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Abstract 

Multi-walled carbon nanotubes (MWNTs) have been successfully modified by polystyrene, poly( -

caprolactone), and their block copolymers by addition reaction of the alkoxyamine-terminated precursors. 

Polymer-modified MWNTs are easily dispersed in good solvents for the grafted polymer, such as toluene and 

THF. This observation has been confirmed by TEM analysis. The grafting ratio of polystyrene chains at the 

surface of MWNTs depends on the polymer molecular weight.  
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1. Introduction 

Since their discovery in 1991 [1], carbon nanotubes (CNTs) are receiving steadily increasing attention because 

of their unique structural and electrical characteristics [2]. Moreover, they are potential modifiers for polymer 

matrices to upgrade their inherent properties [3-6]. However, preparation of polymer–CNTs hybrid materials 

strongly depend on the extent of the CNTs dispersion and the strength of the interfacial adhesion. It is the reason 

why the surface properties of CNTs have to be modified by the grafting of organic molecules, including polymer 

chains [7-11]. ‘Grafting from’ and ‘grafting to’ methods were recently reported for the covalent bonding of 

polymer onto CNTs. The ‘grafting from’ technique relies on the immobilization of initiators onto the tubes 

followed by surface-initiated polymerization and formation of a possibly dense polymer brushes. For instance, 

carbanions have been generated at the CNTs' surface by reaction with an anionic compound (sec-butyl lithium), 

followed by the surface-initiated polymerization of styrene [12]. According to a similar strategy, ATRP initiators 

have been attached to CNTs and poly(n-butyl methacrylate), poly(methyl methacrylate), and polystyrene chains 

have been grown from the surface [13-16]. However, this is a time-consuming procedure and the metal residue 

has to be removed before use. As an example of ‘grafting to’ technique, Qin et al. [16] have reported on the 

cycloaddition reaction of polystyrene-N3 onto CNTs. A multi-step process is, however, required for the synthesis 

of the azide end-capped polystyrene, and a long reaction time is an additional drawback. It is known that ‘living’ 

polystyrene end-capped by a TEMPO group can react with C60 according to a radical mechanism, with formation 

of a PS-C60 adduct [17-18]. This grafting strategy should be also effective in case of MWNTs rather than C60.  

In this paper, alkoxyamine-terminated polystyrene, poly( -caprolactone), and their block copolymers have been 

prepared with controlled molecular weight and narrow molecular weight distribution. These (co)polymers have 

been reacted with multi-walled carbon nanotubes (MWNTs). This process is shown in Scheme 1.  
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Scheme 1.   

2. Experimental part 

2.1. Materials 

Commercially available CVD thick MWNTs (supplied by ‘Nanocyl S.A.’ Belgium; 50 µm long with an average 

inner diameter of 6 nm, an outer diameter of 25 nm, and a purity higher than 95 wt%) were used in this study 

without further purification. Styrene and -caprolactone were dried over calcium hydride and distilled under 

reduced pressure just before use.  

2.2. Synthesis of alkoxyamine-terminated polymers 

PS-TEMPO [17] and PS-NO [19] (Scheme 1) were prepared by nitroxide mediated radical polymerization of 

styrene. TEMPO-terminated poly( -caprolactone) (PCL-TEMPO) and (PCL-b-PS)-TEMPO were prepared 

(Scheme 2) as described elsewhere [21].  

 

Scheme 2.   
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2.3. Functionalisation of MWNTs 

In a typical experiment, 20 mg of MWNTs, 2.0 g of alkoxyamine end-capped polymer were added into a glass 

reactor and degassed by vacuum-nitrogen cycles (three times). Six millilitres of degassed toluene were added, 

and the mixture was heated at 130 °C under stirring for 24 h. After cooling down to 25 °C, 10 ml of toluene were 

added, and the MWNTs were recovered by filtration with a 200 nm Teflon membrane and washed with toluene 

and THF. They were redispersed in THF and filtered again, in order to remove the non-grafted chains 

completely. This procedure was repeated at least four times until no polymer was extracted anymore.  

2.4. Characterization 

Thermogravimetric analysis (TGA) was carried out with a TA Instruments TGA Q500 thermal analyzer in the 

25–500 °C range, at a 10 °C/min rate, under nitrogen TEM was performed with a Philips CM 100 apparatus, 

equipped with a Gatan 675 CCD camera for digital imaging, at an accelerating voltage of 100 kV. A drop of 

MWNTs dispersion was deposited on a TEM copper grid (3.05 mm, 200 mesh) coated with a Formvar film, and 

the solvent was allowed to evaporate. Scanning electron microscopy (SEM) was performed with a Jeol JSM-840 

A microscope. The sample was coated with platinum (sputtering with Balzers SCP-20 for 120 s under Argon).  

3. Results and discussion 

A series of alkoxyamine-terminated polymers shown in Scheme 1 have been prepared with the purpose to 

modify MWNTs. Samples of TEMPO end-capped polystyrene (PS-TEMPO) are listed in Table 1. They were 

prepared by controlled radical polymerization of styrene in the presence of benzoyl peroxide and TEMPO. 

Molecular weight is in the 3000–28,500 range, and polydispersity is approximately 1.25. PS-NO was prepared 

by controlled radical polymerization of styrene in the presence of N-tert-butyl-α-isopropylnitrone and benzoyl 

peroxide as published elsewhere [19]. TEMPO-terminated poly( -caprolactone) (PCL-TEMPO) was prepared 

by living ring-opening polymerization of -caprolactone initiated by aluminium isopropoxide in the presence of 

a hydroxyl containing alkoxyamine, 1 (Scheme 2) [20]. Furthermore, PCL-TEMPO is a macroinitiator for the 

controlled radical polymerization of styrene at 130 °C, thus a precursor of PCL-b-PS block copolymers with a 

narrow molecular weight distribution [20].  

Table 1. Molecular characteristics of TEMPO end-capped (co)polymers and reaction products with MWNTs at 

130 °C  

Entry Polymer
a
 Mn

b
×10

−3
 Mw/Mn Time (h) GR

c
 (%) 

1a PS-TEMPO 3.0 1.20 24 12 

1b PS-TEMPO 3.0 1.20 43 12.5 

1c PS-TEMPO 17.5 1.25 24 20 

1d PS-TEMPO 19.5 1.20 24 17 

1e PS-TEMPO 28.5 1.25 24 24 

1f PS-NO 12.0 1.40 24 14 

1h PCL-TEMPO 7.0 1.20 24 25 

1i PCL-TEMPO 14.5 1.15 24 28 

1j (PCL-b-PS)-TEMPO 15.5 1.20 24 30 

Reaction conditions: 2.0 g of (co)polymer, 20 mg of MWNTs in 6 ml of toluene. 
a TEMPO-terminated polymer. 
b Mn, GPC based on standard PS. 
c GR, grafting ratio of polymer based on TGA, defined as the weight ratio of the grafted polymer to the nanotubes.  
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Table 1 reports on the molecular characteristics of the nitroxide end-capped polymers and the products of 

reaction with MWNTs. The reaction is conducted under stirring, in toluene at 130 °C. Typically, 100-fold wt 

excess of polymer was used with respect to carbon nanotubes. After reaction, the modified MWNTs were 

recovered by filtration through a 0.2 µm Teflon membrane.  

The polymer-grafted carbon nanotubes are easily dispersed in toluene and THF in contrast to neat MWNTs. Fig. 

1(I) compares the stability of dispersions of PS- and PCL-grafted MWNTs in toluene, 7 days after 

ultrasonication. The visual aspect of the dispersions is drastically different, depending on whether the MWNTs 

have been surface modified or not. The reference dispersion (neat MWNTs) is unstable, a solid precipitate 

coexisting with a nearly transparent liquid supernatant. In sharp contrast, polymer modified MWNTs form stable 

dispersions, which makes the solvent deeply black. Less than 5% of precipitation is observed. As an additional 

and more direct evidence for the PS grafting onto carbon nanotubes, the surface modified tubes were analyzed 

by TEM. A few drops of the MWNTs dispersion were deposited onto a carbon-coated copper grid, and the 

solvent was let to evaporate. Fig. 1(II) shows individual nanotubes rather than the densely entangled pristine 

MWNTs (Fig. 1(III)), all the other conditions being the same. PCL-grafted MWNTs were added to an HCl 

solution in 1,4-dioxane and stirred at 80 °C for 5 h. The PCL was accordingly degraded by hydrolysis, and the 

MWNTs were collected by filtration and poured into toluene (Fig. 1(I)). No stability is observed anymore, which 

indicates that the PCL chains immobilized at the surface of the MWNTs form an effective steric barrier against 

agglomeration.  
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Fig. 1. (I) Observation of MWNTs dispersions in toluene, 7 days after ultrasonication (A) pristine MWNTs; (B) 

PS-grafted MWNTs; (C) PCL-grafted MWNTs; (D) PCL-grafted MWNTs after acid treatment. Transmission 

electron microscopy of (II) PS-grafted MWNTs and (III) pristine MWNTs.  

The UV/vis absorption spectrum of PS-grafted MWNTs sample in THF at room temperature is shown in Fig. 2. 

The absorbance decreases gradually from UV to near-IR, similarly to the absorption spectrum of CNTs surface 

modified by different organic groups [21]. Because no stable dispersion of pristine MWNTs could be prepared 

(fast sedimentation of the tubes), no representative UV/vis spectrum could be recorded. Dispersions of PS-

grafted MWNTs in THF are stable for months. Fig. 2 shows that the absorption at 400 nm remains essentially 

unchanged after 40 days.  
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Fig. 2. (A) UV/vis absorption spectrum for PS-grafted MWNTs (1c in Table 1) in THF at room temperature; (B) 

Absorption at 400 nm versus time after ultrasonication.  

Another alkoxyamine-terminated polystyrene, PS-NO in Scheme 1, have also been reacted with MWNTs under 

the same reaction conditions, leading to MWNTs dispersions as stable as the ones reported in case of PS-

TEMPO. The efficiency of the ‘grafting to’ method would thus be largely independent on the alkoxyamine end-

group.  

The mechanism of the reaction is thought to be a radical addition, as described in case of C60 [17] and [18]. As 

shown in Scheme 1, polymeric radicals, that result from the cleavage of the C–nitroxide bonds, can add to the 

double bonds of MWNTs.  

The polymer chains grafted to MWNTs were selectively eliminated by heating (TGA) at 10 °C/min under 

nitrogen. Fig. 3 (top) compares the TGA curves for pristine MWNTs, PS, and PS-grafted MWNTs. The pristine 

MWNTs are stable until 500 °C with negligible weight loss. PS-grafted onto MWNTs is degraded at 300–

450 °C, which is the same temperature as pure PS, leaving behind the thermally stable MWNTs. SEM of the 

degrafted MWNTs (Fig. 4) is reminiscent of the unmodified sample, which suggests that the thermal removal of 

the polymer does not change the carbon nanotubes structure. Fig. 3 (bottom) shows the thermal degradation of 

PCL and the two-step decomposition of PCL-b-PS previously attached to MWNTs, which confirms the presence 

of polymer chains onto the carbon nanotubes.  
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Fig. 3. Thermogravimetric analysis of polymers and MWNTs under nitrogen at 10 °C/min. (A) Pristine MWNTs; 

(B) PS-grafted MWNTs (1a, in Table 1); (C) PS-grafted MWNTs (1e, in Table 1); (D) PS; (E) PCL-grafted 

MWNTs (1h, in Table 1); (F) PCL-b-PS-grafted MWNTs (1j, in Table 1).  

 

Fig. 4. SEM image of PS-grafted MWNTs after thermal degrafting (TGA scan up to 500 °C, under nitrogen).  

The grafting ratio (GR), defined as the weight ratio of the grafted polymer to the nanotubes, was determined by 

TGA under nitrogen. Data are listed in Table 1. The reaction is complete within 24 h (or less) as confirmed by 

the comparison of entries 1a and 1b. As a rule, the grafting ratio increases with the PS molecular weight, which 

allows the number of chains per mg of MWNTs to be estimated. Fig. 5 shows the dependence of this number on 

the molecular weight of PS-TEMPO. It appears that the coverage of the MWNTs surface is close to completion. 

Longer polymer chains cover a larger surface, and the grafting density decreases. Control of the PS-TEMPO 

molecular weight is actually a way to control the grafting density, which is promising for tuning the properties of 

modified MWNTs, thus the properties of MWNTs based nanocomposites.  
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Fig. 5. Dependence of PS grafting density on Mn of PS-TEMPO.  

In conclusion, MWNTs have been successfully modified by PS, PCL, and PCL-b-PS copolymer as result of the 

addition reaction of the parent polymeric radicals. Grafted MWNTs are easily dispersed in good solvents for the 

grafted polymers, e.g. toluene and THF. This observation has been confirmed by TEM. The control of molecular 

weight of the grafted chains is an easy way to control the grafting density of the carbon nanotubes. Because a 

variety of polymers (polystyrenes, polydienes, polyacrylates, etc.) have been prepared by nitroxide mediated 

living radical polymerizations [22], all these polymers with controlled molecular characteristics can be grafted 

onto carbon nanotubes.  
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