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Homogeneous surface coating of long carbon nanotubes is

achieved by in situ polymerization of ethylene as catalyzed

directly from the nanotube surface-treated by a highly active

metallocene-based complex and allows for the break-up of the

native nanotube bundles leading, upon further melt blending

with HDPE, to high-performance polyolefinic nanocomposites.

Since their first observation in 1991 by Iijima,1 carbon nanotubes

have been attracting both academics and industries, owing to their

exceptional properties. Offering a very high level of strength along

its length and transverse flexibility while also displaying both

excellent thermal and electrical conducting properties, this new

allotropic variety of carbon has been tested as an advanced multi-

functional filler in polymer-based nanocomposites.2,3 However, the

homogeneous dispersion of native carbon nanotubes is relatively

difficult to achieve, especially in apolar polymer matrices such as

polyolefins.4–6 Indeed, carbon nanotubes tend to form long

bundles that are thermodynamically stabilized by numerous p–p

interactions between the tubes. Most of the techniques that have

been used to disperse these bundles, e.g., ultrasonication,7 chemical

oxidation or reduction followed by chemical modification of the

nanotube surface and subsequent polymer grafting,8–14 are

susceptible to break down or at least to perturb the extended

delocalized p system responsible for the unique properties

displayed by carbon nanotubes.

This communication aims at describing an original and much

softer method which relies upon the in situ polymerization of

ethylene catalyzed by a highly active metallocene complex physico-

chemically anchored onto the nanotube surface. As a result,

carbon nanotubes are homogeneously coated by the in situ grown

polyethylene chain, finally leading to the break-up of the nanotube

bundles.

The method used is derived from the Polymerization-Filling

Technique (PFT) initially investigated in Ziegler–Natta polymer-

ization15,16 and more recently developed for metallocene catalysis

applied to a broad range of microfillers such as kaolin, silica,

wollastonite and graphite.17–20 Due to the similarity between the

chemical structures of graphite and carbon nanotubes, which may

be represented as graphene sheets rolled up in a cylinder, this

technique has been tentatively applied to polymerize ethylene

directly onto the nanotube surface.

As schematized in Fig. 1, the PFT applied to carbon

nanotubes{ consists of anchoring methylaluminoxane (MAO), a

commonly-used co-catalyst in metallocene-based olefin polymer-

ization, onto the carbon nanotube surface firstly by a reaction in

heptane at 40 uC for 1 hour (step (i) in Fig. 1), then for 2 hours at

150 uC, after solvent evacuation (step (ii)). Under these conditions,

most of the MAO (,98 mol%) is immobilized onto the carbon

nanotube surface and cannot be removed, even by hot toluene

washings.

The metallocene catalyst is then added to the surface-activated

carbon nanotubes suspended in n-heptane (step (iii)). In this study,

bis(pentamethyl-g5-cyclopentadienyl)zirconium(IV) dichloride

(Cp2*ZrCl2) was used as a typical polymerization catalyst. Upon

reaction with the anchored MAO, Cp2*ZrCl2 classically forms the

methylated cationic zirconocene species, Cp2*ZrMe+, which

remains immobilized at the vicinity of the nanotube surface by

electrostatic interactions with simultaneously formed MAO

counteranions anchored onto the nanotube surface. Upon ethylene

addition, polyethylene (PE) is exclusively formed near the carbon

nanotube surface and, with increasing molecular mass, precipitates

onto the nanotubes (step (iv)) to coat them and ultimately separate

them (step (v)).

In an initial approach, the PFT was carried out for one hour on

long multi-walled carbon nanotubes (MWNTs) obtained by

chemical vapor deposition. The course of the ethylene polymeriza-

tion by the PFT was followed and compared to ethylene

polymerization with soluble Cp2*ZrCl2–MAO as the catalyst,

with or without the presence of pristine MWNTs. Fig. 2 shows the

{ Electronic supplementary information (ESI) available: typical experi-
mental procedure for PFT applied to carbon nanotubes. See http://
www.rsc.org/suppdata/cc/b4/b414164d/
*philippe.dubois@umh.ac.be

Fig. 1 Scheme of the Polymerization-Filling Technique (PFT) applied to

carbon nanotubes. MAO stands for methylaluminoxane and Cp*2ZrCl2
for bis(pentamethyl-g5-cyclopentadienyl)zirconium(IV) dichloride.
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ethylene consumption versus time for the three polymerization

experiments.

While the presence of pristine MWNTs does not perturb the

course of ethylene polymerization in solution, the PFT experiment

is surprisingly characterized by a boost in ethylene consumption

and subsequent polyethylene production. After one hour of

polymerization, ethylene consumption for the catalyst supported

on MWNTs is 28% more than for ethylene polymerization in the

absence of any filler, far above the usual 10% variability observed

during reproducibility studies. Clearly, supporting the catalytic

system onto MWNTs significantly increases the ethylene poly-

merization rate.

In order to get more insight into the course of ethylene

polymerization and to characterize MWNTs coated by

different amounts of PE, another ethylene polymerization

supported on MWNTs was carried out during which samples

were taken and analysed every two minutes. Composition and

thermal characteristics of the recovered MWNT–PE samples are

given in Table 1.

As expected, the successively recovered samples are character-

ized by an increased relative content in PE as determined by

thermogravimetric analysis. These samples are also characterized

by an increase of melting temperature and crystallinity with an

increase in the amount of PE formed. This might be due to the

interaction between the MWNT surface and the in situ grown PE

chains, which limits their ability to crystallize readily, as already

observed for PFT on graphite.20 When the amount of PE

increases, a lower relative amount of polyolefinic chains stays in

close contact with the nanotube surface and their overall

crystallization is therefore favoured.

In order to characterize the extent of PE coating around the

nanotubes, the TEM observation of a MWNT-based composite

containing 72 wt% of polyethylene (entry 3, Table 1) was carried

out and compared to pristine MWNTs (Fig. 3).

Fig. 3 shows a typical single long MWNT completely separated

from the starting bundle and homogeneously covered by a

polyethylene layer, leading to the conclusion that the PFT is an

efficient technique to destroy MWNT bundles and to coat these

nanoparticles with a thin layer of PE. It is worth pointing out that

such efficient and homogeneous coating has been observed for the

PFT carried out on other types of carbon nanotubes, i.e., single-

walled nanotubes (SWNTs) and double-walled nanotubes

(DWNTs). Again, higher catalyst activities were detected for the

surface-treated nanotubes, with large increases (by 36% for

SWNTs and by 94% for DWNTs) when compared to homo-

geneous ethylene polymerization carried out under the same

experimental conditions.

Interestingly enough, preliminary experiments have shown that

PE-coated MWNTs, as obtained by the PFT, could be homo-

geneously dispersed when melt blended in a HDPE matrix, e.g., by

twin-screw extrusion. As a result of the pre-break-up of the

MWNT bundles by the PFT, it transpires that the resulting

HDPE–MWNT nanocomposites display higher tensile properties

even with a nanofiller loading as tiny as 1 wt%. These results will

be reported in a forthcoming paper.
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Fig. 2 Ethylene consumption versus time for ethylene polymerization in

the absence of a filler (triangle), in the presence of pristine MWNTs

(diamond) and for a polymerization catalyst supported on MWNTs

(square). Polymerization conditions: solvent 5 heptane (total volume:

100 ml), 11.5 mmol Cp*2ZrCl2, polymerization at 50 uC for 1 h under

constant ethylene pressure (2.7 bars).

Table 1 PE content and thermal characteristics of PE–MWNT
nanocomposites taken successively (polymerization conditions: 1 g
MWNTs dispersed in 200 ml n-heptane, 23 mmol Zr per g MWNTs,
Al–Zr 5 1340, pressure (ethylene) 5 1.1 bar, temperature 5 50 uC)

Entrya Recovered mass/g PE contentb (wt%) Tm
c/uC Wc PEd (%)

1 0.809 51 130.6 33
2 1.346 64 132.6 44
3 1.476 72 132.8 52
4 1.518 77 133.5 55
5 2.590 83 133.6 59

a The time interval between each sample is ca. 2 minutes. b As
determined by thermogravimetric analysis (weight loss recorded
under He flow with a heating ramp of 10 K min21). c Tm 5 melting
temperature as determined by differential scanning calorimetry (2nd
heating scan at 10 K min21) d Wc PE 5 polyethylene crystallinity
obtained from differential scanning calorimetry (2nd heating scan at
10 K min21).

Fig. 3 TEM micrographs: (a) pristine MWNTs; (b) MWNTs coated

with in situ grown polyethylene (shown by the arrow) as obtained by the

Polymerization-Filling Technique (72 wt% PE).
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Chem. Mater., 2001, 13, 236–237.
20 M. Alexandre, M. Pluta, P. Dubois and R. Jérôme, Macromol. Chem.
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