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Abstract

Polyethylene/layered silicate nanocomposites are synthesized utilizing three types of polymeric surfactants/compatibilizers in order to

influence the miscibility of polyethylene with the nanoparticle surface. The additives are designed so that they can play the role of a polymeric

surfactant modifying the hydrophilic clay or of a compatibilizer with the organoclay. Model additives, especially synthesized for this study,

included: polyethylene chains, which possess either a single functional end-group or multiple functional groups along the chain, as well as

functional diblock copolymers. Maleic anhydrite grafted polyethylene with a low degree of functionalization was used as well. The structure of the

resulting micro- or nanocomposites was investigated by X-ray diffraction and transmission electron microscopy. Immiscible hybrids as well as

intercalated and/or exfoliated nanocomposites are obtained in a controlled way, depending on the kind of additive and its concentration in the

mixture. The most important factor controlling the structure and the properties is the ratio of additive to nanoparticles. The rheological properties

of the hybrids correlate well with the final micro- or nanostructure.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Addition of inorganic materials in a polymeric matrix is a

very common approach to optimize properties [1]. It is

expected that certain problems frequently encountered due to

the large size (wa few microns) of the inorganic additives (like

reduction of transparency or reduced toughness) would be

overcome if the inorganic exists as a fine dispersion within the

polymeric matrix, i.e., when its dimensions are of the order of a

few nanometers, producing a nanocomposite. In these cases the

final properties of the hybrid are determined mainly by the

existence of many interfaces [2]. A special case of
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2005.10.106

* Corresponding author. Address: Institute of Electronic Structure and Laser,

Foundation for Research and Technology-Hellas, P.O. Box 1527, 71110

Heraklion Crete, Greece. Tel.: C30 2810 391255; fax: C30 2810 391305.

E-mail address: kiki@iesl.forth.gr (K. Chrissopoulou).
nanocomposites is obtained [3–6] by mixing polymers with

layered silicates (nanoclays) where three different types of

structure can be identified depending on the interactions

between the polymer and the inorganic nanoparticles: phase

separated, where the polymer and the inorganic are mutually

immiscible, intercalated, where the polymer chains intercalate

between the layers of the inorganic material, and exfoliated,

where the periodicity of the inorganic material is destroyed and

the inorganic platelets are dispersed within the polymeric

matrix. Achieving the desired structure is a scientific problem

with numerous technological implications because it is the

structure that controls the final properties of the micro- or

nanocomposites [7,8]. Such nanocomposites exhibit remark-

able improvement in a variety of properties like strength and

heat resistance [9], gas permeability [10–13], flammability

[14,15] and biodegradability [16]. The superior properties of

the nanocomposites are attributed to the high aspect ratio of the

inorganic layers giving rise to a high degree of polymer–clay

surface interactions [3,10,17].
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The layered silicate nanoparticles are usually hydrophilic

and their interactions with non-polar polymers are not

favorable. Thus, whereas, hydrophilic polymers are likely to

intercalate within Na-activated montmorillonite clays [18],

hydrophobic polymers can lead to intercalated [17,19] or

exfoliated [20] structures only with organophilized clays, i.e.,

with materials where the hydrated NaC within the galleries has

been replaced by proper cationic surfactants (e.g. alkylammo-

nium) by a cation exchange reaction.

The thermodynamics of intercalation or exfoliation have

been discussed [21–24] in terms of both enthalpic and entropic

contributions to the free energy. It has been recognized that the

entropy loss due to the polymer confinement is compensated by

the entropy gain associated with the increased conformational

freedom of the surfactant tails as the interlayer distance

increases with polymer intercalation [21,25], whereas, the

favorable enthalpic interactions are extremely critical in

determining the nanocomposite structure [26].

Polyolefins constitute an important class of polymers with

applications ranging from packaging to automotive. Attempts

to develop either intercalated or exfoliated nanocomposite

structures with polypropylene [15,27–34] or polyethylene [35–

40] have not been particularly successful due to the strong

hydrophobic character of the polymers and the lack of

favorable interactions with the silicate surfaces. Synthetic

efforts have focused on the introduction of functional groups to

the polyolefin chains, on altering the organophilization of the

inorganic or on the use of suitable compatibilizers, like a

maleic anhydrite functionalized polyolefin. Alternatively,

polyolefin nanocomposites can be prepared by an in situ

polymerization of the proper monomers around dispersed

inorganic layers [41–43].

There is a rich literature on polyethylene nanocomposites;

however, in most cases the reported results are not consistent.

Most of the studies report exfoliation of the silicate structure,

when maleic anhydrite functionalized polyethylene is used

either as a compatibilizer or as the polymer [35,36,38],

especially for high ratios of compatibilizer to organoclay.

Exfoliation or intercalation is reported depending on the degree

of functionalization of the maleic anhydrite and the chain

length of the organic modifier [39]. Four different mor-

phologies, intercalated, mixed intercalated and exfoliated,

ordered exfoliated and disordered exfoliated, have been

observed, in this sequence as the concentration of silicate

decreases [40]. Even for unmodified polyethylene, there are

conflicting reports on intercalation [39] besides those reporting

immiscible systems [35].

In this paper, we aim at controlling the miscibility of

polyethylene with inorganic layered silicate nanoparticles by

altering the polymer–surface interactions. To that end, a series

of additives have been utilized, either specifically synthesized

for this project or commercially available. These additives are

designed so that they can play the role of a polymeric

surfactant, when mixed with hydrophilic clay or they may act

as a compatibilizer when mixed with an organophilized one.

Three types of additives have been designed for this purpose.

Polyethylene chains functionalized by dimethyl ammonium
chloride either as a single end-group or as multiple functional

groups along the chain are one type of additives synthesized by

anionic polymerization of butadiene and subsequent hydro-

genation to produce polyethylene. The second type of additive

is a diblock copolymer of polyethylene-block-poly(methacrylic

acid) also synthesized anionically followed by hydrogenation

and deprotection of the methacrylic acid. The third type is

based on the widely used maleic anhydride grafted poly-

ethylene with a low degree of functionalization. Immiscible,

intercalated and exfoliated structures can be obtained in a

controlled way, which depends on the kind of additive and its

concentration in the mixture. It is shown that the most

important factor controlling the structure is the ratio of additive

to inorganic. The structure of the resulting micro- or

nanocomposites was investigated by X-ray diffraction and

transmission electron microscopy. In addition, the rheological

behavior of the different systems has been studied and the

resulting properties were found to correlate well with the

micro- or nanostructure of the materials.

2. Experimental section

2.1. Materials

The synthesis of the polyethylene-based model macromol-

ecular surfactants and compatibilizers was performed utilizing

anionic polymerization under high vacuum [44] followed by

the appropriate post-polymerization reactions in order to

introduce or reveal the desired functional moieties.

All monomers (butadiene, Bd, t-butyl methacrylate,

tBuMA, 1,1-diphenyl ethylene, DPE), solvents (benzene,

hexane and tetrahydrofuran, THF), tetramethylene ethylene

diamine, (TMEDA) and the termination agent MeOH were

purified to the standards required for high-vacuum anionic

polymerization techniques. sec-Butyllithium (s-BuLi) was

prepared from sec-butyl chloride and lithium dispersion.

Dimethylaminopropyl lithium (DMAPLi) was prepared [45]

under vacuum from the corresponding chloride and lithium

dispersion, whereas, trioctylaluminum (TOA), Pd on CaCO3,

and calcium hydride (CaH2), were used as received.

Polyethylenes with quaternized amine end-groups were

synthesized as follows: butadiene was polymerized anionically

under high vacuum using DMAPLi as initiator and benzene

solvent in order to obtain polybutadiene with high 1,4

microstructure. The living polymer was terminated with

MeOH, precipitated in MeOH and dried thoroughly under

vacuum, to give the sample NPB. The polymer was then

dissolved in cyclohexane to give a 10% solution and was

placed in a Parr autoclave. The sample was hydrogenated using

Pd on CaCO3, as the heterogeneous catalyst at 100 8C and at

hydrogen pressure 400 psi. High purity hydrogen (99.999%)

was employed, and the reaction was allowed to take place

overnight. The solution was then filtered twice, while still hot,

using 90 mm millipore filters. A final filtration with 0.45 mm

filters provided the pure and colorless NPE sample. The

hydrogenation reaction was quantitative as evidenced by 1H

NMR spectroscopy (absence of the double bond signals).
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The dimethylamine end-groups were quaternized using excess

of concentrated HCl.

Polyethylene with multiple quaternized amine groups along

the polymer chain was obtained as follows. Linear PBd

prepared by anionic polymerization, with MwZ110,600 was

introduced into a specially designed glass apparatus, which was

then attached to the high vacuum line. The polymer was

allowed to stand under vacuum overnight in order to remove

volatile impurities. Benzene was then distilled through the

vacuum line to give a 10% polymer solution. The apparatus

was sealed-off from the vacuum line, and the polymer was

allowed to dissolve at room temperature. An equimolar amount

of TMEDA and s-BuLi was then added. The lithiation reaction

was allowed to proceed for 4 h at room temperature, under

continuous stirring. The multifunctional initiator was then

employed to initiate the polymerization of a new small quantity

of butadiene, dissolved in benzene. The polymerization was

terminated after 24 h using dimethylaminopropyl chloride.

(DMAPCl), resulting in the formation of a comb polybuta-

diene, PBd-g-NPBd, which has branches end-functionalized

with dimethylamine groups. The pure product was obtained by

fractionation using toluene/methanol as the solvent/non-

solvent system. The PBd-g-NPBd comb was hydrogenated by

heterogeneous catalysis, as before. The functionalized PE-g-

NPE comb, thus produced, was dissolved in trichlorobenzene

at 130 8C and was quaternized using an excess of HCl. The

procedure is shown in Scheme 1. The restrictions of the

synthetic method do not allow for the exact determination of

the number of branches of the comb polymer. However, the 1H

NMR spectrum shows a peak at 2.2 ppm, attributed to the
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Scheme 1. Synthesis of PE combs with quate
–CH3 groups that belong to the dimethylamine functions.

Comparison of this signal with the signal of the main chain

protons leads to the estimation that 15 dimethylamine groups

have been incorporated to the comb structure. Judging from

this result and the small increase of the molecular weight of the

PBd backbone after the grafting reaction, it can be concluded

that each of the branches is actually an oligomer. Therefore, the

final structure can be considered as a linear polymer having

multiple dimethylamine groups along the macromolecular

chain.

Finally, polyethylene-b-poly(methacrylic acid), PE-b-

PMAA diblock copolymer was synthesized by sequential

addition of monomers. Butadiene was polymerized anionically

in benzene using sec-BuLi as initiator. The living polymer

solution was concentrated to 25–30% w/v by distilling part of

the solvent through the vacuum line. The remaining solution

was collected in a flask with break-seal and was attached to the

reactor for the polymerization of tBuMA. THF was distilled

into the polymerization flask in order to give a benzene/THFZ
l:3 (v/v) solution. DPE was added and allowed to react with the

PBdLi solution for 15 min followed by the addition of a five-

fold excess of LiCl, dissolved in THF, over the living ends.

tBuMA was then distilled and the polymerization was

performed at K78 8C in order to obtain the living PBd-b-

PtBuMA copolymer. The living polymer was finally termi-

nated with MeOH. Selective hydrogenation of the PBd block of

the copolymer was achieved by homogeneous catalytic

hydrogenation in toluene solutions using the Wilkinson

catalyst, (PPh3)3RhCl (100 ppm), and a Parr autoclave. The

reaction took place at 100 8C and at hydrogen pressure 400 psi.
TMEDA

sec–BuLi (- ) )(- )(-
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rnized amine end-groups in each branch.
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Scheme 2. Synthesis of the PE-b-PMAA block copolymer.
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The PE-b-PtBuMA copolymer thus prepared, was dispersed in

dioxane and was heated at 85 8C in the presence of

concentrated HCl for several hours to give the PE-b-PMAA

copolymer. The procedure is shown in Scheme 2.

The synthesized polymers were characterized by size

exclusion chromatography and static light scattering in THF

and by 1H NMR in d-chloroform (at 30 8C). Their macromol-

ecular characteristics are shown in Table 1. It is evident that

narrow molecular weight distribution polymers were obtained

in all cases. Note that in all cases the sample characteristics

were measured before the post polymerization reactions

(hydrogenation and hydrolysis) which have been tested to be

quantitative [46].

A maleic anhydride grafted polyethylene with 0.85%

functional maleic anhydride groups and a melt-flow index

(MFI) of 1.5 was purchased from Aldrich and was used as

received.

An injection grade linear low density polyethylene (SABIC)

with a melt-flow index (MFI) of 37 was used. A variety of

silicates including two hydrophilic montmorillonites,

NaCMMT (Laviosa Chimica Mineraria) and Cloisite NaC

(Southern clay) as well as two organoclays, Dellite 72 T

(Laviosa Chimica Mineraria) and Cloisite 20 A (Southern clay)
Table 1

Characteristics of the polymeric surfactants/compatibilizers

Type of additive Code Mw
a IZMw/Mn

b

N-PBd NPBd-1 9,700 1.04

NPBd-2 22,900 1.04

PBd-b-PtBuMA PBd-block 4,800 1.05

PBd-b-PtBu-

MAc

13,800 1.06

PBd-g-NPBd PBd backbone 110,600 1.03

NPBd branch 500d

PBd-g-NPBd 118,100 1.03

a By low angle laser light scattering in THF at 25 8C.
b By size exclusion chromatography in THF at 40 8C.
c 34.8 wt% in PBd by 1H NMR.
d Calculated from the molecular weight of the backbone, the total molecular

weight and the number of branches as was estimated by 1H NMR.
were used. The organosilicates are based on especially purified

montmorillonite, organophilized via a cation exchange

reaction using dimethyl dihydrogenated tallow quaternary

ammonium chloride as the organic modifier. Hydrogenated

tallow is a product consisting of a distribution of hydrocarbon

chains with approximate composition 65% C18; 30% C16; 5%

C14. Thermogravitometric analysis (TGA) measurements

performed, showed that for Dellite 72 T there is a 37.1 wt%

loss of weight between 220 and 440 8C, whereas, for Cloisite

20 A there is 32.3 wt% loss of weight between 200 and 435 8C

which is attributed to the decomposition of the surfactants.

Specifics of the polymeric compatibilizers and the silicate

nanoparticle are shown in Tables 1 and 2, respectively.

2.2. Experimental techniques

2.2.1. Micro-extruder

A DSM 5 cm3 twin screw micro-mixer and micro-extruder

was utilized in order to facilitate the melt mixing of the

polymers with the inorganic nanoparticles as well as with the

additives. The polymer was initially placed into the mixer and

was left to melt and homogenize at 150 8C and 100 rpm for

w5 min. The inorganic material was subsequently introduced

in the appropriate amount so that its concentration in the

mixture would be 5–15 wt%. Following homogenization of the

mixture for w20 min, the specimens were obtained in the form

of cylindrical extrudates of 1–3 mm in diameter. TGA
Table 2

Inorganic layered silicates characteristics

Code Sample d001 (Å) Source

NaCMMT Hydrophilic

montmorillonite

9.9 Laviosa

Cloisite NaC Hydrophilic

montmorillonite

9.9 Southern clay

Dellite 72 T Organophilic

montmorillonite

30.4 Laviosa

Cloisite 20 A Organophilic

montmorillonite

25.9 Southern clay
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experiments verify that at the temperature of sample

preparation, no degradation of either the polymer or the

surfactants occur.
2.2.2. X-ray diffraction

Structural characterization of the nanocomposites was

performed with X-ray diffraction, using a RINT-2000 Rigaku

diffractometer. The X-rays are produced by a 12 kW rotating

anode generator with a Cu anode equipped with a secondary

pyrolytic graphite monochromator. The Cu Ka radiation was

used with wavelength lZlCu KaZ1.54 Å. Measurements were

performed for 2q from 1.5 to 308 with step of 0.028. The
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Fig. 1. (a) X-ray diffractograms of polyethylene (PE), hydrophilic clay

(NaCMMT) and organophilic clay (Dellite 72 T). The curves are shifted for

clarity. (b) X-ray diffractogram of a micro-composite with 85 wt% PEC15%

NaC MMT. (c) X-ray diffractogram of a micro-composite with 85 wt% PEC

15 wt% Dellite 72 T.
organoclays were measured in a powder form whereas the pure

polymer and the nanocomposites in sample holders suitable for

the cylindrical extrudates. Materials with periodic structure

like the layered silicate clays show characteristic (001)

diffraction peaks which are related to the spacing of the layers

according to Bragg’s law, nlZ2d001 sin q, where l is the

wavelength of the radiation, d001 is the interlayer distance and

2q is the diffraction angle. It is expected, that, when the

polymer is intercalated within the layers of the inorganic

material, there will be an increase in the interlayer distance,

resulting in a shift of the diffraction angles towards lower

values. In the case of exfoliated nanocomposites, the layered

structure will be destroyed and the diffraction peaks will

disappear.

2.2.3. Transmission electron microscopy

Bright field TEM images of PE/layered silicate nanocom-

posites were obtained at 120 kV under low-dose conditions,

with a Philips 400 T microscope. The nanocomposite samples

were cryomicrotomed with a diamond knife at K110 8C to

give sections with a nominal thickness of 70 nm. The contrast

between the silicon-containing phase (shown as dark lines) and

the polymer (bright region) was sufficient for imaging, and no

further staining was required.

2.2.4. Rheology

The rheological properties of the micro- and nanohybrids

were investigated utilizing a Rheometrics Scientific ARES

strain controlled rheometer. All measurements were performed

in parallel plate geometry with plates of 8 or 25 mm in

diameter. The sample thicknesses varied between 1 and 2 mm.

In all the cases, an isothermal time sweep was initially

performed to ensure the dynamic equilibrium of the samples

followed by dynamic strain sweeps for strains between 1 and

100% at specific frequencies in order to define the limits of the

linear viscoelastic regime. Finally, dynamic frequency sweeps

were performed and the storage G 0 and loss G 00 moduli were

measured as a function of frequency for constant strain.

3. Results and discussion

Fig. 1 shows X-ray diffractograms of the pure materials and

their composites. Two main diffraction peaks are evident in the

polyethylene homopolymer at 2q1Z21.38 and at 2q2Z23.78

corresponding to the d110 and the d200 peaks of the

orthorhombic crystal structure of polyethylene with the d110

possessing higher intensity [47]. The data for the purified

montomorillonite (NaC MMT, Laviosa) show a main peak at

2qZ8.98, which corresponds to an interlayer distance of d001Z
9.9 Å. Similar results are obtained with Cloisite NaC

montmorillonite (Southern clay). Note that this sample was

kept in a vacuum oven overnight at 150 8C in order to remove

the water that was absorbed due to the sample’s hydrophilic

character [48]. The data for the organoclay, Dellite 72 T, is

shown in the same figure. The organoclay shows its main peak

at 2qZ2.98 which corresponds to d001Z30.4 Å. The fact that

the first and second maxima are not exactly equidistant in the
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2q scale may be attributed to a possible random interstratifica-

tion of the organoclay platelets [49]. It is noted that the d001

spacing of the frequently used Cloisite 20 A organoclay, which

is organophilized with the same surfactants, is only d001Z
25.9 Å. This indicates the existence of excess surfactant chains

inside the galleries of Dellite 72 T since such a large difference

cannot be due to random interstratification. Indeed, when

Dellite 72 T was washed three times with ethanol, centrifuged,

filtered and then dried, its d001 spacing became d001Z25.2 Å,

which is similar to that of Cloisite 20 A. The peaks observed in

the spectra of both clay and organoclay at angles higher than

2qw258 are due to remaining minute impurities even after the

purification process; for example, the peak at 2qw26.58

indicates the presence of quartz. Comparison between the

diffractograms of the hydrophilic and the organophilic clays

shows that the incorporation of the surfactants leads to an

increase of the interlayer spacing by more than 10 Å. In

addition, the peaks corresponding to the nanoparticles appear

in a different angle range than those corresponding to the

polymer, which makes the identification of any intercalation

obvious.

Fig. 1(b) and (c) shows X-ray diffractograms for micro-

composites prepared by melt mixing PE with a hydrophilic

(NaC MMT) and a hydrophobic (Dellite 72 T) clay,

respectively. The mixing was performed with the micro-

extruder at 150 8C. It is evident that there is not any indication
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Fig. 2. (a) X-ray diffractograms of three-component PE hybrids containing NPE

and 15 wt% NaCMMT. From top to bottom the hybrids contain 1 wt% NPE-1,

1 wt% NPE-2 or 10% NPE-1. (b) X-ray diffractograms of three-component PE

hybrids containing NPE and 15 wt% Dellite 72 T. From top to bottom the

hybrids contain 1 wt% NPE-1, 1 wt% NPE-2 or 10% NPE-1. The curves are

shifted for clarity.
for either intercalation of the polymer chains or exfoliation of

the clay layers with neither the clay nor the organoclay. The

main diffraction peaks appear at the same angles with those of

the pure inorganic materials. Varying the concentration of the

silicate from 15 to 5 wt% does not alter the results. The

immiscibility of the PE/hydrophilic clay is of course

anticipated but it is shown here as a reference for the later

experiments with the synthesized additives. Moreover, it is

noted that polystyrene intercalates readily with the organoclay

Dellite 72 T because of its favorable interactions with the

silicate surface. However, this organophilization is not enough

to intercalate PE. Additionally, the peaks corresponding to PE

appear unaffected, which means that the presence of the

inorganic material does not alter the crystalline structure of PE.

Note that variation of the mixing conditions inside the micro-

mixer does not influence the immiscible structure. Mixing from

solution was not attempted, since, we were not aware of

common solvents at ambient temperature that could both

dissolve polyethylene and disperse the organoclay and since

comparison between blending in the extruder and solution

mixing was not in the scope of the present study. These results

verify that mixing of PE with organophilized layered inorganic

material leads to phase separated systems as expected from the

non-polar character of PE. It is clear that for the synthesis of

PE/layered silicate nanocomposites one has to modify the

interactions between the polymer and the inorganic surfaces.

A way to overcome this problem is to use compatilizing

chains which will intercalate into the silicate galleries and will

either play the role of polymeric surfactants or will be used to

create an environment more friendly for the polymer. The first

compatibilizer used, is a linear end-functionalized polyethy-

lene with dimethyl ammonium chloride end groups, NPE. It

was used as a polymeric surfactant in order to render the NaC

montmorillonite organophilic. This molecule is essentially a

polymeric cationic surfactant with a polyethylene tail that

would enhance the miscibility with pure PE. The results of this

attempt are shown in Fig. 2(a). Two different molecular

weights (Table 1) of the additive were used and its

concentration in the hybrid was varied between 1 and

10 wt%. The overall polymer/silicate composition was kept

constant at 15 wt% clay in all cases. It is obvious that the

presence of the additive does not affect the structure of the

inorganic material since the characteristic diffraction peak is

observed at exactly the same angle with the ones of the pure

montmorillonite and the phase separated system of Fig. 1. This

means that this additive, despite the presence of the cationic

end-group, cannot intercalate into the clay’s galleries, either

due to its high molecular weight or due to the unfavorable

interactions of the long PE tail of the ‘surfactant’ with the

surfaces. It should be mentioned that the concentrations of the

additive is enough for intercalation to be evident. One may

object to the way this ‘organophilization’ was attempted. The

usual organophilization using C12 or C18-tail cationic surfac-

tant is performed either in solution or in a solvent-free way

where, in the latter, the tallow surfactants are in a state of paste.

However, the present ‘polymeric’ surfactants are neither

soluble in common solvents nor in a paste state. Thus, the
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(90 wt% PEC10 wt% PE-g-NPE)C13 wt% Cloisite 20 A) in the middle and

the respective organoclay (dashed line). The curves are shifted for clarity.
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Fig. 4. X-ray diffractograms of three-component PE hybrids containing PE-b-

PMAA and 13 wt% Cloisite 20 A. The PE-b-PMAA composition in the polymer

is (from top to bottom) 15, 10, 6, and 2 wt%. The data for the respective

organoclay are shown with the dashed line. The curves are shifted for clarity.
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procedure described above was necessary. Note, that similar

polystyrene-based polymeric surfactants were able to organi-

cally modify the clay surfaces from a mixture of solvents [50].

Then, these polymeric surfactants were used as compatibilizers

between an organophillized montmorillonite and polyethylene,

i.e. as modifiers of the effective polarity of PE. Hybrids with

15 wt% Dellite 72 T and 1–10 wt% NPE, were synthesized.

The X-ray diffractograms shown in Fig. 2(b) indicate once

more that the additives were not successful in altering the

structure of the organophilic silicates either.

One functional quaternary ammonium end group was,

apparently, not enough to alter the clay structure or act as

compatibilizer. Thus, another functional additive was syn-

thesized, which possesses more functional ammonium groups

distributed along the polymer chains. This was first utilized in

the role of a polymeric surfactant. To that end it was used in

relatively high concentration. This approach again led to

immiscible systems: the interlayer distance of the hydrophilic

silicate remained unaltered as shown in Fig. 3(a). More

promising results were, however, obtained when this polymer

was utilized with Cloisite 20 A in order to act as a modifier of

the polyethylene polarity. Fig. 3(b) shows the X-ray data for

two types of samples. One is a hybrid that comprised of 30 wt%

of the multifunctional additive (used essentially as the
polymer) and Cloisite 20 A. The results, as shown in

Fig. 3(b), are similar with the ones of Fig. 3(a). There is only

a very small decrease of the diffraction angle which could

correspond to an increase of the interlayer distance of w2.5 Å.

The case is somehow different when all three components are

used. The mixture consisted of 87 wt% (90 wt% PEC10 wt%

PE-g-NPE)C13 wt% Cloisite 20 A and its diffractogram is

shown also in Fig. 3(b). A significant drop of the intensity of

the main peak is evident which, nevertheless, remains at the

same position. At the same time there is an increase of the

intensity at low angles, which indicates that there must be a

degree of disorder and possible exfoliation in the hybrid. As

will become more evident below, we believe that the difference

in the behavior of these two hybrids is due to the different ratio

of compatibilizer to organoclay, which will emerge as a very

important parameter. In the first case this ratio was 0.43:1,

whereas, in the second it was 0.67:1.

The effect of the second type of synthesized additive on

altering the structure of the composites was more pronounced.

It was anticipated that a diblock copolymer of polyethylene-

block-poly(methacrylic acid), will intercalate into the galleries

of the montmorillonite due to the polarity of the carboxyl

groups of poly(methacrylic acid). This would bring the

polyethylene block into the galleries making thus the

environment much more friendly for polyethylene. Fig. 4

shows the X-ray diffractograms for hybrids where the organic/

inorganic composition is kept constant but the amount of the

copolymer additive is varied between 2–15 wt%. This way the

ratio of copolymer to organoclay was varied from 0.13:1 to 1:1.

It can be seen that for the lower copolymer concentration there
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Fig. 5. X-ray diffractograms of three-component PE hybrids containing PE-g-

MA and 10 wt% organoclay Dellite 72 T with different relative compositions of

PE to PE-g-MA. The solid lines from top to bottom correspond to PE/PE-g-

MAZ97.5/2.5, 95/5, 92/8, 85/15, 82/18, 80/20, 70/30, 51/49, 0/100. The data

for the respective organoclay are shown for comparison with the dashed line.

The curves are shifted for clarity.
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is not any change of the interlayer distance of Cloisite 20 A.

The main peak is shown at 2qZ3.158 leading to d001Z28.0 Å.

It is noted, however, that the first and second order XRD peaks

are better resolved than in the case of the pure organoclay

indicating a better order in the composite sample that may be

due to the polymer inside the silicate galleries reducing the

randomness of the interstratification of the silicate layers. As

the concentration of the additive increases, there is a gradual

shift of the main diffraction peak to lower angles. At the higher

concentration of the additive, i.e. 15 wt% (1:1), a very weak

peak observed at 2qZ2.458 corresponds to d001Z36.0 Å,

which means an increase in the interlayer distance by w8 Å.

This increase is accompanied by a significant decrease of the

intensity of the peak accompanied by an increase towards

lower angles. Although, X-ray diffraction is a suitable

technique to detect the intercalation of the polymer chains

within the galleries of the inorganic material, it can only

indirectly provide information about exfoliation of the layers

[51]. In this case, however, we can conclude that most probably

as the concentration of the PE-b-PMAA increases, there exist

both intercalated and disorder or exfoliated regions [30,52]. In

order to investigate whether it is simply the copolymer chains

which intercalate or whether the polyethylene chains partici-

pate as well, a hybrid was synthesized that contained only PE-

b-PMAA in 30/70 wt% relatively to organoclay. The mixing in

this case was performed simply by heating in a vacuum oven

and diffractograms were recorded for various annealing times.

The system showed slow kinetics but the intercalation process

was evident. At early annealing times there was the appearance

of a double peak, one corresponding to the interlayer distance

of the galleries of the empty organoclay and the other at 2qZ
2.68 (d001Z34.0 Å), similar to the one discussed above. With

time the latter gained in amplitude and the former disappeared,

as observed in other studies of intercalation kinetics [19]. It,

thus, appears that it is the copolymer chains that intercalate and

subsequently, these ‘functional organoclays’ exfoliate in the

presence of the polyethylene matrix.

Finally, the third kind of additive used was the frequently

utilized maleic anhydride-functionalized polyethylene (PE-g-

MA) with MA content 0.85 wt%. This was used in

concentrations ranging from 2.5 wt%, where PE-g-MA can

be considered as an additive, up to 100 wt% where PE-g-MA is

the polymer matrix. Both Dellite 72 T and Cloisite 20 A were

used as inorganic materials. In all hybrids the concentration of

the inorganic material was kept constant at 10 wt%. Since no

differences were detected in the X-ray diffractograms between

the two sets of nanocomposites, only the ones prepared with

Dellite 72 T are discussed. Fig. 5 shows the X-ray

diffractograms of all the composites where the curves have

been shifted for clarity. For low concentrations of PE-g-MA

(below 5 wt%), the data exhibit the characteristic peak of the

parent organoclay signifying a phase separated system. As the

relative concentration of PE-g-MA increases above 8 wt%, the

diffraction peak appears to shift in the range 2qZ2.70–2.458,

which means existence of intercalated structures with

interlayer distance of d001Z32.7–36.0 Å. At low angles, the

intensity increases with decreasing scattering angle, which
signifies the coexistence of exfoliated layers (together with

intercalated ones). At 30 wt% PE-g-MA, there is only an

indication of a shoulder in the data near 2qZ2.458. For even

higher concentrations of PE-g-MA, there is no indication for

the existence of a scattering peak of either the montmorillonite

or of an intercalated system. The diffracted intensity shows a

continuous decrease with increasing scattering angle which

indicates that the structure has been destroyed due to the

interactions of the polymer with the inorganic nanoparticles.

This picture is valid for PE-g-MA concentrations from 49 to

100 wt%. Actually, it is the ratio of PE-g-MA to organoclay

that determines the structure. For ratios of PE-g-MA to

organoclay between 0 and 0.45:1, there is no change in the

structure of the inorganic material, for ratios from 0.72:1 to

2.7:1 there is a mixture of intercalated and exfoliated structures

whereas for ratios higher that 4.5:1 the structure of the

organoclay has been completely destroyed and its layers are

dispersed in the polymeric matrix [53]. This ratio determines

the structure independently on whether the system is binary or

ternary. For example, a composite which contains 60 wt% PE-

g-MA and 40 wt% Dellite 72 T (compatibilizer to organoclay

1.5:1) shows an intercalated structure with a diffraction peak at

2.558. A similar peak is observed for a three component system

90% (15% PE-g-MAC85% PE)C10% Dellite 72 T which

contains a similar ratio of compatibilizer to silicate (1.35:1). At

the same time, hybrids containing an even larger ratio of 90%



Fig. 6. Transmission electron microscopy images of two PE hybrids containing PE-g-MA and 10 wt% organoclay Dellite 72 T. (a) PE/PE-g-MAZ85/15. (b) PE/PE-

g-MAZ51/49. The dark lines represent the edges of the silicate layers and the white region the polymeric matrix.
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PE-g-MA to 10% Dellite 72 T (9:1) show exfoliated structure,

as expected.

The importance of the compatibilizer to the organoclay ratio

in determining the structure is confirmed further by trans-

mission electron microscopy. Fig. 6 shows TEM images of two

hybrids containing 10% Dellite 72 T and ratios of PE-g-MA

compatibilizer to organoclay 1.35:1 (a) and 4.5:1 (b). The dark

lines represent the edges of the silicate layers and the white

region the polymeric matrix. Clear differences are observed

between the two systems. It is evident that a coexistence is

observed in (a) of clay particles retaining the layered

intercalated structure and clay platelets dispersed within the

polymer matrix. For the higher concentration of compatibilizer

in (b), a uniform dispersion of exfoliated platelets is observed.

These results are in excellent agreement with the X-ray

diffraction data.

The investigation of the structure of the micro- or

nanocomposites that can be obtained by the modification of

the polyolefin/silicate interactions was conducted in order to

understand and improve the properties of the resulting hybrids.

The rheological properties of the micro- or nanocomposites are

of particular importance, since they determine the processa-

bility of the composites [35–38,40]. Moreover, it is of interest
whether there is a one-to-one correspondence of properties to

structure with respect to being able to understand the structure

utilizing rheology. It has been reported that rheology may

provide information on the structure of the micro- or

nanocomposites [54]. Wagener and Reisinger investigated

the frequency dependence of the complex viscosity for a

number of nanohybrids and proposed that this dependence

correlates well with the micro- or nanostructure. Thus, the

rheological properties were investigated for the polyethylene

composites, where X-ray diffraction has provided evidence of

the existence of all the three types of structures.

First, oscillatory rheological measurements at low frequen-

cies were employed as a function of temperature in order to

investigate the crystallization of PE and its composites.

Fig. 7(a) shows the temperature dependence of the storage

and loss moduli at uZ10 rad/s, for polyolefin homopolymer as

the temperature decreases towards crystallization by 0.5 8C/

min. G 0 and G 00 increase very weakly with decreasing

temperature for high temperatures. The significant upturn at

lower temperatures signifies the first order crystallization

transition. The temperature, 103 8C, at the inflection point of

the modulus versus temperature, is identified as the crystal-

lization temperature of polyethylene in agreement with the
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DSC results (Table 3). Fig. 7(b) depicts the respective data for a

hybrid which shows a mixture of intercalated and exfoliated

structure. The crystallization temperature is now estimated at

108 8C again in agreement with DSC. This increase is

attributed to the presence of the inorganic material which

may affect the nucleation rate even at reduced undercooling in

agreement with recent reports [36]. It is noted that an

immiscible hybrid exhibits a rheologically estimated crystal-

lization temperature of 108 8C as well (Table 3).

Fig. 8(a) shows the frequency dependence of G 0 and G 00

together with the viscosity h at 140 8C obtained by dynamic

frequency sweeps for the PE homopolymer and for a micro-
Table 3

Melting and crystallization temperatures

Sample Tm (DSC)

(8C)

Tc

(DSC)

(8C)

Tc

(Rheology)

(8C)

PE 129 102 103

PE-g-MA 124 99

87 wt% PEC13 wt% Dellite 72 T 128 110 108

90% (15 wt% PE-g-MAC85 wt%

PE)C10 wt% Dellite 72 T

128 111 108

90% (49 wt% PE-g-MAC51%

PE)C10 wt% Dellite 72 T

127 106
composite with Dellite 72 T (immiscible system). These

measurements are obtained at temperatures far above the

crystallization so that crystallization effects do not interfere

with the results reported here. The data for the PE

homopolymer and for the immiscible micro-composite are

very similar. The G 0 and G 00 moduli exhibit the expected uK2

and uK1 dependence on frequency in the flow regime, whereas

the viscosity exhibits a low freuency plateau. It is simply the

values of the moduli and the viscosity that are higher by a

factor of 2 in the micro-composite. Moreover, time–tempera-

ture superposition holds for all temperatures up to very close to

the crystallization temperature. Fig. 8(c) shows the frequency

dependence of G 0, G 00 and h at 140 8C for the exfoliated system

containing 10% Dellite 72 T and polymer with 49 wt% PE-g-

MA and 51 wt% PE. The picture is significantly different than

that of Fig. 8(a). The storage modulus, G 0, attains values that

are higher than the loss modulus, G 00, (for all temperatures)

whereas both G 0 and G 00 display weak frequency dependencies

indicative of a solid-like behavior. The dynamic moduli data

for a hybrid, which contains both intercalated and exfoliated

platelets (Fig. 8(b)), show an intermediate behavior: G 00 is
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slightly higher than G 0 with both exhibiting very weak

frequency dependencies. This picture is very similar to results

on polystyrene (PS) nanocomposites. It is well known that PS

intercalates in organophilic montmorillonite whereas it results

in a phase separated system when it is mixed with hydrophilic

clays. The rheological response of PS homopolymer and the

PS/hydrophilic clay is very similar showing a liquid-like

behavior. This situation is quantitatively and qualitatively

altered for an intercalated system of PS with organophilic

montmorillonite (e.g. Cloisite 20 A). Values of the storage

modulus are higher than those of the loss modulus for all

temperatures measured, indicating, for this system as well, a

solid-like behavior in the nanocomposite.

The use of PE-g-MA as compatibilizer allows the synthesis

of systems with all three types of structures. Fig. 9 shows the

frequency dependence of the complex viscosity measured at

140 8C for three different pair of systems. In each pair one

specimen contains 15 wt% of the organoclay Dellite 72 T

(filled symbols) while the other belongs to the neat polymer.

The three different pairs correspond to an immiscible system

(PE/organoclay Fig. 7), an exfoliated system (containing 4.5:1

compatibilizer to organoclay) and a system where only partial

exfoliation and slight intercalation can be inferred from the

X-ray diffraction data (containing 1.4:1 compatibilizer to

organoclay in Fig. 5). For comparison the data for the

respective polymer (or mixtures), i.e. in the absence of the

organoclay is also included. The different composite structures

are clearly reflected on the rheological behavior. The liquid-

like response (frequency independent complex viscosity) is

only observed for the PE homopolymer, the immiscible PE/

organoclay hybrid and the 85:15 mixture of PE to PE-g-MA.

The behavior for the exfoliated system is entirely different

corresponding to a solid-like response of both G 0 and G 00

(Fig. 8(c)), whereas, the behavior of the third system is

intermediate between the two extremes. The change in the
behavior may be quantified by evaluating the shear-thinning

exponent n by analyzing the data in terms of a h*ZAun

dependence [54]. For a liquid-like behavior nw0, whereas for a

solid-like response nwK1. Wagener and Reisinger proposed

to use the value of n as a measure of the degree of exfoliation.

In that, it was explicitly assumed that exfoliation leads to a

percolated structure which results to a solid-like behavior.

Indeed, an increase of the shear thinning exponent is observed

with the increase of the degree of exfoliation, when the

rheological data are correlated to the X-ray diffraction results. n

is zero for the homopolymer PE and nZK0.1 for the

immiscible 87% PE/13% Dellite 72 T hybrid, whereas nZK
0.4 for the slightly exfoliated 91% (15% PE-g-MAC85%

PE)C9% Dellite 72 T and nZK0.65 for the completely

exfoliated 91% (51% PE-g-MAC49% PE)C9% Dellite 72 T.

Care should be used in analyzing the data since the shear

thinning exponent does vary with the polymer matrix. The

shear thinning exponent is very low (nZK0.1) for 85 wt% PE/

15 wt% PE-g-MA and it becomes nZK0.39 for 49 wt% PE/

51 wt% PE-g-MA. However, in both cases the frequency

dependence is much weaker for the blend of polymers than that

for the three-component hybrids. Therefore, the ‘shear thinning

exponent’ can indeed be correlated with the structure of the

system since it essentially describes the transition from a

liquid-like behavior of the immiscible micro-composites to the

solid- or gel-like behavior of the exfoliated nanocomposites

due to the percolated structure of the nanohybrids.

4. Concluding remarks

The morphology of polyethylene/layered silicate micro- and

nanocomposites can be controlled systematically by modifying

the interactions between the organic and the inorganic

nanoparticles. This is accomplished via the utilization of

three different types of additives specifically designed to play

the role of a polymeric surfactant or a compatibilizer.

Immiscible, intercalated and exfoliated structures can be

obtained in a controlled way where the final morphology is

determined by the kind of the additive and its concentration in

the mixture. The important factor controlling the structure is

the ratio of additive to inorganic. For PE-g-MA as an additive,

ratios less than 0.45:1 result in immiscible systems, whereas

ratios higher than 4.5:1 lead to complete exfoliation; mixtures

of intercalated and exfoliated structures are obtained for the

intermediate ratios. The rheological behavior of the hybrids

changes from a liquid-like to a solid-like when the system’s

structure varies from a phase separated state to an intercalated

and an exfoliated one possibly due to percolation. The

frequency dependence of the complex viscosity can, thus, be

utilized as a measure of the degree of exfoliation in the hybrids.
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