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Abstract Polymer/multiwall carbon nanotube (MWCNT) composites were pre-

pared by using amphiphilic block copolymers as dispersant. First, MWCNTs were

wrapped with amphiphilic block copolymers in aqueous solution. Poly(ethylene

oxide) was selected as the hydrophilic block because of its strong affinity with water

while one of the following polymers: poly(ethylene), poly(butadiene), poly(styrene),

poly(propylene oxide), or poly(thiophene) was used as the hydrophobic block of the

copolymers. The dispersions were characterized by optical microscopy and trans-

mission electron microscopy along with UV–Visible adsorption and dynamic light

scattering. Based on the results, we could assess the effect on CNT dispersion quality

of both, the molar mass of copolymers, the nature of the hydrophobic block and the

length of hydrophilic block. The crystallization behavior of composites prepared from

these dispersions was investigated. Results were related to the dispersion of the

nanoparticles in the polymer matrix.

Keywords Carbon nanotubes � Amphiphilic copolymer �
Poly(ethylene oxide) nanocomposite

Introduction

Graphite, graphene, fullerene, and carbon nanotubes (CNTs) are different varieties

of carbon in sp2 hybridization. CNTs defined by Iijima in 1991 [1] have a unique

C. Semaan � G. Pecastaings � A. Soum (&)

Laboratoire de Chimie des Polymères Organiques, IPB-ENSCBP, Université de Bordeaux,
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tubular structure with nanometer scale diameters and high length over diameter

ratios. Either multi-walled carbon nanotubes (MWCNTs) or single-walled carbon

nanotubes (SWCNTs) show amazing mechanical, electrical, and thermal properties

[2, 3]. As a result, CNTs are considered to be excellent candidate for many potential

applications as catalyst support [4], composite materials [5, 6], conductive films [7],

or drug delivery devices [8, 9]. The next generation of high-performance composite

materials would certainly benefit from both the numerous properties of CNTs and

the processability of polymers [10]. Consequently, one of the most promising field

for CNT development is in CNT–polymer composites [11].

In this field, depending on the targeted properties, a large variety of polymers

have been explored to form composites with CNTs, such as poly(styrene) [12, 13],

poly(vinyl alcohol) [14], poly(epoxy) [15], poly(pyrrole) [16], and many others.

However, the scope of CNT applications in practical devices has been hampered by

poor dispersion in bulk or solution and weak interfacial bonding with polymer

matrices. In order to achieve optimal enhancement in the properties of CNT–

polymer composites, two key issues should be considered: homogeneous dispersion

of CNTs in solution and uniform distribution of CNTs in the polymer matrix.

Usually, this is obtained thanks to CNT functionalization [17].

There are two different approaches to functionalize CNTs: chemical function-

alization and non-covalent wrapping methods.

The advantage of the chemical functionalization method is that functional groups

are covalently linked to the CNT surface. However, reaction with the graphitic

sheets also results in breaking the sp2 conformation of the carbon atoms and

consequently electrical and mechanical properties of the chemically functionalized

CNTs can decrease dramatically [18, 19].

The non-covalent dispersion of CNTs involves, using surfactants, oligomers, and

polymers, to wrap CNTs and to enhance their solubility [18, 20]. The advantage of

the non-covalent method is that the integrity of CNT structure is not disrupted and

the intrinsic properties of the CNTs are therefore preserved. Most of the works have

been realized in organic solvents but water-soluble polymers such as poly(vinyl-

pyrolidone) and poly(styrenesulfonate) have been used to enhance the solubility of

CNTs in aqueous solution [20]. Biomolecules such as DNA [21, 22] and helical

amylase [23] have also been used to bind CNT or to encapsulate them. In water,

using amphiphilic molecules, the solubility of CNTs can be greatly enhanced by

anchoring of hydrophobic segments on the surface of CNTs whereas hydrophilic

segments are oriented toward the aqueous solution (Fig. 1). In recent years, many

groups worked on the dispersion of CNTs using amphiphilic block copolymers

[24, 25] but only a few of them discussed on the relationships between the

dispersion and the copolymer structure.

In this work, we describe both, a non-covalent process for surface functional-

ization of MWCNTs using amphiphilic block copolymers and the characterization

of the corresponding dispersions. The hydrophilic block was made of poly(ethylene

oxide) (PEO) and the hydrophobic block of poly(ethylene) (PE), poly(styrene) (PS),

poly(propylene oxide) (PPO), poly(butadiene) (PBut), or poly(thiophene) (PT). PEO

is a semicrystalline polymer that has been used in many applications of biomedical

[26, 27] and electrochemical [28] domains. It has been chosen as a model of
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polymer matrix since it is water soluble and consequently allows the preparation of

polymer composites without the use of organic solvent.

Experimental

Materials

The MWCNTs used in this study are Graphistrength� supplied by Arkema and

prepared by Catalytic Chemical Vapor Deposition (CCVD) [29, 30]. They have an

outer diameter within the range 12–20 nm and an initial average length between 1

and 10 lm. Their pristine chemical composition is presented in Table 1.

The amphiphilic block copolymers were supplied either by polymer source (PS–

PEO, PBut–PEO, PPO–POE) or Aldrich (PE–PEO). The copolymer poly(PT–PEO) was

synthesized according to the method reported by Lee et al. [31]. Their molar mass and

their composition were checked by NMR and SEC and are reported in Table 3. The

polymer used as matrix is a PEO (Mn = 14,000 g/mol, PDI = 4.6 supplied by Aldrich).

Preparation of MWCNT aqueous suspensions and polymer composites

MWCNTs were purified using acid treatment with sulfuric (H2SO4) or nitric

(HNO3) acids to remove carbonaceous impurities and metal catalyst particles

Fig. 1 Representation of CNT aqueous dispersion through wrapping by amphiphilic block copolymers

Table 1 Composition

of pristine MWCNTs

a Determined by chemical

analysis
b Determined by XPS

Atoms Content (at.%)

Fea 2.01

Ala 2.62

Cb 95

Hb 0.2

Ob 0.3
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[32–34]. In a typical experiment, 10 g of MWCNTs were refluxed for 5 h in

100 mL of 3.6 M H2SO4 aqueous solution. With HNO3, 5 g of MWCNTs were

refluxed for 24 h in 500 mL of 2 M, 4 or 6 M HNO3 solution. The mixture was then

cooled down to ambient temperature and MWCNTs were filtered, washed with

copious amounts of pure water until the pH value of the solution became neutral.

Finally MWCNTs were stored in solution at 90% of water. This value was checked

by thermogravimetric analyses.

Dispersions were prepared by mixing wet MWCNTs with an aqueous solution of

amphiphilic block copolymers. In a typical experiment, 50 mg of 10 wt% MWCNT

aqueous solution (5 mg MWCNTs) were mixed with 20 mg of copolymer dissolved

in 5 mL of water. The mixture was sonificated for 15 min at 15 W using an

ultrasonic probe (Vibra Cell model 75186) [35, 36].

The resulting dispersions were then used to prepare composite materials with a

polymer matrix made of PEO. Typically, for 1 wt% MWCNT composite, 950 mg of

PEO was mixed with wrapped NTCs (10 mg of dried MWCNTs and 40 mg of

copolymer), over 24 h at 70 �C. The mixture was then evaporated at room

temperature for 3 or 4 days and post-cured under vacuum during 48 h at 50 �C then

24 h at 120 �C.

Characterizations and measurements

Morphology and homogeneity of MWCNT solutions obtained with different

concentrations of CNTs and copolymers were analyzed using various techniques

described below.

Thermogravimetric analyses (TGA) were realized on a Q500 apparatus from TA

Instruments with a heating rate of 20 �C/min from 20 to 900 �C.

X-ray photoelectron spectroscopy (XPS) measurements were made using an

Escalab 220-iXL spectrometer (Thermo-Electron, VG Company) in an ultra high

vacuum. Photoemission was stimulated by monochromatized Al Kr radiation

(1486.6 eV). Survey scan data was collected using a pass-energy of 20 eV. An area

of about 250 lm diameter was analyzed for each sample. Surveys and high-

resolution spectra were recorded and then fitted with an Avantage processing

program provided by ThermoFisher Scientific.

Chemical analyses were realized by the CNRS Central Laboratory.

In optical microscopy (OM) experiments, the solutions were placed between

glass slides and observed under a Zeiss Axioskop 40 microscope in transmission

polarized mode equipped with a 409 objective. The total area analyzed was

576 mm2 (24 mm 9 24 mm).

UV–visible analyses were carried out on a Varian Cary 3E between 200 and

800 nm on initial aqueous solutions of copolymer wrapped MWCNTs without any

dilution.

The TEM images were obtained on a Hitachi H7650. Samples were prepared

placing a drop of solution onto a carbon-coated copper grid. About 2 min later,

surface water was removed from the grid with filter paper and samples were dried in

air at room temperature. In the case of composite materials, thin solid samples were

prepared by cryomicrotomy. The usual thickness was around 50 nm.
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Dynamic light scattering (DLS) measurements were performed to determine the

dimensions of CNTs in aqueous suspension. The length and the diameter of CNTs

were calculated with the model described by Badaire et al. [37]. The temporal

autocorrelation function of the scattered light was measured with a Brookhaven

digital correlator. A coherent laser operating at 532 nm was used as the excitation

source. The scattered intensity polarized in the horizontal direction was detected for

scattering angles between 40 and 100�. The samples were equilibrated 2 weeks

before any measurement to allow large dust particles possibly present to sediment.

Differential scanning calorimetry (DSC) analyses were performed with a Q1000

apparatus from TA Instruments, on PEO matrix containing various concentrations

of CNTs with or without copolymer wrapping. The analyses were carried out in a

nitrogen atmosphere with aluminum pans. The following procedure was used: the

system was first heated at 5 �C/min between 25 and 140 �C (first heating) and kept

at 140 �C for 20 min to ensure complete melting of the sample. The melted sample

was then cooled rapidly (60 �C/min) to 40 �C, for the isothermal crystallization

studies, kept for 10 min at the temperature and then heated to 140 �C at a rate

of 5 �C/min (second heating). Finally the sample was cooled to 25 �C at a rate of

5 �C/min (cooling).

The critical micellar concentration (CMC) of amphiphilic block copolymers was

measured using fluorescence spectroscopy according to the method first described

by Kalyanasundaram and Thomas [38]. In a typical experiment, pyrene was

dissolved in ethanol at the concentration of 4 9 10-4 M. Then, 25 lL of this

solution was introduced into a plastic microtube and ethanol was evaporated. An

aliquot of an aqueous solution of amphiphilic block copolymer in water, at various

concentrations, was added to obtain a final concentration of 5 9 10-6 M pyrene.

Fluorescence spectra of pyrene were obtained at the excitation wavelength of

339 nm and at the emission wavelength of 390 nm on a spectrofluorometer Eclipse

from Cary. The CMC values were calculated plotting the emission absorbance ratio

(I373/I393) and the excitation absorbance ratio (I339/I333) versus copolymer

concentration ranging from 10-2 to 10-5 wt%.

Hydrodynamic radius (RH) and dispersity for different amphiphilic block

copolymers were measured by DLS at 90� and the autocorrelation function was

fitted with the cumulant method. The experiments were carried out using an ALV

laser goniometer which consisted of a 35 mW He–Ne linear polarized laser with a

wavelength of 632.8 nm and an ALV-5000/EPP Multiple Tau Digital correlator.

Samples were kept at constant temperature (25 �C) during the experiments. Typical

copolymer concentrations were about 0.25 wt%.

Results and discussion

Purification of MWCNTs

The total weight fraction of impurities (mainly catalyst residues) of pristine

MWCNTs (Graphistrength�) usually ranges from 5 to 15 wt% [39]. In order to
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eliminate these residues, the pristine carbon nanotubes were purified by either

H2SO4 or HNO3 treatment. Additionally, as previously reported in the literature

[40], such treatment increases the oxygen amount on the nanotube surface and is

supposed to facilitate the dispersion. As shown in Table 2 and Fig. 2, whatever

the acid, the amount of impurity decreases with the treatment. On the contrary,

the amount of oxygen on carbon nanotube surface increases from H2SO4 to

HNO3 treatment. Furthermore, with HNO3, the amount of oxygen increases

drastically with the acid concentration. Nevertheless, as indicated by TGA

analysis (Fig. 3), the MWCNT stability decreased from sulfuric to nitric acid

treatment and with increasing nitric acid concentration. This let suppose a

significant deterioration of CNT sidewalls in reaction with nitric acid. Therefore,

considering the nitric acid effect and that we did not observe significant

differences in the dispersion ability as a function of acid nature, the results

reported hereafter were obtained with MWCNTs purified with sulfuric acid, as

described in the ‘‘Experimental’’ section.

Table 2 Composition of

pristine MWCNTs and purified

MWCNTs determined by XPS

MWCNT samples Acid

concentration

(M)

Carbon

content

(at.%)

Oxygen

content

(at.%)

Pristine 99.7 0.3

Purified with H2SO4 3.6 98.8 1.2

Purified with HNO3 2 96.1 3.9

4 95.3 4.7

6 94.2 5.8

Fig. 2 Amount (measured by chemical analysis) of catalyst metal atoms (Fe, Al) contained in pristine
MWCNTs and MWCNTs traited with sulfuric and nitric acids

470 Polym. Bull. (2012) 68:465–481

123



Aqueous dispersions

In preliminary experiments, with the objective to evaluate the effect of the chemical

structure of the hydrophobic block on the dispersion homogeneity, various

amphiphilic block copolymers were used to wrap MWCNTs. As shown in Table 3,

the block copolymers 1, 2, 3, and 4 have approximately the same length (total molar

mass) and the same composition. Optical microscopic observations (Fig. 4) indicate

that dispersions made with block copolymers 1 and 2 are homogeneous and stable

with time contrarily to those made with block copolymers 3 and 4 which re-

aggregate within 1 week or 3 months respectively. This indicates that the dispersion

ability of copolymers depends on the chemical structure of the hydrophobic block.

As suggested previously in this article, two other characteristics of the block

copolymers may influence their efficiency in dispersing MWCNT: the molar mass

and the molar composition which determine, for a given total length of the

copolymer, the length of each block and the hydrophilic/hydrophobic balance. As

shown in Table 3, for a given composition (polymers 3, 6 and polymers 2, 5) the

increase of the copolymer length appears to decrease the dispersion quality.

Contrarily, whatever the total length, the increase of hydrophilic moiety, increases

the efficiency of the copolymer as in the case of polymers 6 and 7. It is also

noteworthy that PT–PEO copolymer (8) with a high hydrophilic/hydrophobic

balance is very efficient to disperse MWCNTs.

Further evidence of the dispersion state of the different solutions is provided by

UV–Visible adsorption (Figs. 5, 6). Indeed, the absorption of MWCNT aqueous

solutions depends on the number of nanotubes homogeneously dispersed in water.

Fig. 3 Weight loss of purified MWCNTs versus temperature measured by TGA: treatment in (a) 3.6 M
boiling sulfuric acid; (b) 2 M, (c) 4 M, and (d) 6 M boiling nitric acid
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So, the absorption level of the dispersions can be related to the homogeneity of the

solutions. As observed previously by optical microscopy, PE–PEO (polymer 1) and

PPO–PEO (polymer 2) appeared to be the most efficient copolymers (Fig. 5). The

same observation can be made within the PS–PEO copolymer series: PS–PEO with

the larger hydrophilic block (polymer 7) is the most efficient as shown in Fig. 6.

So, all the results indicate that, surprisingly, the dispersion efficiency of the block

copolymers is higher with those which exhibit lower interaction potentialities with

MWCNTs (PE–PEO; PPO–PEO; short PS blocks) than with the copolymers which

can interact strongly with CNTs (PS–PEO; PBut–PEO).

This let suppose that the driving force of the dispersion is a non-specific

interaction between the absorbing block (hydrophobic block) and the tube. This

agrees with a mode of interaction between dispersing copolymers and CNTs

Table 3 Optical microscopy observations of dispersions of MWCNTs with different amphiphilic blocks

copolymers

Number Block copolymers Molar mass

(g/mol)a
Composition of

blocks (mol.%)b
Dispersion statec

1 week after 3 months after

1 PE–PEO 4,000 23–76 No aggregation

2 PPO–PEO 5,200 27–73 No aggregation

3 PS–PEO 6,700 22–78 No aggregation Aggregation

4 PBut–PEO 4,500 28–72 Aggregation

5 PPO–PEO 10,200 28–72 Aggregation

6 PS–PEO 19,000 30–70 Aggregation

7 PS–PEO 28,600 5–95 No aggregation

8 PT–PEO 2,738 14–86 No aggregation

a Determined by size exclusion chromatography
b Determined by 1H NMR
c Observed by optical microscopy

Fig. 4 OM images (3 months after sonification) of aqueous dispersions of 0.1 wt% MWCNTs in:
a 0.25 wt% PE–PEO 1 (no presence of aggregation), b 0.25 wt% PS–PEO 3 (presence of aggregation)
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described by a non-wrapping model as previously reported for PEO–PPO–PEO

triblock copolymers [41].

This is confirmed by the fact that the variations of the quality of the MWCNT

dispersions (homogeneity, stability) with the chemical structure and the composition

of the block copolymers may be correlated to the lower or higher self-assembling

ability of such copolymers in aqueous solution, such ability depending as known

[42], on copolymer structure. Indeed, although in all experiments block copolymer

concentrations are always over the CMC, as shown in Table 4, the amphiphilic

copolymers which are the most efficient in MWCNT dispersion (1, 2, 7, and 8) give

the less stable micelles (both higher hydrodynamic radius and higher polydisper-

sity). As already mentioned [43], the micelle steric stabilization depends not only on

the composition (hydrophilic/hydrophobic balance) but rather on the length of the

polar block. As an example, for the same balance and chemical structure,

copolymers 5 and 6 which exhibit the longer polar PEO block, give more stable

micelles than copolymers 2 and 3 and therefore, are less efficient for the dispersion.

So, with copolymers which give micelles of poor stability, under sonification, the

micelles are more or less rapidly destroyed and the CNTs are decorated by the

copolymer before their re-aggregation as bundles. Therefore, the number of CNTs

homogeneously dispersed depends on the equilibrium between the micelles and the

isolated copolymer chains.

In the case of copolymer 8 which exhibits a high hydrophilic balance, the high

efficiency in dispersion may be related to the specific strong interactions [31]

Fig. 5 UV–Visible absorption spectra (1 week after sonification) of 0.05 wt% MWCNT aqueous
solutions with 0.25 wt% of PE–PEO 1, PPO–PEO 2, PBut–POE 4, and PPO–PEO 5 block copolymers
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possible between poly(thiophene) block and MWCNT. In this case, such

interactions would be the driving force of the dispersion.

The decoration of the MWCNTs by the copolymers is confirmed by transmission

electron microscopy (TEM) (Fig. 7). Indeed, TEM images of crude MWCNTs

indicate an average diameter of around 18 nm (Fig. 7a) whereas MWCNTs

dispersed in the presence of block copolymers appears to be coated with a polymer

layer and the average CNT diameters range from 22 to 35 nm depending on the

dispersing copolymers (Fig. 7b–e).

Fig. 6 UV–Visible absorption spectra (3 months after sonification) of 0.05 wt% MWCNT aqueous
solutions with 0.25 wt% of PS–PEO 3, PS–PEO 6, and PS–PEO 7 amphiphilic block copolymers

Table 4 Characteristics of self-assembled block copolymers in water (0.25 wt%)

Number Block copolymers Radius (nm)a Polydispersitya CMC (wt%)b

1 PE–PEO 75 0.44 *10-4

2 PPO–PEO 104 0.35 *5 9 10-2

3 PS–PEO 49 0.22 –

4 PBut–PEO 24 0.30 –

5 PPO–PEO 27 0.30 *10-3

6 PS–PEO 59 0.23 –

7 PS–PEO 75 0.46 *10-4

8 PT–PEO 78 0.35 –

a Determined by DLS (see ‘‘Experimental’’ section)
b Determined by fluorescence spectroscopy (see ‘‘Experimental’’ section)
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The systems stabilized by PPO–PEO (polymer 2) are perfectly homogenous and

can be therefore characterized by DLS measurements. Using the same procedure as

previously reported [37], we measured the depolarized components of the scattered

light using dilute suspensions leading to the calculations of the translational and

rotational Brownian diffusion coefficients (Fig. 8). From these diffusion coeffi-

cients, considering the nanotubes as rigid rods and using the Broersma equations

[44], both the average length L and the average diameter D of the nanotubes can be

calculated. The values are L = 250 ± 70 nm and D = 40 ± 5 nm. The measured

length is lower than the initial average length (1–10 lm) which is usual when

dispersions are made by sonication [39]. The measured diameter is larger than the

diameter deduced from TEM observations of wet and dried MWCNTs. This

difference is not surprising since the copolymer in solution is expected to be

swollen. Moreover, dynamic light scattering gives hydrodynamic diameter which is

always to some extent, larger than the actual one (because it includes the hydration

Fig. 7 TEM images of MWCNT dispersions: a without copolymer, b wrapped with PE–PEO 1,
c wrapped with PPO–PEO 2, d wrapped with PBut–PEO 4, e wrapped with PS–PEO 3

Fig. 8 DLS characterization of MWCNTs wrapped with PPO–PEO 3 in aqueous solution (0.02 wt%):
a example of depolarized DLS time correlation function at 90�, b variations of 1/s versus q2 and linear fit
1/s = 5.12 9 10-12q2
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layer). Despite these differences, this in situ experiment confirms that MWCNTs are

coated with a regular layer of copolymer.

Finally, with copolymer 1 (PE–PEO) as wrapping polymer, we analyzed the

effect of the concentration of block copolymer on the dispersion quality (Fig. 9).

Within experimental error, these results indicate that for a ratio r over 1

(r = [copolymer/[MWCNT]) which is necessary to give homogeneous dispersion,

there is no effect of the copolymer concentration.

Hence, for further preparation of polymer composites, we chose a concentration

of amphiphilic block copolymers of 10 wt% which allows varying MWCNT

concentrations from 0.05 to 9 wt% with a ratio always over 1.

Crystallization behavior of MWCNT poly(ethylene oxide) composites

It is well known that the crystallization behavior of semi-crystalline polymers is

affected by the presence of fillers since it depends on two factors: the entropic

contribution to the free energy of formation of a nucleus of critical dimension to be

stable and the energy required for the transport (diffusion) to the growth front [45].

Consequently, the variations of such behavior in the presence of nanotubes may be

an image of their dispersion in the polymer matrix. With this objective, we studied

the crystallization of PEO matrix filled with unwrapped and wrapped MWCNTs by

DSC, according to the procedure described in ‘‘Experimental’’ section.

The effect of MWCNT content on crystallization is shown in Fig. 10 which

presents the variations, with MWCNT ratio, of the relative percentage of crystallinity

(Xc) defined as:

Fig. 9 Variations of UV–Visible absorption at 254 nm of MWCNT aqueous solutions versus the ratio r
of copolymer 1 (r = [wt% of amphiphilic block copolymer PE–PEO]/[wt% of MWCNT])
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Xc ¼
Dhc

ð1� aÞDh0
f

with ‘‘a’’ the fraction of fillers in the PEO matrix, Dh0
f the enthalpy of 100%

crystalline PEO (205 J/g from Ref. [46]) and Dhc the measured enthalpy from DSC.

At low wrapped and unwrapped MWCNT content, the crystallinity increases

compared to that of pure PEO (X0
c ¼ 0:70). Then, at higher CNT concentrations

([0.25 wt%), with wrapped MWCNTs, the crystallinity decreases until a value

lower than those of pure PEO whereas it remains almost unchanged (within

experimental error) with unwrapped MWCNTs.

At low concentration, it can be reasonably assumed that MWCNTs act as seeds

and so accelerate the nucleation [47, 48]. Consequently, with both defined time and

temperature of crystallization, the amount of crystalline part increases. Contrarily, at

higher concentrations, the presence of MWCNTs well dispersed in the matrix may

decrease the mobility (transport to growth front) and consequently the crystallinity

decreases as observed previously by Chatterjee et al. [49]. With unwrapped

MWCNTs, the nanotubes are mostly present in the matrix as bundles and therefore,

since there is a large domain without fillers in PEO matrix, the crystallinity may not

be so much affected (Fig. 11). With wrapped MWCNTs homogeneously dispersed,

the viscosity of all the PEO matrix increases and consequently, the crystallization

possibilities decrease.

TEM image (Fig. 12) of a nanocomposite made with 3.5 wt% of MWCNTs

wrapped with 10 wt% of PE–PEO copolymer (1) and a PEO matrix, confirms the

dispersion of CNTs all over most of the matrix domains.

0 1 2 3 4 5 6 7
0.5

0.6

0.7

0.8  without wrapping
 10% PE-PEO wrapping 

X
c

MWCNT (wt%)

a
b

Fig. 10 Variation of crystallinity ratio Xc with MWCNT content in PEO–MWCNT composites:
(a) without copolymer wrapping (b) with 10 wt% PE–PEO 1 wrapping
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Conclusion

We have demonstrated the efficiency of amphiphilic block copolymers to wrap

MWCNTs and dispersed them in aqueous solution. This efficiency has been related

to the structure of the copolymers (chemical composition, molecular weight,

hydrophilic/hydrophobic balance). Particularly, we demonstrated that the more the

micelles are stable, the less the copolymer is efficient for dispersion, this micelle

stability being influenced by the structure of the copolymer. This agrees with a

mechanism of wrapping based on a weak (non-specific) interaction between

Fig. 11 Representation of MWCNTs dispersed in PEO matrix: i bundles of unwrapped MWCNTs in
PEO matrix, ii network of wrapped MWCNTs in PEO matrix

Fig. 12 TEM image of PEO composite with 3.5 wt% MWCNTs wrapped with 10 wt% of PE–POE 1
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MWCNTs and hydrophobic part of the copolymer. In this way, among the

copolymers evaluated, PE–PEO, PPO–PEO, and PT–PEO block copolymers are the

most efficient for the dispersion of MWCNTs in aqueous phase. TEM analysis

confirms that the nanotubes are decorated with a layer of block copolymer. We have

also shown that UV–Visible absorption of solution and crystallization ratio can be

related to the homogeneity of the dispersions. Further evaluation of the properties of

composites filled with MWCNTs wrapped through the method described in this

article, is in progress and will be published soon.
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