 9roups of lijima&*!2and Kuzmany?'® Exohedrally function-
spreading, and adhesion of the mouse fibroblast cell line @lized fullerenes were instead inserted into SV!NT in a
L929. Weisman and co-workéf& have studied the growth solution of supercritical carbon _d|0X|de (sc-@@*? The
of mouse cells in the presence of nanotubes. It was shown@uthors demonstrated the formation of peapod struscétzl:[)es by
that significant quantities of SWNT could be ingested by doPing nanotubes W|th38a2£n_ethanofullerer@(COOOEt)z '
macrophages without any toxic effects. Moreover, the ©F fulleren?omdeb O™ in sc-CQ at 50 °C under a
ingested tubes remained fluorescent and were imaged afressure of 150 bar. . .
wavelengths above 1100 nm. Not only has @0 been inserted into the cavity of nanotubes,

but also some higher order carbon spheres, such,@$C

5 Endohedral Eill Crs, Ceo, Cez, and G4.%%3 X-ray diffraction measurements

- Enaonearar Fiing indicate 72% filling with Go molecules as a total yield. Using
. . ... TEM, the encapsulation of an endohedral metallofullerene
Among the wide number of studies on CNT, the ability La,@Cso Was demonstrated by Smith et Other ex-

to tﬁ” thellr inner fav;tu(ejsfwnh dgfer_ent eIemer?@ Wan amples of metallofullerenes inside nanotubes include
extensively investigated for producing nanowires or for 4@ 37be SM@G,H*® Dy@Cey e Tin@ Cop 24

efficient storage of liquid fuels. Research was first devoted Gh@Cor 3% La@Gn ™ So@Ces 39 Ca@G,, 3" and
to filling arc-produced multi-walled nanotub&s. It was Ce@Q2.3’84‘ Atoms inside fullerenes can be cle’arly seen as
predicted that any liquid having a su_rface ten_sion below yark spots in microscopy images, whereas the metallo-
~180 mNtm™* should be able to wet the inner cavity of tubes ¢ jerene itself exhibits an unusual type of rotational motion
through an open end in atmospheric presstifén the case  jysige the confined space. Raman spectroscopy of such
of high surface tension, a highly pressurized liquid must be pean0ds gave evidence of polymerization of the encapsulated
used to force it to enter inside the cavity. species, while the upshift in nanotube bands implies that a
Attempts were made to fill MWNTin situ, by subliming charge transfer between the host and the guest might &€cur.
metal-containing compounds during the growth proééss. By using a low-temperature STM, Shinohara and co-
In the following section, the various examples of filling CNT workers®® proved that the endothermic insertion of metal-
will be discussed in detail. lofullerenes into the cavity of nanotubes modulates spatially
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the nanotube electronic band gap. Using this approach, anAfter the irradiation, dark short wires were observed in the
array of quantum dots was fabricated, with potential ap- microscope images, assigned as fillings in the tube cavities.
plications in nanoelectronics, such as solid-state quantumThe structural changes of inorganic nanocrystals within the
computers?’ confined space of tube cavities have been thoroughly

Besides fullerenes, other materials introduced into the analyzed®
nanotube cavity include pure elements, inserted most often CNT have also been studied as potential electrolyte
in a two-step process. A metallic salt was first inserted transport channels in biological systefisMolecular dy-
endohedrally, by using a suitable solvent, or in its molten namics simulations showed that ion occupancy inside
state, and it was subsequently transformed into its reduceduncapped nanotubes is very low. When partial charges were
form (metal) by heat treatment in a hydrogen atmosphere orplaced on the rim atoms of the tube and an external electric
by photolytic reduction. The main advantage of this approach field was applied, it was found that an aqueous solution of
is that the heat treatment of nanotubes and the salt is closgotassium chloride electrolyte could occupy the space inside
to room temperature. By these strategies, nanowires of CNTthe nanotube channel. In a subsequent experimental work,
doped with R Bi, 388 Ag,38° Au,38% pt 389 p( 389 Cp 3902 researchers have demonstrated the transport of Ru ions in
and NP have been fabricated. The goal was to produce aqueous medium through the channels of a thickness-aligned
nanowires which could be used in applications for electric CNT membrane embedded in a polymer matfixThe flux
current transport. The only surprising result comes from a of Ru ions passing through the membrane was determined
work of Zhang et al3®®®where the authors claim that silver by cyclic voltammetry. Molecular transport through CNT
nanowires can be obtained after heat treatment of silvercores could be gated by modifying the open nanotube tips
nitrate peapods in air atmosphere, though, under thesewith certain biomolecular complexes such as streptavidin
conditions, silver oxide might be produced. An alternative biotin.
way to insert metals into nanotube cavities is by a plasma  various metal oxides have also been inserted inside the
ion irradiation method. Through this approach, Cs atoms havecayities of CNT, including Cre#%e4%and SkOs.%%° In the
been intercalated and evidenced by microscopy technifities. case of chromium oxide, a solution approach was adapted,
Incorporation of iodine atoms in the form of helical chains  n which the filling material interacts with the acid medium
inside single-walled nanotubes has been reported by Fan egt room temperature. The tips of the nanotubes were opened
al 32 The authors immersed CNT in molten iodine and py oxidation, and the oxide was inserted in the cavity of the
observed the peapod structures by TEM. One of the mostypes, though there was great uncertainty about the oxidation
exotic applications of CNT filled with a molten metal was  state of the chromium in the peapod structure.
the preparation of miniaturized thermometers. The group of Reaction of SWNT with organic molecules having large

Bando Qescnbed how the helg_ht of a column of I.|quu.j electron affinity and small ionization energy was found to
gallium inside nanotubes varies linearly and reproducibly in result in p- and n-type doping, respectivély. Optical
o 393 ’ .
the temperatgre ra.nge 5600°C. i characterization revealed that charge transfer between SWNT
Beside doping with pure elements, CNT can also be filled ang molecules starts at certain critical energies. X-ray
with metallocenes, such as ferrocene, chromocene, vanagyiffraction experiments revealed that molecules are predomi-

docene, cobaltocene, and ruthenocéfighe insertion occurs ~ pantly encapsulated inside the tubes, resulting in an improved
from the vapor phase of the sandwich-type species with stability in air atmosphere.

formation of linear metallocene chains inside the tuliés.
The cobaltocene is observed to fill only nanotubes of one ; :
specific diameter, whereas the metal ion seems to interact5'2' Encapsulation of Biomolecules
with the nanotube surface through electron tran¥fér. Open-ended multi-walled nanotubes provide internal cavi-
Similarly, Kataura et at** reported the fabrication of Zn-  ties (2-10 nm in diameter) that are capable of accommodat-
diphenylporphyrin peapods within CNT cavities. Optical ing biomolecules of suitable size. It has been shown that
absorption and Raman spectra suggested that the encapsigmall proteins, such as lactamase, can be inserted into the
lated molecules were deformed by interaction within the internal cavities of tubeg:! Comparison of the Cata|ytic
CNT. activities of immobilized enzyme with those of the free
Concerning encapsulation of inorganic salts, carboranespecies in the hydrolysis of penicillin showed that a
moleculed®2and K/Cs hydroxide$°® were imaged inside  significant amount of the inserted lactamase remained
CNT both as discrete species and as monodimensional chainsatalytically active, implying that no drastic conformational
of zigzag type. By treating the peapod structure of the K/Cs change had taken place. DNA could also enter into the CNT
hydroxide with water, it was observed that the filling is cavities, and DNA transport has been directly followed by
removed and the resulting tubes can be refilled by other salts.fluorescence spectroscof.Molecular dynamics simula-
Another class of compounds encapsulated are metal halidegions showed that a DNA oligonucleotide consisting of eight
such as (KCIUCI.), and AgC|Bry,%8% Cdl, and ThC},39¢ bases could be encapsulated into CNT in agueous medfum.
CdCh,396:397aTh Cl, 3972 TiC| and Pb,3°72Col,,3%8 LaCl; and Both van der Waals and hydrophobic forces were found to
Lals,3%° KI,389d:397a,400 7¢C|, 401 AgClyl1—4,*9? Baly,*®® and be important for the dynamic interaction of the components.
MoCls and FeCJ***In most cases, these fillers were admixed  yeh et al*'4 have studied the electrophoretic transport of
with CNT in their molten state within a sealed ampule or Sing]e_stranded RNA molecules through the 1.5 nm wide
they were sublimed. Electron beam irradiation of such peapodpores of CNT membranes by molecular dynamics simula-
structures induced Clustel’ formation W|th|n the f|”|ng mate- tions. Without an electric f|e|d' RNA remains hydrophobi_
rial, due to sequential elimination of the anidfs. cally trapped in the membrane despite the large entropic and
In an alternative one-step approach, nanotube opening/energetic penalties for confining charged polymers inside
filling took place by photolyzing a suspension of raw material nonpolar pores. Differences in RNA conformational flex-
in chloroform, in the presence of various metal chloritfés. ibility and hydrophobicity result in sequence-dependent rates
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of translocation, a prerequisite for nanoscale separation8, References

devices.

5.3. Encapsulation of Liquids

A particular area of interest is the use of carbon tubes in
nanofluidics applications. Nanofluidics is envisioned as a key
technology for designing biomedical devices, in which the
dominant transport process is carried out by natural and
forced convection. As a starting point, the interaction of water
with the interior cavities of CNT has been studied. A
fundamental issue is the ability of a solvent to wet the
hydrophobic channels, as this would facilitate solution
chemistry inside the tubé&® The behavior of water mol-
ecules encapsulated into CNT has been studied by molecular
dynamics simulations. The effects of confinement on the
hydrogen bond structure were modeled, and the results
indicated that the average number of hydrogen bonds
decreases by comparing with bulk wat&.In the very
narrow tubes, the bond network was found to suffer a
dramatic destruction, and in some cases, water molecules
formed long linear chain&&e

Another parameter that was used in the simulation studies
was pressure. It was found that, by applying axial pressures
from 50 to 500 Mpa, water can exhibit phase transition into
new ice formulations inside a tuld€. At the same time,
Hummer and co-worket® reported the spontaneous and
continuous filling of a 0.8 nm diameter cavity by a one-
dimensionally ordered chain of water molecules, using a
molecular dynamics simulations approach. The authors
suggested that CNT might be exploited as unique molecular
channels for water. In other theoretical pap8fsit was
proposed that a single-water chain within CNT can be formed
only in narrow diameter cavities (less than 0.811 nm) under
physiological conditions. In the wider nanotubes, water
appears to be arranged as a stacked column of cyclic
hexamerg1®®

Experimental observation of encapsulated aqueous fluid
inside hydrothermally synthesized CNT was reported by
Gogotsi et af?® By electron irradiation heating, the liquid
inclusion was shrunk, due to evaporation inside the tubes.
By applying parallel molecular dynamics simulations, Werder
et al#?! studied the behavior of water droplets confined in
CNT. Contrary to the wetting behavior observed experimen-
tally,*?° the results of the study indicated that no wetting of
the pristine nanotubes occurred at room temperature.

6. Concluding Remarks

The chemistry of CNT is a current subject of intense
research, which produces continuous advances and novel
materials. However, the controlled functionalization of CNT
has not yet been fully achieved. Solubility continues to be
an issue, and new purification and characterization techniques
are still needed. It is hoped that, with the effort carried out
in many laboratories, we will be able to witness full control
of size and shape, with new interesting applications in
composites and electronics.
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