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I. Introduction

Carbon nanotubes (CNTs) have been discovered in 1991 by

Iijima.1 They represent a nanocrystalline carbon clusters

structurally built from graphene sheets rolled into a tube

that is closed at the ends by the fullerene caps. Depending

on synthesis conditions, nanotubes can be produced in a

single, double or multi-walled arrangement. Single-walled

nanotubes (SWCNTs) consist of a single graphene cylinder.

Double- and multi-walled nanotubes (DWCNTs and

MWCNTs) are consequently made of two or more concen-

tric graphitic layers surrounding the central tubule.2 ± 4

Diameters of SWCNTs and DWCNTs can range from 0.4

to 4 nm and those of MWCNTs are from 4 to 100 nm.

Different synthesis and purification methods yield nano-

tubes that can be from 100 nm to tens or even hundreds of

microns long. The unique mechanical, optical, thermal and

electric properties and other phenomena exhibited by car-

bon nanotubes offer many opportunities for their applica-

tions.5 ± 11 Single- and double-walled carbon nanotubes, in

particular, possess a remarkable tensile strength. For this

reason the potential uses of SWCNTs, DWCNTs and

MWCNTs for fabrication of reinforced fibers and nano-

composites are being investigated extensively.10 ± 17

CNTs tend to self-assemble into bundles in which from

several tubes up to a hundred are held together by van der

Waals forces. For many engineering and bio-medical appli-

cations, e.g., in nanocomposites and drug delivery systems,

the separation of individual nanotubes from their bundles is

becoming essential. This would improve the dispersion and

solubilization of the nanotubes in common organic solvents

and water needed for their processing and manipulation. To

solve this problem, the approaches based on non-cova-

lent 18 ± 25 and covalent 26 ± 51 functionalization of nanotubes

are being pursued. The covalent functionalization leads to

attachment of various functional groups to the ends or

sidewalls of the nanotubes through covalent bonds. Func-

tionalization of the nanotube ends brings only a highly

localized transformation of the nanotube electronic struc-

ture and does not change the bulk properties of these

materials. By comparison, functionalization of the nano-

tube sidewalls naturally results in a significant modification

of the intrinsic properties of the nanotubes.

The challenges faced in the sidewall chemical function-

alization are related to a very low reactivity of the nano-

tubes due to a much lower curvature of nanotube graphene

walls than in the fullerenes,5 and to the necessity of

preserving the tubular structure when attaching the func-

tional groups. The carbon nanotube graphene structure,

built from carbon atoms in their sp2-bonding states, facili-

tates the predominant occurrence of addition reactions. For

this type of reactions, gaseous fluorine serves as a reagent of

choice since it easily generates highly reactive F atoms

under mild conditions (F7F bond dissociation energy is

only 38 kcal mol71) and therefore fluorination works as a

powerful tool for covalent surface modification of carbon

materials.52
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During the last decade, dozens of review articles on

CNTs and their covalent functionalization have been pub-

lished. Although some of these reviews briefly discuss

fluoronanotubes, a detailed review entirely focused on the

progress in fluorination and subsequent derivatization of

CNTs did not appear in a peer-reviewed journal since

2002.29 Fluorinated carbon nanotubes represent a new

family of nanoscale fluorocarbon materials. They enable

various applications of functionalized carbon nanotubes,

derived from fluoronanotubes, and therefore they deserve a

special place in chemistry of carbon nanotubes.

This review provides an up to date literature survey of

methods and results of fluorination of single-, double- and

multi-walled carbon nanotubes. This is followed by discus-

sions of microstructure and solvation properties of fluoro-

nanotubes formed as the result of fluorination of CNTs.

The subsequent development of chemistry of fluoronano-

tubes as versatile precursors for synthesis of an array of

functionalized nanotube derivatives is discussed in greater

details. This is accompanied by outlines of documented

examples showing the perspectives for applications of fluo-

rinated CNT derivatives in nanocomposites, sensors, solid

lubricants and lithium batteries.

II. Fluorination of carbon nanotubes

1. Single-walled carbon nanotubes
The direct fluorination of the SWCNTs with elementary

fluorine was carried out as far back as 1998 by Margrave

and coworkers 53 and became the first example of non-

destructive sidewall functionalization of single-wall type of

nanotubes.

They have been prepared from the SWNCTs grown by

three different methods, laser ablation of graphite

(L-SWNCTs),54, 55 high-pressure CO disproportionation

process (HiPco-SWCNTs),56, 57 and conventional catalytic

arc discharge method (Arc-SWCNTs).58 Each of these

methods yields SWCNTs of different average diameter and

degree of sidewall perfection, which therefore require differ-

ent conditions for direct fluorination.

By using the methodology developed earlier for the

fluorination of graphite,59 extensive fluorination stud-

ies 53, 60, 61 were carried out to establish optimal conditions

(reaction temperatures, reaction times, addition of HF or

H2 for in situ generation of HF catalyst) to reach a

saturation stoichiometry (nearly C2F) without destruction

of the tube structure. It was found that the degree of

fluorination depends on the residual metal content from

catalysts used in the purified SWCNTs and the conditions

of preparation and treatment of the buckypaper samples

(nature of solvent, annealing temperature) prior to fluori-

nation.

The fluorination of L-SWCNT buckypaper, pre-baked

at 1100 8C in vacuum, was carried out at temperatures

ranging from 150 to 600 8C. The IR spectroscopy (KBr

pellet method) confirmed the presence of covalently bound

fluorine (peaks of the C7F stretches in the 1220 ±

1250 cm71 region) in the samples fluorinated in absence of

HF catalyst at temperatures of 250 8C and higher, and not

for those fluorinated at 150 8C. The TEM images indicated

that the tube structures remain largely intact under treat-

ment at temperatures as high as 325 8C, yielding approx-

imately C2F product bulk composition according to

electron probe microanalysis (EPMA). This type SWCNTs

are essentially all destroyed (i.e., `unzipped') when fluori-

nated at 400 8C and above to form a fluorographite as a

main product. This does not contradict the results of semi-

empirical MNDO computational modelling of fluorination

of narrower (6,0), (8.0), (6,6), (7,7) and (8,8) SWCNTs

predicting that nanotubes with the diameters smaller than

1 nm can form stable fluoronanotubes having fluorine

atoms bonded from outside and inside to the wall at

theoretically saturated C/F=1 ratio while larger diameter

SWCNTs cannot be fluorinated to that high surface satu-

ration.62 As a result of the sidewall functionalization of the

SWCNTs by fluorine the electrical properties of the fluo-

ronanotubes differ dramatically from those of pristine

SWCNTs. The fluoronanotubes prepared by fluorination

at temperatures of 250 8C and above become insulators

while the pristine nanotubes are known to be good con-

ductors.5, 6, 53

In the presence of HF, which is a known catalyst for

fluorination of graphite, the saturated C/F ratio (*2) for

the L-SWCNT tube structure was reached at a lower

reaction temperature (250 8C) while maintaining the same

reaction time (* 5 h). The other observed effect of HF was

a noticeable upshift of the C7F stretching frequency in the

FTIR spectra of fluoronanotubes, which indicated the

formation of more covalent and therefore stronger C7F

bonds. The same upshifting effect and a higher relative

intensity of the C7F band in the IR spectra were also seen

when raising the fluorination temperature. These phenom-

ena are in agreement with those observed earlier in fluori-

nated graphite.59 Typically, use of lower temperatures and

concentrations of F2 for fluorination of carbon materials

produces fluorocarbons in which the fluorine forms a semi-

ionic bond to carbon and shows a lower n(C7F) feature in

the IR spectra than with the covalently bonded fluorine.

For example, in the IR spectra of L-SWCNTs the peak due

to n(C7F) stretch shifts from 1201 to 1176 cm71 when the

fluorination temperature is reduced from 250 to 200 8C.61

The following studies,63, 64 where the vacuum annealed

L-SWCNTs were fluorinated at 200 ± 260 8C with a mixture

of F2 (20%) and N2 (80%), have demonstrated the efficient

use of combination of X-ray photoelectron spectroscopy

(XPS), Raman and IR spectroscopy 63 for determination of

the fluorination stoichiometry CnF and nature of the

fluorine bonding in fluoronanotubes.64 In the XPS C1s

spectra of fluronanotubes of CF0.43 (close to about C2F)

stoichiometry two main peaks were detected at 286.0 and

288.7� 0.3 eV, which were attributed to a carbon bonded to

monofluorinated carbon (C7CF1) and carbon bonded to a

single F atom (CF1) predominantly by a covalent bond,

respectively. The integrated intensities of these peaks were

53 : 47, in accord with the observed stoichiometry. The F1s

binding energy in XPS of this fluoronanotubes sample was

687.8� 0.3 eV (Ref. 64) which is typically observed for

fluorine covalently bonded to carbon.52 On the other

hand, for fluoronanotubes, prepared from the L-SWCNT
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buckypaper vacuum-baked at temperature as high as

1250 8C, the F1s peak was observed at a lower binding

energy (683.8 eV) suggesting a more ionic character of the

C7F bond in this sample.63

Fluorination was performed for open- and closed-end

L-SWCNTs (o-SWCNTs and c-SWCNTs) by direct reac-

tion with elemental 1 atm F2 gas at 300, 473 and 523 K for

1 month, 5 h and 5 h, respectively.65 The XPS analysis has

shown the highest fluorine content in the samples fluori-

nated at 523 K (F/C& 0.5), in agreement with the previous

results of fluorination of L-SWCNTs with a continuous

flow of F2 gas diluted by helium to a low partial pressure

(*0.09 atm).61 Structural changes of SWCNTs by fluori-

nation were studied by XRD and Raman measurements.

Interestingly, the lattice constants calculated from XRD

patterns for the fluorinated c-SWCNTs were larger than the

lattice constants for o-SWCNTs at the same fluorine con-

tent. Also, complete disappearance of radial breathing

mode (RBM) peaks in the Raman spectrum of c-SWCNTs

with F/C=0.48 has been observed while in the case of o-

SWCNT RBMs were observed even for the sample with the

highest fluorine content (F/C=0.51). These data were

interpreted by the selective fluorination occurring entirely

on the outside of c-SWCNT tubes and resulting in a larger

lattice constant than fluorinated o-SWCNT with the same

F/C value where some fluorine atoms are attached to the

inner and outer sides of the same areas of the wall, leaving a

larger area of the wall less affected by fluorination.65

The HiPco-SWCNTs have a smaller average diameters

[*1 nm for the (8,8) nanotubes] than L-SWCNTs

[*1.4 nm, corresponding to the (10,10) tubes] and, there-

fore, due to a higher curvature, they are more reactive. This

is particularly indicated by the observation that under the

same fluorination conditions more fluorine can be attached

onto the sidewalls of HiPco-SWCNTs.61 For instance, in

the presence of HF the near C2F composition for the

tubular structure of the HiPco-SWCNTs has been produced

at a fluorination temperature as low as 150 8C, while under
the same conditions the L-SWCNTs yielded the fluorona-

notubes with significantly lower fluorine content (C/F ratio

higher than 3). The fluoronanotubes with a stoichiometry of

C5F were produced by controlling the conditions of fluori-

nation through adjusting the flow rates of F2 and helium so

that in the gas mixture the concentration of F2 was about

1%. The controlled temperature and reaction time have

been maintained at 50� 5 8C and 2 h, respectively.29, 66

HiPco-SWCNTs have also been fluorinated at room

temperature using a volatile mixture of BrF3 and Br2.67

According to XPS analysis, the composition of the fluoro-

nanotubes obtained was C4F. Raman spectroscopy showed

that the narrower tubes are more readily fluorinated.

Comparison between CKa-spectrum of the fluorinated

SWCNTs and theoretical spectra obtained for the (8,8)

tube models with different fluorine adiition patterns

revealed the fluorine atoms preferably forming the chains

around a tube circumference. The same fluorination techni-

que was applied to a pristine and ball-milled samples

containing SWCNTs and few-wall carbon nanotubes

(FWCNTs) produced by catalytic CVD method.68 Analysis

of the XPS C1s spectra revealed that fluorinated carbon

atoms in SWCNTs are bounded with at least one C7F

group while most of the fluorinated carbon atoms in

FWCNTs are surrounded by bare carbon atoms only. It

was found that ball-milling of the samples has insignificant

effect on CNT length and most likely produces defects in

CNT surface layers. These defects provide access for fluo-

rine atoms to the subsurface layers of FWCNTs which

results in increase of fluorine content in the milled sample.

Near-edge X-ray absorption fine structure (NEXAFS) spec-

troscopic investigation revealed that some of CNTs, which

probably constitute the interior of FWCNTs or CNT ropes,

are not fluorinated under the conditions used and the

fluorine atoms interact more strongly with CNT surfaces

having a larger curvature.

High-resolution TEM images (Fig. 1) show significantly

different surface morphology for fluoronanotubes sample in

comparison with the pristine SWCNTs. Smooth sidewall

surfaces of thick SWCNT bundles (see Fig. 1 a) change to a

`bumpy' appearance after the fluorination (see Fig. 1 b); this

can be related to a great number of sp3 carbon ± carbon

bonds formed via addition of fluorine. Significant reduction

in bundle size is also noted for the fluoronanotubes (see

Fig. 1 b) where this effect is usually proportional to the

degree of fluorination; for example, 2 ± 3 times larger size

bundles are observed for C20F than for C5F and C2F

F-SWCNTs.69 This difference has likely been the reason

for very low friction coefficient (0.002) measured during

tribology tests for C20F nanotubes as compared to higher

fluorinated SWCNTs. This can be due to a possibility of

better intertube sliding within the bundles and less contact

with the surface asperities by C20F solid lubricant whereas

individual SWCNTs having diameters larger than surface

roughness will necessarily slide between adjacent tribolog-

ical surfaces. These findings are important for design and

potential applications of fluorinated CNTs as very low

friction solid lubricants.

Analysis of fluorinated HiPco carbon nanotubes by

magic angle spinning (MAS) NMR spectroscopy has been

reported.70 In the MAS spectra of HiPco fluoronanotubes

(C2.1F), the 13C NMR shift for the sp3 carbon bonded to

fluorine was observed at 83.5 ppm, 7 ± 15 ppm upfield of the

shift typical for tertiary alkyl fluorides, while the shift for

the sp2 bonded carbon was detected at 128 ppm, customary

for the nanotube sidewall. The shift observed for the sp3

carbons in the fluoronanotubes was interpreted to be due to

the C7F moieties located predominantly in 1,2- rather than

1,4-addition patterns of fluorine as confirmed by ab initio

calculations. Based on comparison with the XPS and

Raman data, the solid-state 13C NMR spectroscopy has

been suggested as a better tool for quantitative assessment

5 nm 5 nm

ba

Figure 1. High resolution TEM images of SWCNT samples: (a)

pristine SWCNTs, (b) fluoronanotubes.69
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of the extent of fluorination of carbon nanotubes, especially

for highly fluorinated samples.

The systematic studies of Arc-SWCNTs 71, 72 by XPS

and resistivity measurements of fluorinated powder mate-

rial as a function of fluorination temperature have revealed

a notable binding energy shift towards higher energies with

increasing fluorination temperature. The CFn fluoronano-

tubes produced at low temperatures of up to 200 8C showed

an ionic character of the C7F bonds, while at higher

temperatures the C7F bonds became more covalent in

nature. The observed enhancement in the sp3 bonding

along with the resistivity increase was confirmed by the

four-point resistivity measurements. The fluorination at

temperatures above 250 8C has lead to cleavage of car-

bon ± carbon bonds and collapse of tube structure as

observed by TEM.69, 72 The XPS and Auger spectroscopy

studies of Arc-SWCNTs fluorinated with 1 atm fluorine gas

at room temperature for 48 hours have shown that fluorine

forms only one chemical state for the C7F bonding in the

fluoronanotubes obtained.73

The fluorination of Arc-SWCNTs with 1.5 nm average

diameter was carried out at temperatures ranging from 150

to 300 8C with undiluted fluorine gas filled into a stainless

steel reactor up to a pressure of 0.8 bar.74 The maximum

weight uptake by this type of SWCNTs corresponding to

*CF0.44 stoichiometry, which is close to the theoretically

attainable limit of CF0.5, was obtained at temperature of

* 190 8C and 5 h fluorination time. It was shown by TEM

studies that in comparison with L-SWCNTs, fluorinated

under a low fluorine pressure of 0.09 bar and temperature of

250 8C,60 fluorination of Arc-SWCNTs at 220 8C can

already lead to partial decomposition of nanotube bundles

which emphasizes the need for use of lower temperatures

under increased fluorine pressure to retain SWCNT struc-

ture. Characterization of fluoronanotubes by MAS (13C,
19F) NMR, IR, X-ray absorption and photoelectron spec-

troscopies have provided convincing evidences for C7F

covalent bonding.

Fluorination studies of SWCNTs using fluorine gas

molecules have experimentally proven that metallic nano-

tubes are more reactive than the semiconducting ones

towards strong electron acceptors capable of large charge

transfer, such as halogens.75 It was particularly found that

at room temperature SWCNTs with radii between 0.9 and

1.1 nm are predominantly etched. Such difference in reac-

tivity is guided by the electron density of states at the Fermi

level being responsible for energy bandgap of the nano-

tubes. The observed selective etching of metallic tubes by

reacting SWCNTs with fluorine was proposed as a tool for

separation of semiconducting nanotubes. The obtained

results were consistent with the ab initio calculations 76

suggesting that low-temperature exposure to F2 molecules

in the gas phase should result in high yield of fluorinated

metallic SWCNTs while semiconducting nanotubes will

remain unfluorinated. These calculations also predict that

under low temperature conditions the metallic nanotubes

with radii larger than *1.3 nm will be mostly etched.

Besides reactions with F2 discussed above, the fluorina-

tion process of SWCNTs by reactive species generated from

CF4 in microwave plasma have also been demon-

strated.77 ± 83 The exposure of HiPco SWCNTs to a CF4

plasma produced fluorinated materials with variable stoi-

chiometries,78 CF0.30 ± 0.63 and CF1.25 , which depended on

exposure times ranging from 10 to 60 s (Ref. 78) to 6 min,77

respectively. While the observed degree of bulk fluorination

of SWCNTs was high, the XPS C1s data show the predom-

inant presence of fluorine covalently bonded within the CF2

and CF3 groups rather than the C7F ones, which is related

to the composition of reactive CFx species generated in CF4

plasma. The SWCNTs surface modified by this process have

shown a p-type semiconducting behaviour when tested in

electronic devices.78 TEM images showed the partial unrop-

ing of SWCNTs achieved by fluorination through CF4

plasma treatment while FTIR and TGA measurements

confirmed the sidewall fluorination of nanotubes. For

instance, the C7F covalent bond was represented by the

IR absorption band at 1221 cm71 which has been closer to

that in fluorographite because of the larger than HiPco-

SWCNTs diameter of Arc-SWCNTs (*2 nm).52, 59

2. Double-walled carbon nanotubes
Since the fluorination has shown to be a powerful tool for

surface modification of SWCNTs, its application was also

extended to double-walled carbon nanotubes (DWCNTs).

As in the case of SWCNTs, the fluorination studies 84 were

motivated by the need for chemical functionalization of

DWCNTs which are believed to be more thermally and

chemically stable and mechanically stronger than even

SWCNTs and due to small diameters (less than 2 nm),

they also behave as quantum wires.85, 86 The DWCNTs

synthesized by a catalytic CVD method and subsequently

purified by HCl treatment and air oxidation 87 were fluori-

nated by F2 gas at 200 8C for 5 h. The F/C ratio in the

fluorinated DWCNTs was 0.30 according to XPS analysis.

The absence of charging effect for fluorinated DWCNTs in

comparison with the fluorinated SWCNTs indicated that

the inner shells of the DWCNTs most likely remained

50 nm 5 nm

50 nm 5 nm

b

dc

a

Figure 2. Low-resolution (a) and high-resolution cross-sectional (b)

TEM images of the pristine DWCNTs and low-resolution (c) and high-

resolution cross-sectional (d ) TEM images of the fluorinated

DWCNTs.84 (Reproduced on permission of The Royal Society of

Chemistry.)
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unchanged and maintained conductivity. The C1s and F1s

peak positions at 288.9 and 687.75 eV, respectively, con-

firmed the presence of C7F covalent bonding in fluori-

nated DWCNTs.

TEM images taken at low-resolution (Fig. 2 a) have

shown that pristine DWCNTs exist mainly as bundles with

the diameters being in the range of 10 ± 50 nm. The high-

resolution cross-sectional TEM images of DWCNTs show

that they are hexagonally packed within these bundles (see

Fig. 2 b). Fluorination does not produce a significant

change in the macro-morphology of DWCNTs, which

remained to be in bundle form (see Fig. 2 c). However, it is

important to note that fluorinated DWCNTs maintain the

integrity of double-layered cylindrical shells, which can be

clearly seen, in the high-resolution cross-sectional TEM

images (see Fig. 2 d ). The loosening of hexagonal packing

structure was also observed, which indicated that fluorine

atoms have been chemically attached to the outer shells of

DWCNTs.84

Raman spectroscopy was used for structural character-

ization of fluorinated DWCNTs by observing the changes in

the spectral features when compared with the pristine

DWCNTs (Fig. 3). The major changes occurred both in

the low frequency region (100 ± 350 cm71) corresponding to

radial breathing modes (RBM) and in the high frequency

range (1250 ± 1650 cm71) typical of D and G modes. The

RBM frequencies were used for calculation of the tube

diameters for the inner and outer shells in DWCNTs,

given in Fig. 3 a. It is clearly shown that the RBM frequen-

cies below 250 cm71 of outer shells (with the diameters of

1.3 and 1.58 nm) disappear after the fluorination leaving

the inner shells with the diameters of 0.70 and 0.90 nm

virtually intact. These data provide solid evidence for

fluorination of only an outer shell in DWCNTs, each

consisting of two concentric tubular shells. The fluorination

also causes a slight decrease in the Raman intensity of the G

mode band at 1590 cm71 and a dramatic increase of the

intensity of the D band at 1346 cm71 (see Fig. 3 b) which

indicate a structural distortion of the outer shell in

DWCNTs due to addition of fluorine and transformation

of carbon hybridization from the sp2 to sp3 state.

In the other studies,88, 89 DWCNTs were also produced

from CH4 by catalytic CVD process, though the diameter

distribution was broader than in studies 84, 87 ranging from

0.5 to 2.5 nm for the inner tubes and from 1.2 to 3.2 nm for

the outer tubes. Fluorination of these nanotubes was carried

out by exposing the samples to a vapour over a solution of

BrF3 in Br2 for 7 days at room temperature. The TEM

images of the fluorinated samples have shown that the

applied procedure is not destructive to the nanotubes. XPS

spectrum exhibited three main peaks due to the C1s, F1s,

and O1s features, and very weak peaks showing the pres-

ence of small amounts of bromine in the sample. The high-

resolution XPS data yielded approximate stoichiometries

for several samples, which varied from CF0.20 to CF0.35, and

confirmed a mainly covalent character of bonding of

fluorine atoms to the outer shells. Optical and Raman

spectroscopy analysis has shown that the inner walls remain

intact in fluorinated DWCNTs with the low fluorine con-

tent. The increase in concentration of fluorinating agent

leads to etching of inner walls in some DWCNTs while

nanotubes with the near-armchair configuration were more

inert to fluorination.89

3. Multi-walled carbon nanotubes
Multi-wall carbon nanotubes (MWCNTs), prepared by a

template carbonization method and having the open ends,

reacted with elemental fluorine even at 50 8C and were

shown to add more fluorine as the reaction temperature

increased.90 When using a gaseous mixture of F2, HF and

IF5 the fluorination of MWCNTs synthesized by thermal

decomposition of acetylene over silica-supported cobalt

catalysts proceeded even at room temperature yielding the

fluoronanotubes with the CF0.4 composition.91 The C7F

bonds in these fluoronanotubes were suggested to possess a

semi-ionic character, as indicated by a peak location of the

C7F stretch at 1100 cm71 in the FTIR spectra. The X-ray

diffraction patterns show the presence of two fluorinated

nanotube phases with the interlayer d-spacings of 6.30 and

7.46 �A.

The fluorination of arc-discharge produced MWCNTs

has been achieved at room temperature by using elemental

fluorine on MWCNT samples pre-treated first with the

vapour over liquid Br2 for 24 h and then with the vapour

over a solution of BrF3 in Br2 for 7 days.92 This reaction

resulted in fluoronanotubes with the C1F0.3Br0.02 composi-

tion, in which the presence of covalent C7F bonds, similar

to the C7F bonding in the C2F fluorographite, has been

concluded based on of X-ray diffraction (XRD), FTIR and

XPS characterization data. TEM indicated that only the

outer shells of MWCNTs were fluorinated while the inner

shells remained intact.93
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Figure 3. Raman spectra of pristine (1) and fluorinated (2) DWCNTs

(F200) showing a low frequency (a) and high frequency (b) ranges.84

(Reproduced on permission of The Royal Society of Chemistry.)

The numbers in Fig. 3 a correspond to the tube diameter in nm.
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Fluorination of MWCNTs prepared by arc-discharge

evaporation of spectral graphite rods was also carried out at

420 8C in a nickel reactor by a flow of F2 diluted with N2 at

the ratio of 1 : 10.94, 95 The fluoronanotubes with the

10 mass%, 15 mass% and 25.4 mass% fluorine content

were produced. XRD, IR, XPS, TEM and EELS data

suggested that the internal layers are not fluorinated and

that some C7F bonds (2%± 9%) in fluorinated MWCNTs

are ionic. For the fluorinated part of the samples studied,

the concentration of fluorine was found to exceed the C2F

composition.95

Treatment of MWCNTs with elemental fluorine at room

temperature for just 5 min resulted in 4 at.% ± 5 at.% F

addition by formation of predominantly semi-ionic C7F

bonds. Low surface coverage by fluorine did not compro-

mise excellent conductivity and magnetic properties of

nanotubes and was sufficient to aid excellent dispersion

and adhesion of fluorinated MWCNTs in the epoxy matrix

which showed increased electromagnetic interference (EMI)

shielding due to a well-organized conductive network of

nanotubes.96 This work demonstrates potential for applica-

tions of low fluorinated MWCNTs in EMI shielding poly-

mer composites.

Fluorinated MWCNTs with different character of C7F

bonding have been obtained at elevated temperature

(200 8C) with the use of gas mixtures with variable ratio of

elemental fluorine and argon. Analysis of the fluorinated

products by XPS has shown that the F (at.%) content

increases with the growth of F2 gas partial pressure in the

mixture and the character of C7F bonding changes in the

CxF samples from ionic (x>20) to covalent (x4 4).97

Strong dependence of the fluorination on nanotube

diameter was observed for MWCNTs produced by thermal

decomposition of benzene over Fe catalyst and having

diameters ranging from 10 to over 100 nm.98 After fluori-

nation with the F2 : HF gaseous mixtures for 19 h at 500 8C
these nanotubes revealed the presence of the C7F bonds in

the electron energy loss spectra (EELS) only for tubes with

diameters larger than 20 nm, which suggested that thin

tubes are either not or very little fluorinated. Elemental

mapping studies indicated that F is uniformly distributed

within the nanotubes with diameters greater than 20 nm of

approximately C12F stoichiometry. EELS calculations using

density functional theory confirmed the existence of ionic

and covalent bonding of fluorine to carbon in these fluo-

ronanotubes.98

In a comparative study,99 MWCNTs of different origin

and sidewall morphology, arc-discharge (few surface

defects) and catalytic CVD grown (numerous defects),

have been fluorinated by a molecular fluorine gas flow at

1 bar and temperature of 520 8C and reaction kinetics has

been investigated. Fluorination addition kinetics under

these conditions to a saturation level of F/C=1 was

found to correlate with the rate of initial defects in the

nanotubes, being faster in case of higher sidewall defects.

For instance, after 6 h catalytic tubes become fluorinated up

to saturation while arc-discharge tubes remain only parti-

ally fluorinated. In comparison to SWCNTs, for which a

maximum fluorination temperature of about 300 8C con-

stitutes a critical threshold before degradation starts to

occur,53, 60 MWCNTs appear to be much more resistant. It

was proposed that this enhanced stability of MWCNTs

arises from the reduced curvature of their network and

also reflects the key role of relaxation effects in diminishing

internal strain within the final fluorinated structure and

preventing ruptures along the sidewall. Therefore, it has

been suggested that in fluorinated MWCNTs with F/C=1

saturated stoichiometry, both sides of the curved sheets

must be fluorinated to represent rolled homologues of poly-

carbon fluoride (CF)x being of interest as perspective nano-

scale lubricants.

The use of thermal fluorination with F2 gas for modi-

fication of MWCNTs has enabled potential applications of

F-MWCNTs for high performance NO gas sensor electro-

des, as demonstrated recently.100 The NO gas sensitivity was

reflected by an increase in electrical resistivity, which was

measured to be the highest for the MWCNTs fluorinated at

200 8C. The NO gas sensing mechanism by F-MWCNTs

was explained by transfer of electrons from HOMO of NO,

adsorbing on F-MWCNTs, to LUMO of F-MWCNTs

resulting in increase of Fermi level and eventually causing

the resistance increase.100

The reaction of MWCNTs, produced by catalytical

CVD process, with xenon difluorides has been studied and

compared with the results from experiments with elemental

fluorine.101 Fluorination with XeF2 carried out at room

temperature in sunlight or under exposure to the light of a

halogen lamp yielded the F-MWCNT material having a

26 : 1 carbon to fluorine ratio. This indicates much lower

fluorine content than in the fluoronanotubes produced by

elemental fluorine treatment. The XPS studies have con-

firmed formation of both semi-ionic and covalent C7F

bonds, which according to TEM imaging are located only

on outer surface of MWCNTs leaving the inner shells

intact. It was found that the F-MWCNTs obtained through

the reaction with XeF2 remain electrically conductive with

the resistance increased only 5 times in comparison with the

reference MWCNT samples.

Treatment of MWCNTs by the CF4 glow discharge

plasma at low pressure resulted in outer walls surface

fluorination established by XPS analysis. The fluorinated

MWCNTs have shown super-hydrophobic properties

according to a water droplet contact angle (CA) measure-

ments, which found the CA value to be about 1658.102, 103

III. Structure of fluoronanotubes

The structure of fluoronanotubes is governed by the chem-

ical reactivity of particular type carbon nanotube towards

fluorine. The reactivity depends on surface curvature,

helicity and diameter, and the direction in which the

graphene is rolled.104 Therefore, the fluorination of carbon

nanotubes produces different chemical addition patterns,

which are influenced by both the difference in fluorine ±

fluorine interaction, and the strain induced upon the carbon

network by forming an sp3 C7C bonds. The first insight

into the fluoronanotube structures has been provided by the

molecular modelling calculations and scanning tunnelling

microscopy (STM) imaging.105, 106 Based on the experimen-

tally established C2F stoichiometry at which fluorinated

tubes can still maintain their tubular structure, two isomeric

structures, resulting from fluorine addition to either (1,2) or

(1,4) positions within a hexagonal ring on the graphene-like

side wall of the nanotube, have been proposed. Due to the

arrangement of the p-bonds, the 1,2-isomer can be conduct-

ing through an electron flow along the conjugated bonds

parallel to tube axis, whereas the 1,4-isomer with its isolated

double bonds will yield insulating fluoronanotubes. From
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the molecular mechanics (MM+) 61 and semi-empirical

(AM1 and CNDO) 105 calculations it was found that the

1,4-isomer is more stable, although the energy difference

between the two isomers is quite small (only 1 kcal mol71

per F atom). Higher level calculations on fluorinated arm-

chair (10,10) SWCNTs of C2F stoichiometry using density

functional theory (PBE/3 and LSDA/3-21G) and periodic

boundary conditions 107, 108 revealed that, on the contrary,

the 1,2-isomer is more stable than the 1,4-isomer; however,

the total energy difference is again fairly small (about

4 kcal mol71 per C2F unit).108 Given such a small differ-

ences in energies of these two isomers calculated at various

levels of theory and the absence of separation procedures

developed so far, it is reasonable to assume that they both

co-exist in the fluoronanotubes material. Based on calcu-

lated bandgap values for 1,2 and 1,4-isomers (* 1 and 4 eV,

respectively), it was concluded that the p-bonding patterns

can control the electronic properties of C2F fluoronano-

tubes, ranging from metal-like to semiconducting and

insulating behaviour, and thus may open possibilities for

tailoring these properties through derivatization, providing

nanoscale wires, capacitors, and solenoids.107

The STM imaging studies indicated that the fluorinated

regions typically form bands around the circumference of

the tube (Fig. 4). This may imply that the addition of

fluorine to the sidewall of the pristine SWCNT should

occur more favourably around the circumference of the

tube. Nevertheless, the AM1 calculations point out that the

addition along the axis of the tube for the 1,2-isomer is

about 30 kcal mol71 more exothermic than circumferential

1,2-addition, while in the case of 1,4-isomer the addition

around the circumference of the tube is approximately

10 kcal mol71 more energetically favourable than propaga-

tion along the tube axis.61, 105 Based on that, the origination

of the abrupt band boundaries, observed in the STM images

of fluoronanotubes (even those having the saturated C2F

stoichiometry), could be explained by a circumferential

addition mechanism proceeding via initiation of the 1,4-iso-

mer at multiple sites along the tube and propagating on

alternate pairs of rows. However, since the calculated

energy difference between the 1,2- and 1,4-isomers is small,

the possibility of having both types of fluorine addition to

occur simultaneously during the fluorination process also

can be expected. Various defects in the sidewall graphene

structure might also play an important role in either initiat-

ing or terminating such domains.

Higher-level ab initio calculations 109 have suggested that

fluorine addition in a band-like pattern is stabilized due to

electronic confinement effect. These calculations have also

shown that for smaller diameter nanotubes axial addition of

fluorine is preferred regardless of their chirality. The for-

mation of fluorine bands in fluoronanotubes observed by

STM has therefore been explained by axial addition of

fluorine in multiple axial C2F rows rather than randomly

in a spot-like pattern. These axial rows are parallel and have

matching lengths, which provide a sharp circumferential

edge between fluorinated and not fluorinated regions that

minimize strain in the fluoronanotubes.109 The density

functional theory studies 110 have shown that the most

energetically stable configuration is formed by 1,2-addition

of fluorine with the C7F binding energy of 2.43 eV

followed by 2.38 and 1.87 eV for 1,4- and 1,3-additions,

respectively.

Core and valence band (VB) photoelectron spectroscopy

studies of HiPco-SWCNTs fluorinated to approximately

C2F, C3F and C4F stoichiometries suggest that these fluo-

ronanotubes are most likely in the armchair configura-

tion.111 This suggestion is based on better agreement of the

experimental and calculated VB spectra for the armchair as

compared to zigzag nanotubes. These calculated data pro-

vide a set of spectra that can be useful in the interpretation

of photoelectron spectra of different fluoronanotube struc-

tures. The C1s region of the XPS spectra is the most

sensitive to the nanotube structure showing different sepa-

ration between the two main sp2 C and sp3 C(C7F) peaks

in the fluoronanotubes of different stoichiometry. This

separation increases in the following direction:

C2F<C3F<C4F with the smaller separation correspond-

ing to conducting and greater to insulating nanotubes.112

IV. Solvation properties of fluoronanotubes

The fluoronanotubes prepared from SWCNTs form meta-

stable solutions in DMF, THF, chloroform, and alcohols

after sonication. They do not dissolve in perfluorinated

solvents as well as water, diethylamine, and acetic acid.

The transmission electron microscopy (TEM) studies show

the unroping of fluoronanotubes to a ten times smaller

diameter bundles as compared to pristine SWCNTs. The

solvation of individual (`unroped') fluoronanotubes was

also verified by dispersing them on a mica substrate and

examining with atomic force microscopy (AFM).63, 113 The

height measurements on the AFM images confirmed that a

majority of the observed tubes are individual tubes with the

diameter distribution near 0.8 nm.63 The solutions in alco-

hols were stable for a few days to over a several weeks.

Among the series of alcohols studied, 2-propanol and

2-butanol were found to be the best solvents. Such solvation

has been explained by hydrogen bonding between the

hydroxyl hydrogen in alcohol and the nanotube-bound

fluorine: R7O7H_F7(CnF). This bonding is likely

facilitated by an increased ionic nature of the C7F bond

in fluoronanotubes in contrast with alkyl fluorides, in which

the fluorine is suggested to be a poor hydrogen bond

acceptor.114 The XPS analysis of fluorinated SWCNTs

supports the concept of a more ionic fluorine bonded in

fluoronanotubes by revealing an F1s peak at a binding

energy of 687 ± 688 eV, located at a much lower binding

energy than the F1s peak in poly(tetrafluoroethylene)

(691.5 eV).

It should be noted that density functional theory calcu-

lations using periodic boundary conditions of the structures

of (5,5) and (10,10) armchair C2F fluoronanotubes indicate

that the interaction energies calculated for the

C7F_HOCH3 hydrogen bond should be no more than

10% higher than for the CH3F_HOCH3 linkage. Based on

these calculations, it was proposed that the observed sol-

Figure 4. STM image of an individual fluoronanotube.105
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ubility of fluoronanotubes in alcohols is facilitated by

combined interaction through both the hydrogen bonds

and van der Waals forces.115

V. Chemical properties of fluoronanotubes

According to DFT calculations of the electronic densities of

states, the Fermi energy of the fluoronanotubes is consid-

erably shifted towards lower values compared to the pristine

SWCNTs.116 The conduction bands are energetically low-

ered as well.108 This implies that the fluoronanotubes are

better electron acceptors than the bare carbon nanotubes

and therefore they should more eagerly interact with strong

nucleophilic reagents as well as undergo reduction to bare

SWCNTs by alkali metals. These chemical reactions are

also facilitated by the fact that the C7F bonds in fluoro-

nanotubes as in fluorinated fullerenes are weakened relative

to the C7F bonds in alkyl fluorides owing to an eclipsing

strain effect,116, 117 and thus fluorine could be more easily

displaced. Computational studies have predicted that the

mean C7F bond dissociation energies depend very strongly

on the nanotube diameter.116 For example, based on these

computations the HiPco SWCNTs should form a stronger

bonds with fluorine than the larger diameter L-SWCNTs.

Hence, the unique electronic structure and improved solu-

bility of fluoronanotubes and the weaker C7F bond have

opened new opportunities for chemical syntheses of a wide

variety of sidewall functionalized nanotubes with interesting

properties using fluoronanotubes as precursors.

1. Reactions with organolithium and Grignard reagents
The fluorine displacement reactions in F-SWCNTs were

first studied with the very strong nucleophiles, such as alkyl

lithium and Grignard reagents. These reactions resulted in

preparation of a series of short- and long-chain alkyl-

SWCNT derivatives.

The reactions with organolithium reagents RLi

(R=methyl, n-butyl, tert-butyl, n-hexyl, phenyl) have

been carried out by adding the reagent to the fluoronano-

tubes dispersed in THF, ether, or hexane, at 740 8C
followed by sonication for 10 min and stirring at room

temperature overnight under argon. After completion of the

workup procedure, 61, 118 the final products were dried in

a vacuum oven and then characterized by ATR-FTIR,

UV-Vis-NIR, TGA and TGA±FTIR techniques.

The ATR-FTIR spectra of the alkylated SWCNTs show

the C7H stretching and bending absorptions in the

2850 ± 2970 cm71 and 1000 ± 1470 cm71 regions, typical of

alkyl group, respectively, as well as a peak at about

1580 cm71 characterizing the activated C=C stretching

mode of the nanotubes. The observed absence of the van

Hove electronic transition features in the UV-Vis-NIR

spectra supports the occurrence of the sidewall functiona-

lization which dramatically alters the electronic structure of

alkylated nanotubes with respect to the pristine SWCNTs.

As a result, these alkylated SWCNTs are soluble in common

organic solvents such as chloroform and THF. Based on the

weight loss at 200 ± 450 8C during the TGA runs, the nano-

tube carbon-to-alkyl ratios were calculated for methyl,

n-butyl and n-hexyl SWCNTs which indicate that alkyla-

tion of the fluorinated HiPco-SWCNTs results in a higher

degree of functionalization than fluorinated L-SWCNTs.

This is in line with the expected enhanced reactivity due to

the increased tube curvature. The obtained STM images of

the sidewall butylated SWCNTs show that for these deri-

vatives the typical fluoronanotubes banded morphology is

no longer visible. Instead, relatively large (*10 �A) bright

spots due to sidewall attached butyl groups with an average

spacing of *50 �A are apparent while scanning along the

nanotube.105

The TGA±FTIR analysis has shown, on the derivative

plots, a single maximum for the methylated and two

maxima for the n-butylated and n-hexylated SWCNTs,

respectively. These maxima were synchronized by the same

peaks appearing in the C7H stretching region in the FTIR

spectra of volatile products demonstrating the presence of

corresponding alkyl groups in the nanotubes and also a

likely two-step mechanism of the removal of the alkyl

groups, other than methyl. The VTP-MS studies of the

methylated SWCNTs have shown that under vacuum con-

ditions the evolution of methyl groups (m/z=15) is maxi-

mized at temperature of about 490 8C, far too high to be

due to physisorbed species.60 The alkylation of the

SWCNTs was found to be reversible, since after heating of

these materials in Ar at 500 8C a complete recovery of the

pristine nanotubes has occurred. Due to the steric effect,

tert-butyl lithium reacts less effectively and results in a low

alkylation and a predominant defluorination of the fluoro-

nanotubes to yield a product showing the van Hove tran-

sition bands in the UV-Vis-NIR spectra. Steric effects can

also account for more extensive alkylation observed in cases

when less sterically demanding alkyl lithium reagents, such

as methyl lithium, were used. These results are consistent

with a multi-step process that is initiated by a one-electron

transfer to the fluoronanotube from the alkyl lithium

reagent. Elimination of fluoride from the resulting radical-

anion would lead to a radical site on the SWCNT. Recom-

bination of the alkyl radical with this radical site will result

in the covalent attachment to the side wall. This step is

likely sterically controlled, suggesting that due to crowding

of the attaching groups not every fluorine can be replaced

by a new functionality, e.g., alkyl group.118

The sidewall alkylation of the fluoronanotubes has also

been carried out by reactions with the Grignard reagents

(alkylmagnesium bromide) in THF.119 These reactions were

done simply by bath sonication of the fluoronanotube paper

F
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F

F
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F

F

+ RLi
THF

7LiF
Rx

R=Me, Bun, But, n-C6H13, Ph.

F
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F
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F
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F

F

+ RMgBr
THF

7MgBrF
Rx

R=n-C6H13, n-C10H21 , n-C10H20Br.
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in excess Grignard reagent in THF for several hours. The

solubility of the hexylated SWCNTs prepared in such a way

in chloroform was up to * 0.6 g litre71, as compared to

maximum concentration of 0.1 g litre71 of pristine nano-

tubes to form stable suspensions in DMF. By heating in air

to 250 8C the pristine SWCNTs were recovered from the

hexylated derivative for which the attachment of a hexyl

group to about 1 in every 10 sidewall carbon atoms has been

calculated based on the weight loss monitored by TGA. The

analyses of AFM images before and after air oxidation

show that the recovered individual tubes are thinner by

2 ± 5 �A after burning off the hexyl groups from side walls.

The AFM data also indicate that unlike the partially

fluorinated SWCNTs this procedure does not shorten the

nanotubes. After removal of the hexyl groups, the two-point

electrical resistance measurements across the bucky paper

have shown a drop from 372.5 to 144.6 kO, a value typical

of pristine nanotube papers.

Longer alkyl chain substituents have been attached to

the side walls of the SWCNTs by first generating the

Grignard reagents from alkyl bromide in situ, and then

adding the fluoronanotubes.120, 121 Thus, the n-decylated

SWCNTs were prepared by reacting 1-bromodecane with

magnesium in ether and then quenching the decylmagne-

sium bromide with the fluoronanotube suspension in dry

ether followed by stirring for 72 h. The TGA in flowing

argon has shown an over 40% weight loss due to the

evolution of volatile products arising from the n-decyl

groups detaching from the SWCNT side walls in the

250 ± 450 8C temperature range. Based on weight loss data,

the degree of sidewall functionalization was calculated to be

1 n-decyl group per 15 sidewall carbons.121

The reaction of F-SWCNTs with the di-Grignard

reagent, prepared in a similar way from 1,10-dibromode-

cane, also resulted in displacement of fluorine and forma-

tion, in this case, of nanotubes cross-linked through (CH2)10
alkane chains. The TGA and TGA ±FTIR data indicate

loss of attached groups at temperatures of 250 ± 370 8C
leading to a recovery of pristine SWCNT features in the

Raman and UV-Vis-NIR spectra.121

2. Reactions with alkoxide reagents
The solubility of fluoronanotubes (F-SWCNTs) in alcohols

prompted their functionalization reactions with the other

strong nucleophilic reagents such as alkoxides. For

instance, sonication of the fluoronanotubes (*C2F) in

methanol solution of sodium methoxide for 2 h already

resulted in the formation of methoxylated tubes with the

C4.4F(OCH3)0.25 composition suggested from electron

probe microanalysis (EPMA). Thermal degradation studies

by VTP-MS show that under vacuum conditions this

product loses significant quantities of methoxy groups

(m/z=31) at temperatures of 650 ± 700 8C, indicating that

these groups were originally strongly bonded to the nano-

tube. Based on these data and on elevated oxygen content

from the EPMA, the conclusion was made that the methoxy

groups are bonded to the nanotube side walls.113 To follow

this work, the derivatization reactions of the fluorinated

SWCNTs by methoxy, ethoxy and iso-propoxy groups were

also done by sonication in solutions of lithium hydroxide in

methanol, ethanol and iso-propanol, respectively.29

Based on the established high reactivity of F-SWCNTs

towards alkoxides, a simple one-step chemical method for

preparation of the SWCNTs functionalized with the

hydroxyl group terminated moieties (hydroxyl nanotubes)

has been developed. Such method of attaching the func-

tional groups through the sidewall C7O bonding involved

reactions of F-SWCNTs with a series of alkane diols and

triols pre-treated with the alkali bases MOH.122 The series

included ethylene glycol 1a, 1,3-propanediol 1b, 1,4-buta-

nediol 1c, 1,2-propanediol 1d, 1,2-butanediol 1e, and gly-

cerol 1f. The alcohols, diols and glycerol were used both as

solvent media and as reagents to provide a surplus of

hydroxyl-terminated monoalkoxides through the reactions

with alkali base.

The synthesized `hydroxyl nanotubes' 2a ± f were char-

acterized by optical spectroscopy, ATR-FTIR, Raman, and

UV-Vis-NIR, TEM, AFM, and thermal degradation, TGA

and VTP-MS, materials characterization methods. The

characterization of `hydroxyl nanotube' derivatives by

Raman spectroscopy has provided essential and quick

information for evaluation of the covalent sidewall modifi-

cation of the nanotubes. The Raman spectra collected for

all of these SWCNT derivatives display a peak in the

1285 ± 1300 cm71 region related to the sp3 states of carbon

and serve as a proof of the disruption of the aromatic

system of p-electrons on the nanotube sidewalls by the

attached functional groups.

The EDX elemental analyses showed 3 at.% ± 5 at.%

residual fluorine content in the derivatives 2a ± f. The degree

of sidewall functionalization in 2a ± f was estimated to be in

the range of 1 in 15 to 25 carbons, depending on alcohol

reagent used. All prepared `hydroxyl nanotube' SWCNT

derivatives have shown an improved solubility in polar

solvents as compared to pristine SWCNTs. The solutions

of glycerol-SWCNT gerivative 2f in water (*40 mg litre71)

were stable for several days, while ethanol solutions with

higher 2f concentration (*80 mg litre71) showed some

precipitation only after several months.122

These studies have indicated that the increase in the

number of free hydroxyl groups in the moiety attached to

the nanotube sidewall should most likely lead to further

improvement of the solubilization of functionalized deriva-

tives in polar solvents and water. With this aim in view, the

reactions of fluoronanotubes with such readily available

polyol reagents as glucose and sucrose have been carried out

by using the developed wet chemistry methodology involv-

ing sonication technique.123 ± 125

1a ± f

MOH, sonication, 30 min

7MF
Fx +HO(CH2)nCHROH

[O(CH2)nCHROH]x

2a ± f

M=Li, Na, K;

R=H: n=1 (a), 2 (b), 3 (c); n=1: R=Me (d), Et (e), CH2OH (f).
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Unlike reactions with liquid diols and glycerol, in this

method dimethylformamide (DMF) was used as a solvent to

separately dissolve solid polyols and F-SWCNTs. To the

solution of glucose or sucrose in DMF a lithium hydroxide

was added and the mixture was sonicated to form an

alkoxide (3). The latter was added to DMF solution of

F-SWCNTs and sonicated for 1 ± 2 h. The final products,

glucose-SWCNT and sucrose-SWCNT (4), were isolated by

first removing the DMF with rotary evaporator, then

dissolving the residue in water and collecting the function-

alized SWCNTs on polycarbonate membrane. The FTIR

spectra (Fig. 5) of the products of the reactions of fluoro-

nanotubes with glucose- and sucrose-derived alkoxide show

strong broad peaks at 3100 ± 3600 cm71 corresponding to

the O7H and peaks in the 2800 ± 3000 cm71 range due to

C7H stretches of polyol-functionalized SWCNTs. The

XPS analysis confirmed that more than a half of fluorine

in F-SWCNTs has been either substituted or removed in the

course of reaction. Based on TGA weight loss data, the

degree of sidewall functionalization by glucose and sucrose

moieties (R/C) was estimated to be 1 in 40 to 42 carbons.

The SWCNTs derivatized with glucose and sucrose moieties

have demonstrated an improved solubility in polar solvents.

The SWCNT sucrose derivative 4 was particularly water

soluble (*100 mg litre71). The solubility properties are

expected to enable applications of sacharide- and other

polyol-SWCNT derivatives,123 which are based on hydro-

gen bonding ability and chemical reactivity of terminal

hydroxyl groups in the side chain.125

3. Reactions with hydrazine and diamines
The SWCNTs, once fluorinated, can be efficiently defluori-

nated with anhydrous hydrazine via the following reaction:

CnF+
1

4
N2H4 Cn+HF+

1

4
N2 ,

done by stirring at room temperature either in neat or

diluted hydrazine or after addition of hydrazine to solutions

of fluoronanotubes in organic solvents. The EPMA analysis

of the solid precipitate yielded a very low fluorine content,

and no nitrogen, confirming that only defluorination and

not the functionalization of the SWCNTs by amino moiety

has occurred.29, 60, 119 Such an outcome of this highly

exothermic reaction can be explained by the opportunity

to produce (in addition to HF) the highly thermodynami-

cally stable N2 molecules. The AFM studies of pristine,

fluorinated and defluorinated SWCNTs have indicated that

reagreggation caused by the hydrazine treatment in iso-

propanol solution does not lead to as large bundles as

before the treatment.63 This defluorination process by

hydrazine provides a useful tool for chemical modification

of the side walls of the carbon nanotubes, which can be

applied for removal of residual fluorine from alkylated

fluoronanotubes or for controlled partial defluorination of

fluoronanotubes to produce CNTs with various fluorine

contents and, presumably, different properties.

Unlike the defluorinating action of hydrazine, the ter-

minal diamines, H2N(CH2)nNH2 (n=2, 3, 4, 6), can be

used to functionalize the SWCNTs by creating a direct

C7N bonding attachments to the sidewalls. These reactions

were performed by refluxing the fluoronanotubes in the

corresponding diamine for 3 h in the presence of catalytic

amounts of pyridine.126 ± 129

The elemental analysis of the washed and dried black

precipitates by the EDX yielded a nitrogen content within

11 at.% ± 16 at.%, and only a very low (1 at.% ± 2 at.%)

fluorine content, suggesting its efficient displacement by the

N-alkyl amine functionalities. The TGA±FTIR and

VTP-MS studies have provided strong evidences for cova-

lent functionalization by the diamines, showing a major loss

of the corresponding attached groups at *350 ± 400 8C,
which were detected, for example, in mass spectra by peak

at m/z=59 (HNCH2CH2NH2) in the case of ethylene

diamino-SWCNTs, and by peak at m/z=73

(HNCH2CH2CH2NH2) in the case of propylene diamino-

SWCNTs. The TEM images of N-alkylaminated samples

have also revealed, in addition to the individual sidewall

functionalized SWCNTs, a number of the nanotubes cross-

linked by the diamino chains, which are more abundant in

the case of the larger chain derivatives, hexamethylene
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diamino-SWCNTs. It is interesting that Kaiser testing

procedure for the free NH2 groups has tested all N-alkyl

amine functionalized samples positively. Their availability

makes these nanotubes soluble in dilute acids and water and

allows them to react, for example, with the adipyl chloride

to form new `nylon tube' materials, as well as to covalently

bind to polymer matrixes in nanocomposites or to attach

the DNA to the SWCNTs. The developed functionalization

route 126 ± 128 using fluoronanotubes and diamines has been

effective for fabrication of SWCNT ± epoxy composites

where the in situ produced amino-functionalized SWCNTs

were shown to serve under thermal curing conditions both

as hardeners and mechanical reinforcers for the epoxy

resin 130 and carbon fiber-epoxy matrix interfaces a carbon

fiber epoxy composite laminates.131

The HiPco SWCNTs fluorinated in a CF4 plasma under

different exposure times were also functionalized with ethy-

lene diamine using the procedure similar to early stu-

dies.127 ± 129 The XPS analysis 78 showed that fluorine

substitution reaction was successful and yielded about

7% N content in the functionalized samples thus showing

a lower degree of amino functionalization than in the

SWCNTs prepared through the methodology described

earlier.126 ± 129

The reaction of F-SWCNTs with diamino (diethyl)-

toluene, used commercially as a curing agent (W Cure)

for epoxy resins, was also studied.132 This reaction was

found to occur under stirring and heating at 90 8C for 12 h

and to result in substitution of most of fluorine groups by

aromatic diamine (W Cure) to produce F-SWCNT ±

NHC6H(C2H5)2(CH3)NH2 (5) derivative. FTIR, Raman

and TGA data provided evidence for covalent attachment

to nanotube sidewalls. According to TGA±DTA plot,

showing 42% weight loss, the degree of functionalization

R/C in 5 was estimated to be *1 in 20 carbons. This

aromatic amino-SWCNT derivative disperses well in DMF

solvent and in W Cure itself providing for better compati-

bility of the nanotubes with the epoxy system and epoxy

composite fabrication processing methodology.

4. Reactions with amino acids
Since diamines have shown the ability to react with fluo-

ronanotubes to form sidewall C7N bond, the aminoacids

were also chosen to react through their NH2 end groups

with the fluoronanotubes in the presence of pyridine.

Several natural a-aminoacids with both protected and

unprotected carboxyl groups, such as glycine ethyl ester

hydrochloride (6a), L-serine ethyl ester hydrochloride (6b),

L-cysteine (6c), and trans-4-hydroxy-L-proline (6d), have

been studied. By using this route, the nanotube ± amino acid

derivatives (7a ± d) were prepared from fluoronano-

tubes.133 ± 136

This initially reported 133 and patented 134 method has

later been reproduced and also extended by other research-

ers to preparation of nanotubes functionalized with the

longer alkyl chain amino acids through reactions of

F-SWCNTs with aminocaproic and 11-aminoundecanoic

acids.137

The amino acid-SWCNT derivatives 7a ± d have been

characterized by TGA, Raman, FTIR, XPS, TEM, SEM

and AFM techniques. Based on TGA data, the degree of

sidewall functionalization in the synthesized SWCNT deriv-

atives was estimated to be in the range of 1 in 8 to 32

carbons, depending on amino acid and reaction temperature

used. The ATR-FTIR spectrum of cystein ± nanotubes, in

particular, shows that the amino acid attached to the

SWCNTs adopts a zwitterionic form which is indicated by

observation of peaks due to carboxylate and protonated

amino groups (Fig. 6). The nanotube ± amino acids pre-

pared by this method show improved solubility in water,

ethanol, isopropanol, chloroform, and other polar solvents,

which is essential for compatibility with bio-systems, poly-

peptide syntheses, bio-recognition and drug delivery. Their

terminal carboxyl groups can also be used for further

derivatization and covalent bonding with variety of mono-

mer and polymer matrixes in the processing and fabrication

of composites and fibers.
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5. Reactions with amino alcohols and thio derivatives
The method of sidewall C7N modification of fluoronano-

tubes has also been extended to the other amino group-

terminated reagents. For instance, the reactions of fluoro-

nanotubes with amino alcohols, such as 2-aminoethanol 8a,

3-aminopropanol 8b, diethanolamine 8c, and 2-aminoetha-

nethiol 8d in the presence of pyridine as catalyst yield the

hydroxyl group-terminated SWCNT derivatives 9a ± c, thus

providing another method for synthesis of `hydroxyl nano-

tubes'.122

In the case of the thiol-SWCNT derivative 9d, in

addition to characterization by Raman, ATR-FTIR and

TGA methods, the presence of terminal thiol group on

SWCNT sidewalls was established by using the ability of

sulfur to form a strong coordination bond with gold. For

this purpose the thiol functional groups in 9d were `tagged'

with 5 nm size gold nanoparticles.

The AFM imaging and height measurements of the

single gold `tagged' nanotube derivative 9d (Fig. 7) clearly

showed the presence of individual gold nanoparticles deco-

rating the side of the nanotube. Direct imaging of the

substituents on 9d was performed by STM analysis after

placing the sample onto Au(111) surface. High resolution

STM imaging of 9d showed that multiple functional groups

are present on the nanotube in tight bands of approximately

5 ± 25 nm in length.138 The TGA of 9d in argon attributed

about 35% weight loss to the thiol-terminated groups,

which corresponded to a degree of sidewall functionaliza-

tion R/C of about 1 in 19 carbons.

6. Reactions with amides and heteroamides
The functionalization of SWCNTs with the terminal amide

and heteroamide functional groups through the reactions of

F-SWCNTs with urea (10a), guanidine (10b) and thiourea

(10c) is depicted. Low cost, water solubility and chemical

properties of these compounds prompt their use as chemical

synthons for production of plastics, resins, rubber chem-

icals, rocket propellants and biomaterials. Besides that,

urea, thiourea and guanidine are chaotropic agents, which

can cause disruption of local non-covalent bonding in

molecular structures, particularly, hydrogen bonding in

water. For these reasons, the covalent attachment of simple

amide and heteroamide moieties to the SWCNT sidewalls is

expected to result in smaller SWCNT bundles and improved

dispersion in water and polar organic solvents.

The reactions of F-SWCNTs with amides 10a ± c carried

out under solvent-free melt (in the case of urea) or DMF

solvothermal conditions yielded SWCNT-derivatives

11a ± c.139 ± 142

Covalent bonding of amide moieties to the SWCNT

sidewall has been confirmed by the use of several materials

characterization techniques that showed that the local

environment of the fluorine atoms has been modified.

Raman spectra of SWCNT-derivatives 11a ± c (Fig. 8) have

shown shifts in the D peak relative to fluoronanotubes,

Fx +NHR(CH2)nXH

8a ± d

[NR(CH2)nXH]y

9a ± d

X=O, R=H: n=2 (a), 3 (b); R=CH2CH2OH, n=2 (c);
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Figure 7. High resolution 3-dimensional AFM image of gold `tagged'

thiol-modified SWCNTs 9d.138
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indicating that some other groups have been attached to the

sidewall. Also, decrease in the D peak intensity, which

indicates an overall reduction of the number of sp3 C7C

bonding sites due to partial defluorination, has been accom-

panied by the recovery of the sp2 C=C aromatic bonds

between the sites of C7X (X=N, S) bonding of studied

molecules to the nanotube sidewalls. FTIR spectra indi-

cated the presence of the characteristic bands of the amide

and heteroamide groups as well as decreased intensity of the

C7F peaks. TGA±DTA weight loss curves confirmed that

fluorine in the F-SWCNTs has been mostly removed and

displaced by urea, guanidine and thiourea thus producing a

bifunctionalized SWCNT derivatives, bearing residual fluo-

rine and amide functional groups. XPS analysis data have

also confirmed the derivatization of F-SWCNTs and shown

the amount of residual fluorine (7 at.% ± 14 at.%), which

depended on the functionalization method and reaction

conditions used. AFM has shown that urea can form

beads of polyurea on the SWCNT sidewall when F-

SWCNTs are derivatized through DMF solution method.

TEM imaging has directly exposed urea molecules stem-

ming from the sidewalls of derivatized F-SWCNTs. The

dispersion of new SWCNT derivatives, U-F-SWCNT, T-F-

SWCNT, and G-F-SWCNT, in water and DMF was inves-

tigated and stable suspensions were produced.141, 142

7. Reactions with aminosilanes
The demonstrated reactivity of the C7F bond in fluorona-

notubes toward replacement by amino groups, in particular,

has facilitated the research work attempting the synthesis of

alkoxysilane derivatives of SWCNTs.82, 143 ± 146 The reac-

tions of F-SWCNTs prepared by fluorination of HiPco-

SWCNTs were carried out with the series of aminoalk-

oxysilanes, such as (3-aminopropyl) triethoxysilane (12a),

N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (12b),

and N-(6-aminohexyl) aminomethyltriethoxysilane (12c),

in o-dichlorobenzene at 90 8C in the presence of small

amounts of pyridine.143, 144

The obtained SWCNT derivatives (13a ± c) were charac-

terized by optical spectroscopy, microscopy (AFM and

TEM), XPS and TGA methods. Through comparison of

the ATR-FTIR spectra of isolated reaction products

(Fig. 9) with F-SWCNTs and neat silanes 12a ± c, the

removal and displacement of fluorine in F-SWCNTs has

been noted and formation of SWCNT silane derivatives

13a ± c was proposed. This has been supported by obser-

vation of sharply increased Raman G/D peak ratio

and upshift of D-peak in 13a ± c in comparison with

F-SWCNTs, indicating substitution of C7F bond by

C7N sidewall linkage. XPS analysis showed that after

reaction with silanes 12a ± c, the fluorine content has been

reduced from 37 at.% in F-SWCNTs to 3 at.% ± 11 at.%

level in 13a ± c. The AFM and TEM produced images show

a spiky functional groups attached to the nanotubes.146
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According to TGA weight loss data, the number of alkox-

ysilane terminated functional groups attached to the

SWCNT sidewalls seems to be decreasing in the direction

13a> 13b> 13c which correlates with the size of amino-

silane. The degree of sidewall functionalization by silane

groups in 13a in particular was calculated to be 1 in 11

carbons.

Due to abundance of hydrolyzable alkoxysilane groups

SWCNT derivative 13a has been applied as a precursor for

sol ± gel synthesis of 0.1 mass% carbon nanotube ± silica

glass ceramics through dispersion of 13a in ethanol ±

tetraethoxysilane mixture followed by gelling in the pres-

ence of ammonium hydroxide and then drying in vacuum

oven at 100 8C. Uniform dispersion of the functionalized

CNT in synthesized silica glass monoliths was confirmed by

TEM imaging.146 In another study,147 the metal ion chelat-

ing ability of SWCNT derivative 13b through two nitrogen

atoms in 1,4-positions of the side chain has been demon-

strated by synthesis of 13b ±CoCl2 complex which formed,

after hydrothermal treatment, brown-coloured SWCNT±

cobalt nanocomposite material. Such incorporation of

superstrong lightweight carbon nanotube structures into

inorganic matrix, making it biocompatible (bioglass), is of

interest in the design of materials with superior mechanical

properties for bone tissue engineering.

MWCNTs, fluorinated by analogy with SWCNTs using

helium diluted fluorine gas, have also been further derivat-

ized by reaction with the alkoxysilane 12a.148 The obtained

MWCNT derivative, having 1 in about 30 carbons surface

grafting density of silane molecules, was made to react with

methyltrimethoxysilane in a sol ± gel synthesis, which

resulted in poly(methylsilsesquioxane) preceramic material

containing well-dispersed MWCNTs covalently bonded to

organosilicon polymer matrix. Vacuum pyrolysis of this

product was followed by consolidation of obtained ceramic

powder by using a spark plasma sintering method which

finally produced a MWCNT± silicon oxycarbide ceramic

nanocomposite showing 77% increase in elastic modulus

with some improvement in fracture toughness.148

The modification of CF4 plasma treatment-produced

fluoronanotubes with aminosilane 12a was reported to

proceed under sonication at room temperature. It was

suggested that covalent bonding of aminosilane to nanotube

sidewall could occur under these conditions.82 However,

TEM images did not show any attached molecular chains to

the SWCNT sidewalls but only continuous coating on the

nanotubes. It appears that this coating consists most likely

of siloxane polymer formed during sonication and not the

silane covalently bonded to the sidewalls.

8. Bingel reactions
The reactions of fluoronanotubes with bromomalonate

reagents 14a,b 149 were carried out by heating in DMF for

3 hours in the presence of strong base, either organic or

inorganic, such as 1,8-diazabicyclo(5.4.0)undec-7-ene

(DBU) or NaH.

These reactions resulted in cyclopropanated SWCNT

derivatives 15a,b, while pristine SWCNTs remained almost

intact under the same reaction conditions and showed the

presence of van Hove singularities in the UV-Vis-NIR

spectra and very low intensity of the D-mode peak in the

Raman spectra. On contrary, the evidence for covalent

sidewall attachment in 15a,b was obtained from ATR-

FTIR, Raman, variable temperature pyrolysis (VTP)-MS

and XPS data. For instance, the FTIR spectrum of 15a has

shown the characteristic peaks of the C=O stretch near

1700 cm71, the ester C7O and amide C7N stretches at

1300 and 1200 cm71, respectively. VTP-EIMS studies

showed that in comparison with the bromomalonate

reagent 14a itself, which vaporized at 300 8C, the SWCNT

derivative 15a evolved volatile products at temperature as

high as 400 8C and above, proving that 14a is not simply

physisorbed by the nanotube. The high resolution XPS C1s

spectrum has shown the presence of C7C, C7O, C7N

and residual C7F bonds on the nanotubes, also showing

that the F content was greatly decreased in comparison with

the starting material (fluoronanotube). Bingel reaction was

shown to be a useful chemical tool for solubilizing the ultra-

short (*20 nm) SWCNTs filled with the MRI contrast

agents for medical applications.150

9. Reactions with free radical initiators
Since in the fluorinated SWCNTs a large fraction of the

sidewall carbons becomes tetrahedral, the bond strain of the

residual olefinic moieties is increased as compared with

aromatic p-bonds in pristine SWCNTs. In addition, the

presence of electron withdrawing substituents further

enhances the rate of addition of electron-rich molecules.

Thus, the fluoronanotubes may be considered as a source of

activated C=C bonds on the SWCNT sidewall. This

concept has been verified by studies of the free radical

additions and [4+2] Diels ±Alder cycloaddition to the

fluoronanotubes.

The fluorinated HiPco-SWCNTs have been made to

react with lauroyl (16a), benzoyl (16b), and succinyl (16c)

peroxides under the same conditions as pristine nanotubes

in order to compare the reactivity of their corresponding

polyaromatic and conjugated polyene p-systems toward

radical addition.29, 151, 152 All reactions resulted in successful
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attachment of undecyl, phenyl and ethyl carboxyl radicals

to the sidewalls of fluoronanotubes along with the substan-

tial removal of fluorine to produce SWCNT derivatives

17a ± c.

The addition of undecyl radicals, C11H23, generated

from lauroyl peroxide 16a, as well as additions of other

radicals proceeded more readily for fluoronanotubes than

for pristine SWCNTs, as indicated by a much shorter

reaction time (3 ± 8 h vs. 5 days) required for observation

of prominent C7H stretch peaks in the ATR-FTIR spectra

of undecylated fluoronanotubes, in particular. The covalent

attachment of long-chain groups to the side walls in the

undecyl-derivatized nanotubes was clearly imaged by the

TEM (Fig. 10) and confirmed by the TGA±FTIR and

VTP-MS data, indicating the major loss of undecyl radicals

and their dimer at temperature of about 350 ± 400 8C (peaks

in MS at m/z=155 and 310, respectively).

The SWCNT derivative 17a has been fluorinated for

20 min at room temperature using helium diluted F2 gas to

produce perfluoroalkyl derivative F-SWCNT-C11F23-n

(17d).153, 154 In the interest of developing a highly sensitive,

low power radiation dosimeter, a series of tests were

performed on SWCNT-based nanomaterials, which also

included bifunctionalized SWCNTs, 17a and 17c, to mon-

itor their response to 10 and 30 eV proton radiation.153 The

response to irradiation, measured as a change in resistance,

was found to vary with the type of functional group

attached to the SWCNT with the larger and more pro-

nounced responses observed for 17a and 17c. The nature of

the response indicates that these SWCNT nanomaterials

may potentially be used for design of dosimeter that is

memory-free, reusable, and reversible.

10. Diels ±Alder reactions
The fluoronanotubes were shown to undergo a facile

reaction with a series of dienes (Scheme 1) that resulted in

modified SWCNTs with a high degree of sidewall function-

alization.155 The reactions were carried out with the HiPco

SWCNTs which have been fluorinated to an approximately

C2.4F stoichiometry. The F-SWCNTs were dispersed in

o-dichlorobenzene (ODCB) with the assistance of sonica-

tion, then either 2,3-dimethyl-1,3-butadiene or anthracene

was added and the mixture was heated to 90 8C for 3 hours.

Filtration through a 0.2 micron Cole Palmer Teflon mem-

brane, washing with acetone, and drying to 70 8C overnight

allowed for the isolation of sidewall functionalized

SWCNTs 18 and 19. The reaction with 2-trimethysiloxyl-

1,3-butadiene, to yield SWCNT derivative 20, was carried

out in a similar manner, but in refluxing THF for 12 hours.

The IR, Raman, AFM and 13C NMR characterization

were consistent with sidewall functionalization proceeding

more efficiently and under milder conditions than in the

case of pristine SWCNTs. The C-functional group ratio, as

determined from thermogravimetric analysis (TGA), was

21 : 1 (18), 32 : 1 (19), and 20 : 1 (20). The MS character-

ization of the volatile products from the thermal decom-

position of derivatives 18 and 19 was consistent with retro-

Diels ± Alder reactions. In contrast, and according to the

expectations, the TGA/MS of the adduct 20 has shown a

fragmentation pattern [m/z=42 (C2H2O); 56 (C3H4O); 69

(C4H5O); 70 (C4H6O)] rather than a retro-cycloaddition.

The XPS of the functionalized SWCNTs shows an about

5-fold reduction of the fluorine content in comparison with

the precursor (F-SWCNT). The solid state 13C NMR

spectrum for SWCNT derivative 18 shows the asymmetric

band centred at 111 ppm associated with the unfunctional-

ized regions of nanotubes as well as a small broad feature at

21 ppm consistent with methyl groups from the Diel-

s ±Alder adduct. No peaks associated with the C7F sp3

5 nm

Figure 10. High-resolution TEM image of fluoronanotubes modified

by reaction with lauroyl peroxide.151
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SWCNT carbon have been observed in any of the samples

which is consistent with the major loss of the fluorine in the

course of reaction.

11. Pyrolysis and cutting of fluoronanotubes
Examination of the products of thermal decomposition of

C2F fluoronanotubes in vacuo at temperatures of up to

800 8C by VTP-MS revealed the following species: CF�3
(m/z=69), C3F

�
5 (m/z=131), C3F

�
7 (m/z=169) and C4F

�
7

(m/z=181).60 These data indicate that the pyrolysis of

fluoronanotubes is dominated by formation of volatile

fluorocarbon molecules and not just the loss of elementary

fluorine. Along with the observation of the extended dark

bands in the STM images of the partially fluorinated

SWCNTs CnF (n>2) due to bare nanotube sidewalls,

these results have led to the idea of using fluorination

followed by pyrolysis as chemical `scissors' for cutting the

nanotubes. The process 66, 156 implementing this idea

involves the fluorination of catalyst-free purified HiPco-

SWCNTs to a stoichiometry of C5F followed by pyrolysis at

temperatures up to 1000 8C in an argon atmosphere. This

results in cutting the nanotubes at the fluorinated sites to

short lengths (20 ± 200 nm). When the pyrolysis process was

monitored in situ with TGA±FTIR, the fluorine was shown

to be driven from the fluoronanotubes structure as CF4 and

COF2 (due to oxygen covalently attached to the SWCNT

sidewall during the first steps of the purification proce-

dure 157). The same compounds have also been detected by

analyzing the volatile products of thermal decomposition of

fluoronanotubes by matrix isolation IR spectroscopy and

formation of CF2 and CF3 species as reactive intermediates

has been proposed.158

The cut SWCNTs were characterized by Raman spectra,

TGA data and AFM images. The latter show their drasti-

cally shortened lengths in comparison with the pristine

SWCNTs. The average lengths of the cut-SWCNT bundles

were about 40 nm. The Raman spectra indicate that cutting

of the tubes creates some sidewall defects, which were

witnessed by the increased ratio of the integrated D to G

mode peaks in comparison with that for purified

SWCNTs.66 High resolution TEM shows that some surface

areas of cut SWCNTs (Fig. 11) are partially damaged and

appear as a split open pipes. It was also shown that

pyrolysis or piranha (H2SO4/H2O2 mixture) treatment of

ozonated F-SWCNTs produces cut nanotubes with the

length distribution between 30 and 100 nm, as confirmed

by AFM.159 SWCNTs cut to an array of short lengths are

becoming attractive candidates for potential applications

including chemically assisted assembly, gas adsorbents,

nanocapsules for drug delivery,150 and polymer composite

reinforcements and these studies are in progress.

Annealing studies 64 have shown that heating of fluoro-

nanotubes CF0.43 in He flow caused the largest loss of

fluorine, as tested by XPS analysis, at temperatures between

200 and 300 8C and the defluorination was complete at

400 8C. The major change in electrical resistance returning

to that of SWCNT material was, however, observed even at

150 ± 200 8C. Raman spectra indicated that upon heating

most of the fluoronanotubes revert to SWCNTs which have

sidewall defects created by defluorination. AFM imaging

showed that defluorinated SWCNT sample consisted of

isolated sections shortened in this case to hundreds of

nanometers length.

The studies 88 of the thermal behaviour of fluorinated

DWCNTs by TGA and XPS has revealed that fluorine

removal starts at 100 8C and continues by evolution of

fluorocarbon species to completion at 500 8C. The TEM

has shown that thermal defluorination does not affect the

structure of inner tube shells. However, significant changes

in the surface morphology of the outer shell due to alter-

ation of the electronic state of carbon and creation of local

defects due to removal of fluorine have been observed. Mass

spectrometry studies 89 of fluorinated MCWNTs have

shown that under heating in vacuum the evolving gases

were composed of CO2, CO and H2O in the temperature

range from 20 to 120 8C. At higher temperatures, 120 to

300 8C, the evolution of COF2 was observed, while the CF4

and C2F6 molecules have been detected at 300 ± 450 8C.
Thermal stability of DWCNTs fluorinated by three

different methods (gaseous F2 at 200 8C, mixture of BrF3

and Br2 at room temperature, and radio frequency CF4

plasma) was examined by TGA in an inert atmosphere and

by comparing the XPS of pristine samples with those

annealed in vacuum at either 70 8C for 10 h or 120 8C for

20 h.160 The DWCNTs fluorinated by F2 show the highest

stability (the temperature of decomposition is around

396 8C), while the BrF3 and plasma-fluorinated DWCNTs

lose fluorine above 150 8C. Prolonged annealing of the

fluorinated DWCNTs in vacuum at a temperature below

150 8C also results in the defluorination of the samples.

Fluorine atoms leave the DWCNT surface together with

carbon atoms leading to defects in the graphitic network. It

is suggested that these defects can become centres for

functionalization by oxygen-containing groups during

DWCNT storage.

X-Ray absorption near-edge structure spectroscopy has

been used for comparative investigation of the electronic

structure of pristine and fluorinated SWCNTs before and

after annealing.161 The SWCNTs were produced by cataly-

tic CVD process and fluorinated using a gaseous mixture of

BrF3 and Br2 at room temperature. The samples were

annealed at 250 8C for 0.5 h directly in the vacuum chamber

of the X-ray spectrometer. Carbon K-edge NEXAFS spectra

showed increase in the p-resonance intensity after the treat-

ment of as-produced and fluorinated SWCNTs that was

attributed to the detachment of adsorbed molecules and

5 nm

Figure 11. High resolution TEM image of SWCNTs cut through

fluorination and subsequent pyrolysis procedure.69
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defunctionalization of nanotubes with the heating. Further-

more, analysis of the spectra revealed the annealing of the

SWCNT samples produces topological defects in the nano-

tube walls.

Effect of Ar+ ion irradiation on the structure of pristine

and fluorinated single-wall SWCNTs was examined using

TEM, Raman, and XPS.162 The TEM analysis revealed

retention of tubular structures in both irradiated samples

while Raman spectroscopy and XPS data pointed at a

partial destruction of nanotubes and formation of oxygen-

containing groups on the nanotube surface. From similarity

of electronic states of carbon in the irradiated pristine and

fluorinated SWCNTs observed by XPS, it was suggested

that defluorination of nanotubes under Ar+ ion irradiation

proceeded with breaking of C7F bonds.

12. Reactions with the C7H Bonds of polyalkene and
polyamide chains

It was found that when fluoronanotubes are mixed with

the polyethylene or polypropylene matrix the shortening of

nanotubes does not take place under thermal conditions.

The TGA±FTIR studies 14 done for F-SWCNT/polyethy-

lene mixture show evolution of HF and lack of any volatile

fluorocarbon molecules. The SEM images of TGA residues

from fluoronanotubes/polyethylene mixtures show mats of

long nanotube ropes. This finding precipitated the idea of

possible in situ covalent bonding of fluoronanotubes to a

polyethylene and polypropylene matrices during polymer

melt processing which explained the observed increase in

mechanical properties of composites made.14, 15 This idea

was further advanced when bifunctional derivative

F-SWCNT-C11H23 (17a), prepared through reaction of

fluorinated HiPco-SWCNTs with lauroyl peroxide, was

melt-processed with medium density polyethylene (MDPE)

in a shear mixer followed by hot pressing.

The test samples of polyethylene containing 1 mass%

17a have shown an almost 3-fold increase in tensile strength.

Such considerable improvement of mechanical properties

has been explained by entangling of long chain alkyl groups

(C11H23) with the polyethylene chains during shear mixing.

This type of non-covalent interaction provided an addi-

tional (to the already proposed in situ covalent) interfacial

bonding of fluorinated SWCNT derivatives to polyethylene

finally producing the integrated SWCNT± polyethylene

nanocomposites (20).143, 144

In another study,154 SWCNT bifunctional derivatives

17a and 17d have been prepared from commercial fluoro-

nanotubes (Carbon Nanotechnologies, Inc., currently Uni-

dym) which possessed two times shorter average lengths

than F-SWCNTs prepared in the lab from HiPco-SWCNTs.

Low aspect ratio of individual nanotubes 17a and 17d and

their bundles in this case showed a smaller mechanical

reinforcing effect on MDPE filled with these nanomateri-

als 154 than with HiPco-SWCNT analogues.143, 144 Thus, 17a

produced only 15% tensile strength increase while perfluori-

nated derivative 17d yielded a higher (52%) enhancement in

comparison with the neat MDPE. These results demon-

strate the combined effect of nanotube aspect ratio, func-

tionalization and interfacial chemistry on mechanical

properties of polyethylene nanocomposites. They show

that even decreased aspect ratios can still offer improved

mechanical properties if appropriate interfacial chemistry is

applied to the nanotube sidewall.154

Role of interfacial chemistry involving C7F bonds of

fluoronanotube and C7H bonds of organic polymer matrix

has also been considered when nylon-6 composite fibre was

produced by co-extrusion of polyamide 6 mixed with

fluorinated (C5F) and neat SWCNTs at 220 ± 240 8C.163

Most dramatic change in mechanical properties of nylon-6

polymer fibers was observed with the addition of

0.5 mass% F-SWCNTs and 1.0 mass% of neat SWCNTs.

In each case tensile strength has been increased by 230% as

compared to neat nylon-6 fiber. The same order of mechan-

ical reinforcement of nylon 6 achieved by using 2 times

lower loads of F-SWCNTs than neat SWCNTs suggests

that beside alignment effect of nanotubes in the extruded

composite fibre the additional reinforcement is facilitated

by interfacial chemical reactions resulting in covalent bond-

ing of fluoronanotubes to polyamide chains.

13. Solid-state reactions with inorganic compounds
Studies of the solid state reactions of fluoronanotubes with

the series of binary compounds of Group VA, VIA and

VIIA elements 164, 165 were prompted by the initial observa-

tion of significant reduction of the intensity of the C7F

stretch peak in the FTIR spectra of fluorinated SWCNTs

pressed into KBr pellets as compared to the ATR-FTIR

spectra of neat F-SWCNT samples.61 When heating a

mixture of C2F fluoronanotubes with KBr at *120 8C,
the evolution of reddish gas was observed, and defluori-

nated SWCNTs and KF were finally formed as established

by the FTIR, Raman and powder XRD analyses of the

products and according to a proposed redox reaction:

(C2F)n+ nKBr 2Cn+
n

2
Br2+KF.

The other halides, such as KI, LiI, LiBr, and LiCl have

undergone similar transformations, while NaCl and ZnI2
produced minor changes of the fluoronanotubes.165 For

comparison, fluorinated C60 also reacts as an oxidant losing

fluorine substantially when heated with KBr, while in the

fluorographite CFx fluorine remains attached to graphite

carbons under the same experimental conditions due to the

much stronger C7F bonds.164

Among the metal compounds of Group VA and VIA

elements studied, the sulfide anion in lithium sulfide has

n-C11H23

n-C11H23

F

F

C11H23-n

C11H23-n

17a

+ (CH2CH2)n
115 8C

7HF

n-C11H23

n-C11H23

CH

CH

C11H23-n

C11H23-n

22

(CH2CH2)x (CH2CH2)y

(CH2CH2)x (CH2CH2)y
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been easily oxidized to elemental sulfur by the fluoronano-

tubes even at room temperature, while in the case of zinc

sulfide prolonged heating (24 h) at 100 8C was required.

The oxides, Li2O, FeO, PbO and MnO did not react

even at 200 8C, while lithium peroxide reacted at room

temperature, to form LiF, O2 and defluorinated SWCNTs.

The fluorination of aluminium phosphide by fluoronano-

tubes to form aluminium trifluoride also took place at room

temperature, while the redox reaction with lithium nitride,

Li3N, yielding LiF and N2, proceeded at 200 8C. In sum-

mary, the efficiency of solid state redox reactions of the

fluoronanotubes studied is most likely influenced by a

combination of two factors (i) the electronegativity of

Group VA, VIA and VIIA elements, (ii) the thermodynamic

stability of metal fluoride products to be formed. This

explains the mild conditions required for these reaction to

proceed in the case of lithium halides and a sulfide, and

aluminium phosphide, containing the less electronegative

elements and producing the very stable fluoride salts, AlF3

and LiF.

The fluoronanotubes, C2F, have also been tested for

applications as cathodes in a lithium electrochemical cell,

for which the discharging performance through a solid state

redox reaction has been studied.166

C2F+Li C2+LiF.

This cell was found to produce a substantially higher

voltage than fluorographite CFx lithium battery commer-

cially used in appliances. Although the discharge of

F-SWCNT lithium cell was found to occur during a shorter

time than CFx based one, consistent with the lower fluorine

content and a weaker C7F bonds in the fluoronanotubes,

the ability to generate a higher power can certainly be useful

for a number of applications.

VI. Conclusions

This review demonstrates that during the last 10 ± 15 years

fluorination became an important and efficient functional-

ization tool in carbon nanotube chemistry, materials science

and nanotechnology. Fluorine groups attached to the side-

walls of nanotubes prevent the aggregation into bundles due

to repulsive interactions. They also enable dispersion and

solubilization of nanotubes in organic solvents, providing

for the best solubility in alcohols and other polar solvents

due to hydrogen bond interaction between hydroxyl pro-

tons and fluorine and also van der Waals forces. The

solubility of fluoronanotubes, weakened C7F bonds and

activated sidewall C=C p-bonds permit a solution-phase

chemistry leading to addition reactions and displacement of

fluorine by the electron-rich and nucleophilic functional

groups. These functional groups also assist in unroping the

nanotube bundles and dispersion in polymers and ceramics,

crucial for nanocomposites fabrication. The fluoronano-

tubes thus serve as versatile precursors for novel nanotube

derivatives, which in their turn can be used as chemical

synthons for new nanoscale materials. As a result, the

nanotube derivatives covalently functionalized at the side-

walls show electrical, optical and spectroscopic properties

different from pristine nanotubes. The developed methods

for chemical cutting of the single-wall carbon nanotubes to

20 ± 200 nanometer lengths involving partial fluorination

and pyrolysis of SWCNTs opens additional opportunities

for the functionalization chemistry and studies of the length

related properties of the cut nanotubes. Various applica-

tions of fluorinated and derivatized carbon nanotubes, e.g.,

in nanocomposites, nanoelectronic devices, nanoengineered

drug delivery systems, lubricants and sensors, are already

emerging from the continuing chemical research in this

interdisciplinary field.
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