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Abstract

The present study focuses on the preparation of poly(ethylene oxide) (PEO) nanocomposites based on the synthetic Laponite clay. The

clay was added both in its pure form as well as organically modified with lowmolar mass poly(ethylene glycol) (PEG) components in order to

enhance the compatibility between Laponite and PEO. Several PEG’s with different end groups were used. Almost all of them were found to

intercalate in the clay intergallery spacing. An order of intercalation efficiency could be established. The modified clays displayed a good

thermal stability at the nanocomposite processing temperature.

The nanocomposites based on the pure Laponite clay as well as the modified clays display an intercalated structure with a modest

intergallery spacing. The ion-dipole modification with the PEG’s was ineffective in improving the compatibility between PEO and the

Laponite silicate layers. Their respective mechanical properties were found to be increased a little, which can be attributed to the low

effective aspect ratio of the silicate platelets present in the nanocomposites. This is caused by the low initial aspect ratio of Laponite (w/tZ
25) and the limited basal spacing increase. The addition of clay does not result in nucleation of the PEO crystallisation. In contrast, the

crystallisation was inhibited, resulting in decreased heat of fusions, especially for the pure Laponite nanocomposites. The nanocomposites

based on the modified Laponites display a good thermal stability.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ethylene oxide) (PEO)/clay nanocomposites offer

new promising materials which display a great potential for

use in various application fields [1–6]. The hydrophilic

nature of PEO presents an important advantage when

preparing intercalates of PEO and hydrophilic silicate clay

platelets. In a previous publication [4], we reported the

preparation by melt-extrusion and characterisation of

various PEO/clay nanocomposites, based on several com-

mercially available Cloisite clays.

There exist a large number of other clay types with their

own typical characteristics, besides the very often studied

montmorillonite (Cloisite) clays. Laponitew is an entirely

synthetic clay with a trioctahedral smectite structure. The
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clay platelets have a disc-like shape with an aspect ratio

(w/t) of 25. Due to this relatively small aspect ratio,

preferential orientation is less likely to occur [3] which can

be beneficial for isotropically sensitive properties. Laponite

presents the additional advantages of having a high

structural regularity and a low level of impurities, which

is beneficial for impurity (metal) sensitive properties, like

ion conductivity [3,7]. The excess negative charge,

originating from a non-stoichiometric cation substitution

in the crystal structure, is compensated by the presence of

NaC ions in the intergallery spacing between the silicate

layers [7]. Literature reports on polymer nanocomposites

based on Laponite are mainly focussed on direct polym-

erisation [8] and solution preparation [3,7,9] techniques.

This is motivated by the excellent dispersability of Laponite

in water.

Our previous publication [4] and various reports in

literature [2,10–13] proved the ability of PEO to form

intercalates with natural montmorillonite clay (Cloisite
Polymer 46 (2005) 915–928
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Table 1

Characteristics of the used organic modifiers

Modifier Denota-

tiona
Sup-

plier

Molar mass

(g/mol)

4,7,10-Trioxa-1,13-

tridecanediamine

A/a Aldrich 220.3

Poly(ethylene glycol) B/b Aldrich 200

Poly(ethylene glycol)methyl

ether

C/c Ega

Chemie

350

Poly(ethylene glycol)bis

(carboxymethyl)ether

D/d Aldrich 250

Tetraethylene glycol dimethyl

ether

E/e Aldrich 222.3

a Capital letterZmodification at 120 8C, small letterZmodification at

room temperature.
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NaC). However, a satisfying increase of the mechanical

properties, often envisaged when preparing polymer/clay

nanocomposites, usually requires highly intercalated (high

basal spacing increase) or even exfoliated nanostructures [4,

14–16]. The use of organically modified clays is often

essential to improve the compatibility between the polymer

and the silicate layers. There exist two main preparation

routes to obtain organically modified clays. The most

commonly used method is based on ion exchange of the

cations present in the intergallery spacing (e.g. NaC) with

organic cations, very often bulky quaternary ammonium

ions [17,18]. On the other hand, it is also possible to prepare

organoclays via an ion-dipole interaction [19]. This usually

involves the intercalation of non-ionic, low molar mass

components, which show a strong chemical compatibility

with the intercalating polymer. The originally present small

cations remain located at the surface of the silicate layers.

Ishida et al. [19] reported on the modification of a bentonite

clay with hexadecylamine. They studied the modifier

conformation and its thermal properties as a function of

the modifier concentration. Several authors have studied the

conformation of modifier chains in confined spaces [17,18],

relevant for the optimisation of nanocomposite properties.

The scope of the present study is twofold. The first

section is dedicated to the organic modification of the

Laponite clay with low molar mass poly(ethylene glycol)’s

(PEG). The main difference between the PEG’s is the

chemical nature of their respective end groups. The

modified clays are characterised with small-angle X-ray

scattering (SAXS), differential scanning calorimetry (DSC)

and thermal gravimetric analysis (TGA). The second part of

the paper deals with the characterisation of the actual PEO

nanocomposites, based on the pure Laponite clay and

several selected organically modified Laponite clays. They

have been prepared according to a melt extrusion process.

Their nanostructure, mechanical response and thermal

behaviour are examined. The effect of the silicate

concentration, modification (modifier concentration) and

matrix molar mass is evaluated.
2. Experimental
2.1. Materials

Two commercial grades of PEO, with a respective molar

mass of 100,000 g/mol (LMW) and 300,000 g/mol (HMW),

were purchased from Aldrich. The pure Laponite clay

(Laponitew RD) was kindly donated by Southern Clay

Products. Its cation exchange capacity (CEC) is

60 mequiv./100 g clay. The organic modification was

performed with low molar mass poly(ethylene glycol)

(PEG) components, which are used as received. Their

characteristics are presented in Table 1. The PEO grades and

the clays were dried before use.
2.2. Clay modification

The clay modification was performed according to a melt

annealing procedure [19]. Pure Laponite clay was physi-

cally mixed with the different organic PEG modifiers at

room temperature after which the mixtures were left to

anneal under a nitrogen purge at a controlled temperature

during 1 h. The modification procedure was performed both

at an elevated temperature (120 8C) as well as at room

temperature (25 8C) and the modifier concentration was

based on the CEC of Laponite (e.g. 1 CEC, 2 CEC or 3

CEC). The respective weight percentage of modifier present

in the modified Laponite clay is given in Table 2 and is

based on the molecular weight of the modifier. The modified

Laponite clays were characterised with SAXS, DSC and

TGA, as described in the respective experimental sections.

2.3. Melt-compounding

The nanocomposites were prepared in a two-step melt-

compounding procedure. Their composition is based on the

effective weight percentage of the clay silicate, providing a

modifier independent basis for comparison. Firstly, a

PEO/silicate masterbatch, based on 10 wt% silicate, was

compounded using a Brabender batch mixer at 120 8C,

40 rpm during 8 min. In the second compounding step, the

masterbatch was diluted with neat PEO using a co-rotating

twin screw midi-extruder at 120 8C (150 8C for HMW

PEO), 80 rpm during 10 min. The use of a recirculation

channel allows the extruder to be operated as a batch mixer.

The silicate content was varied between 0 and 5.0 wt%.

After melt mixing, the nanocomposites were compression

moulded into 1 mm thick samples at 120 8C, and left to cool

to room temperature. Before characterisation, the samples

were dried overnight at 40 8C and kept in a dessicator until

measurement.

2.4. Small angle X-ray scattering (SAXS)

Structural information is gathered from SAXS



Table 2

Weight percentage of organic modifier present in the respective modified Laponite clay based on the CEC of Laponite and the molecular weight of the

respective modifier

Lap-mod A/a (wt%) Lap-mod B/b (wt%) Lap-mod C/c (wt%) Lap-mod D/d (wt%) Lap-mod E/e (wt%)

1 CEC 11.7 10.7 17.1 13.0 11.9

2 CEC 20.9 19.3 29.3 22.9 20.6

3 CEC 28.4 26.3 38.9 31.1 28.5
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experiments. They were performed with a Kratky

compact camera equipped with a linear position

sensitive detector (OED 50M from MBraun, Graz). A

Seifert ID 3000 X-ray generator provides the Cu Ka

radiation with a wavelength of 1.542 Å. The samples

were placed in a sealed solid sample cell between mica

sheets and measured during 1 h at 25 8C.
2.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetric measurements were

performed using a TA Instruments Q1000 DSC. The

thermal transitions of the modifiers and the respective

modified clays were characterised during a single heating

run. Therefore, the samples were sealed in a hermetic pan

and quenched to K80 8C, followed by the heating run up to

130 8C at a heating rate of 5 8C/min. The nanocomposites

were characterised according to a multiple scanning profile.

A first heating run was conducted from room temperature to

120 8C, followed by a cooling run down to K70 8C. The

second heating run was performed fromK70 to 120 8C. The

heating/cooling rate was 10 8C/min.
2.6. Thermogravimetric analysis (TGA)

Determination of the thermal stability of the

materials was done with a TA Instruments Q500

TGA. The thermal decomposition of the modified

clays was evaluated from a high resolution dynamic

scan (resolution: C5) at a heating rate of 50 8C/min

from 30 to 550 8C. This implies that the continuous

heating of the sample is haltered as soon as the onset of

a transition is detected. The heating continues when the

transition is completed. The TGA characterisation of the

nanocomposites was performed according to a custom

mode from 40 to 900 8C at a heating rate of 10 8C/min.
Fig. 1. SAXS diffraction spectra of the various Laponite clays modified at

120 8C (a) and at room temperature (b), with a modifier concentration equal

to 2 CEC of the pure Laponite clay. The lettering refers to the notation

presented in Table 3, where a capital letter denotes the modification

performed at 120 8C and the small letter denotes room temperature. The

curves have been shifted along the Y-axis for clarity.
2.7. Dynamic mechanical properties (torsion pendulum)

The dynamic mechanical properties in shear of the

nanocomposites were determined using a torsion pendulum

ATM3 Myrenne apparatus. The experiments were per-

formed in the temperature range K90 to 30 8C at a heating

rate of 2 8C/min and a frequency of 1 Hz. The samples had a

thickness of 1 mm, a width of 9 mm and a measuring length

of 50 mm.
3. Results and discussion
3.1. Organic modification of Laponite clay
3.1.1. Structural characteristics

The effectiveness of the performed organic modification,

as described in the experimental section, is evaluated from

the SAXS diffraction spectra of the respective modified

Laponite clays. Fig. 1(a) and (b) presents the spectra for the
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modifications performed at elevated temperature (120 8C)

and at room temperature (25 8C), respectively. The figure

represent the clays modified with a modifier concentration

equal to two times the CEC of the pure Laponite clay (2

CEC). A capital letter denotes the clays modified at 120 8C,

while a small letter refers to clays modified at 25 8C. The

basal spacing of pure Laponite is commonly located at 10 Å

(data measured but not shown).

Upon comparing the SAXS spectra, it can be concluded

that the proper temperature of modification appears to be of

minor importance. The corresponding modified clays dis-

play similar spectra, regardless of the temperature. On the

other hand, the modifier is found to have a more profound

influence on the modified clay characteristics. Nearly all

modifiers reveal the ability to intercalate between the

silicate layers, resulting in an opening of the intergallery

space. This is reflected by a distinct increase of the basal

spacing compared to pure Laponite. The observed diffrac-

tion peaks show a significant broadness, which can be

attributed to the presence of a wide variety of basal spacings

within the same modified clay. Only poly(ethylene glycol)-

bis(carboxy methyl)ether (D/d) does not appear to inter-

calate as no increase of the basal spacing could be detected,

regardless of the modifier concentration.

Fig. 2 shows the effect of themodifier concentration for the

Laponite clay modified with component C/c at 25 8C. It is

obvious that a modifier concentration equal to 1 CEC is

insufficient to detect a clear diffraction peak. Increasing the

modifier concentration increases the basal spacing, although

the difference between a modifier concentration equalling 2

CEC (dZ19.3 Å) and 3 CEC (dZ19.6 Å) is only minor. A

similar trend is also observed for the othermodified clays. The

strongest increase in basal spacing is obtained when using

poly(ethylene glycol)methyl ether (C/c) as themodifier.Based

on the diffraction peak maximum for clays modified with a

modifier concentration equalling 2 CEC, the following order

of intercalation efficiency can be presented: poly(ethylene
Fig. 2. SAXS diffraction spectra of the Laponite clay modified with various

concentrations of modifier C/c (poly(ethylene glycol)methyl ether) at

25 8C.
glycol)methyl ether (C/c) (dZ19.3 Å)Otetraethylene glycol

dimethyl ether (E/e) (dZ17.2) O4,7,10-trioxa-1,13-trideca-

nediamine (A/a) (dZ16.6) O poly(ethylene glycol) (B/b)

(dZ15.2 Å) Opoly(ethylene glycol)bis(carboxy methyl)

ether (D/d).

3.1.2. Thermal properties

Fig. 3 presents the DSC results of the pure modifiers

measured during the described first heating run (see Section

2). All modifiers display thermal transitions well below

room temperature.

DSC measurements of the prepared modified clays reveal

the effect of the modifier intercalation on its thermal

transitions. Figs. 4 and 5 present the DSC first heating

measurements of the clays modified with various concen-

trations of component A (at 120 8C) and component c (at

25 8C), respectively. Pure modifier A/a shows a cold

crystallisation peak followed directly by the melting

endotherm. The modified Laponite clays no longer display

any clear thermal transitions. The response of the clays

modified with component C/c is similar. The pure modifier

has a clear melting behaviour at low temperatures, revealing

its ability to crystallise. The respective modified Laponite

clays, however, no longer display clearly detectable

transitions, although a very minor (melt) transition around

K20 8C can be seen for the 3 CEC modified clay. The other

modified clays display a similar behaviour. It seems

permitted to attribute the lack of thermal transitions to the

intercalation of the modifier chains in the intergallery

spacing.

Based on several literature reports [17,18] and our

experimental results, it is possible to extract information

concerning the actual conformation of the modifier chains in

the intergallery spacing. The basal spacings achieved upon

modification (DdZ5.2–9.6 Å), indicate the presence of two

different modes of modifier conformation. A first group

(modifiers A/a, B/b and E/e) only shows a moderate

improvement (Ddy5.2–7.2 Å) whereas modifier C/c results

in a more distinct basal spacing increase of 9.3–9.6 Å. In
Fig. 3. DSC heating curves of the pure modifiers.



Fig. 4. DSC heating curves of modifier A/a and its respective Laponite clays

modified at 120 8C with a modifier concentration equal to 2 (A2) and 3 CEC

(A3).
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literature, the former increase is commonly associated with

the presence of a ‘bilayer’ conformation of the organic

modifier. This means that the chains are present in an

aligned position parallel to the clay surface consequently

inhibiting the formation of modifier crystal structures. The

actual number of C and O atoms present in the main chain

can be calculated to be around 12–15. This is highly

comparable to the number of C atoms present in the alkyl

ammonium chain, for which this conformation has been

detected and even simulated [17,18]. Ishida et al. [19] also

proved the presence of a bilayer modifier structure when

performing an ion-dipole interchange of a bentonite clay

using hexadecylamine (CZ16) as the modifier. In contrast

to our system, they established a higher basal spacing

increase when increasing the modifier concentration to 3

CEC. When considering modifier C/c, it is important to note

that its molar mass is substantially higher compared to the

others (Table 1). This is the main reason for the higher
Fig. 5. DSC heating curves of modifier C/c and its respective Laponite clays

modified at 25 8C with a modifier concentration equal to 1 (c1), 2 (c2) and 3

CEC (c3).
increase in basal spacing achieved for this modifier. The

number of C and O atoms is approximated to be around 22.

It has been shown that both an increase of the number of C

atoms in the modifier (alkylammonium) chain [17,18] as

well as increasing the modifier concentration (i.e. ( CEC)

[19] leads to a distinct increase of the intergallery spacing.

This increase was found to be stepwise rather then linear.

However, an ‘intermediate’ conformation can be obtained

when the length of the intercalant is causing an excess

density leading to a spreading of the silicate layers. The

accommodation of a new layer implies sufficient spacing

equalling the diameter of a CH2 group. If the actual basal

spacing is smaller, the accommodation of this new layer is

unlikely. The actual intercalated chains are basically

spreading the existing layers but do not create a totally

new conformation. [18]. It now seems reasonable to

conclude that the actual conformation of the modifier C/c

is pending between a ‘bilayer’ and a ‘trilayer’ or paraffin-

type of organisation [18,19]. The broadness of the

diffraction peak would suggest such a transition state [18].
3.1.3. Thermal stability

A crucial point for any organically modified clay is the

thermal stability of the used modifier in view of the use in a

consecutive melt extrusion processing step. Although our

modified Laponite clays are melt extruded with PEO at a

relatively low temperature (120 8C), it is important to

examine their decomposition behaviour. Fig. 6 presents the

TGA curves of the pure modifier A/a; C/c and E/e as they

show the best potential use in PEO nanocomposites. At the

proposed processing temperature, the modifiers show no

significant degradation. Their onset temperature of

decomposition is sufficiently high compared to the actual

processing temperature.

Fig. 7 presents the TGA curves of pure Laponite and

various organically modified (2 CEC) clays. Pure Laponite

shows an initial weight loss at relatively low temperatures.

This can be assigned to loss of intercalated water, although
Fig. 6. TGA curves of the pure modifiers.



Fig. 7. TGA curves of pure Laponite and Laponite modified with 2 CEC of

modifier A/a (a2 2CEC); C/c (c2 2CEC) or E/e (e2 2CEC) at 25 8C,

respectively.
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the samples were dried before measuring. The organic

modification nearly eliminates this initial weight loss.

Especially the clay modified with modifier C/c reveals a

stable structure with a high onset temperature of decompo-

sition. At the processing temperature of 120 8C, the thermal

stability of the modified clays is sufficiently high.
3.2. PEO/(pure/modified) Laponite nanocomposites
Fig. 8. SAXS diffraction spectra of the PEO/(pure) Laponite nanocompo-

sites for the LMW (a) and HMW (b) PEO material.
3.2.1. Structural characteristics

The PEO/clay nanocomposites were prepared via melt

extrusion. Subsequent compression moulding provided

samples for the various characterisation techniques. Firstly,

Fig. 8(a) and (b) presents the SAXS diffraction spectra of

the PEO/pure Laponite nanocomposites for the LMW and

the HMW PEO, respectively. Table 3 provides the basal

spacing of the different PEO nanocomposites derived from

the SAXS peak maximum. As mentioned earlier, the

diffraction peak of the pure Laponite clay is located at

10 Å. From Fig. 8(a) and Table 3, it follows that the LMW
Table 3

Basal spacing of the PEO nanocomposites as a function of the matrix molecular w

basal spacing of the respective pure clay is given as a reference

aMeans not detectable by SAXS.
PEO/Laponite nanocomposites display a clear diffraction

peak situated around 18–19 Å, depending on the silicate

concentration. Hence, PEO clearly demonstrates the ability

to intercalate between the Laponite silicate layers. The

actual basal spacing increase is rather limited, in close

similarity to the earlier studied PEO/Cloisite NaC nano-

composites [4]. Similar observations have also been
eight for the different Laponite clay types and silicate concentrations. The



Fig. 9. SAXS diffraction spectra of the LMW PEO/modified Laponite

nanocomposites. The Laponite is modified at 25 8C with 2 CEC of modifier

a (a); modifier c (b) and modifier e (c). The right Y-axis corresponds to the

respective modified Laponite clay. The curves of the nanocomposites have

been shifted in the Y-direction for clarity.
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reported previously for PEO/LiC-exchanged Laponite

nanocomposites [3]. The absence of an organic modifier

in the intergallery spacing of the clay is considered the main

reason for the limited increase of the intergallery opening. It

has been reported [4,20] that increasing the matrix molar

mass facilitates the intercalation/exfoliation process.

Increasing the molar mass implies a simultaneous increase

of the matrix melt viscosity, which consequently leads to

higher shear forces during melt mixing. However, from Fig.

8(b) and Table 3, it can be seen that the HMW PEO/pure

Laponite nanocomposites display a diffraction peak posi-

tioned at a similar basal spacing as the LMW nanocompo-

sites. This observation is again in good agreement with

earlier reported results for PEO/Cloisite NaC nanocompo-

sites [4]. It can thus be concluded that not only viscosity

effects are important, but also the chemical compatibility

between the polymer and the clay needs to be sufficiently

high for an improved intercalation/exfoliation process to

take place [20,21]. Hence, the presence of an organic

modifier proofs to be crucial for the PEO/pure Laponite

nanocomposites, as this would improve the compatibility

between PEO and the silicate clay layers.

Based on the previous section discussing the modified

Laponite clays, component A/a, C/c and E/e are selected to

modify Laponite in order to subsequently prepare LMW

PEO/clay nanocomposites. The used modifier concentration

equals 3 CEC and the clays are prepared at room

temperature. Fig. 9(a)–(c) presents the SAXS diffraction

spectra of the different PEO/modified Laponite

nanocomposites.

The nanocomposites, based on modifier a, display no

clearly detectable diffraction peak at lower silicate loadings.

For silicate concentrations R2.5 wt%, a small peak with a

very weak intensity can be detected. In our previous

publication concerning PEO/Cloisite 30B nanocomposites

[4], we discussed the existence of a threshold level for the

silicate concentration (w2.5 wt%) above which no longer

complete exfoliation can be expected. In view of the present

results, this may suggest that the PEO/Laponite containing

modifier a (PEO/Lap-mod a) nanocomposites tend to lead to

an exfoliated structure at the lower silicate loadings. The

SAXS spectra of the PEO nanocomposites based on

modifier c and e display a more clearly observable

diffraction peak, irrespective of the silicate concentration.

From Table 3 it follows that the basal spacing of these

nanocomposites is similar, or slightly higher, when

compared with the basal spacing of their respective

modified clay. The basal spacing varies between 17.4 and

19.6 Å, which is the range commonly reported for PEO

intercalates with ‘less compatible’ clays [1,4,11]. Rather

than inducing a further increase of the intergallery spacing,

it appears that the PEO chains are sufficiently accommo-

dated to intercalate in the existing spacing between the

modified silicate layers. The modifier is believed to have

facilitated the entry due to its polar nature, although this

remains unproven.
It can be stated that the ion-dipole modification route

appears to be less effective compared to the cation exchange

modification. In the latter, the exchanged cations remain

positioned at the silicate surface and provide the necessary

compatability whilst keeping the energetic balance of the

clay crystal structure. This is not the case for the ion-dipole



Fig. 11. Shear storage modulus (G 0) of various LMW PEO/modified

Laponite nanocomposites (i.e. modifier a; modifier c and modifier e)

(2.5 wt% silicate) as a function of temperature.
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route where part of the modifier could be expelled from the

intergallery area upon intercalation of the polymer,

significantly decreasing the envisaged compatibilisation.

3.2.2.. Mechanical properties

The influence of the addition of clay on the mechanical

properties is discussed as a function of the silicate

concentration, modifier type and matrix molar mass. Fig.

10 features the shear storage modulus as a function of

temperature for LMW and HMW PEO and their respective

nanocomposites with pure Laponite. To evaluate the real

contribution of the clay dispersion, the ratio between the

shear storage modulus of the nanocomposite (G 0
nano) and

the shear storage modulus of the respective PEO matrix

(G 0
PEO) needs to be evaluated. Table 4 accordingly presents

the calculated ratios for the respective PEO/pure Laponite

nanocomposites. It follows that at low temperatures, below

the glass-transition temperature (Tg) of PEO, the nanocom-

posites display a similar to slightly lower stiffness compared

to their respective PEO matrix. This is the result of a low

relative modulus combined with a possible decrease of the

matrix crystallinity in the presence of clays (see below),

resulting in the apparent similarity of the respective storage

moduli. At temperatures above the matrix Tg (e.g. 20 8C),

the nanocomposites display a higher shear storage modulus

then the one of the respective PEO. The actual increase is

rather limited and dependent on the added silicate

concentration. The strongest increase is observed for the

HMW PEO/Laponite nanocomposites.

Fig. 11 presents the shear storage modulus as a function

of temperature for the LMW PEO/modified Laponite

nanocomposites and Table 5 provides the calculated

(G 0
nano/G

0
PEO) ratio. In correspondence to the previous

results, the storage moduli at temperatures below Tg are

similar, or lower, than the one of pure PEO. A crossover can

be observed at higher temperatures. Consequently, the
Fig. 10. Shear storage modulus (G0) of LMW and HMW PEO and their

respective nanocomposites with pure Laponite (2.5 wt%) as a function of

temperature.
modulus of the nanocomposites at temperatures above Tg is

higher then the modulus of PEO, although the increase is

rather limited. The PEO/Lap-mod e nanocomposites display

the strongest rise of the shear storage modulus. The

nanocomposites based on Laponite modified with com-

ponent c, display distinctly lower values at temperatures

above Tg.

It is now very interesting to compare the G 0 values of the

present nanocomposites with those of our previously studied

PEO nanocomposites based on various Cloisite clays [4].

Fig. 12 summarises the (G 0
nano/G

0
PEO) ratios for all

examined LMW PEO nanocomposites as a function of the

silicate concentration. The Cloisite clays include the natural

montmorillonite Cloisite NaC and two organically modified

clays, namely Cloisite 20A (apolar modifier) and Cloisite
Fig. 12. Ratio between the shear storage modulus of the nanocomposite and

the shear storage modulus of the LMW PEO matrix (G 0
nano/G

0
PEO) as a

function of the silicate concentration, both for the presently studied

PEO/Laponite (pure and modified) nanocomposites, and previously studied

PEO/Cloisite nanocomposites [4].



Table 4

Ratio between the shear storage modulus of the Laponite based

nanocomposite and the shear storage modulus of the respective PEO matrix

(G 0
nano/G

0
PEO) at different weight percentages of silicate at K80 8C and

20 8C
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30B (polar modifier). It follows that the addition of pure

Laponite, or any of the modified Laponite clays, does not

result in the desired increase of the mechanical properties.

The reason is twofold. Firstly, the resulting basal spacing

increase upon intercalation is rather limited and comparable

to those observed for the PEO/Cloisite NaC nanocompo-

sites. A strong increase of the basal spacing, or even

exfoliation, of the silicate layers has been found to be

essential for obtaining highly improved mechanical proper-

ties [4,15]. However, a second more structural reason needs

to be taken into account. Based on their respective structure,

it is important to note that the Cloisite clays and the

Laponite clays have distinctly different aspect ratios. The

supplier reports an aspect ratio (w/t) of approximately 100

for the Cloisite clays, whereas the Laponite clays have a

circular shape and an aspect ratio of about 25. Our previous

research and reports in literature [4,15] have shown that the

‘effective’ aspect ratio of the dispersed silicate platelets is of

significant importance. The PEO/Cloisite 20A and PEO/

Cloisite 30B nanocomposites show a levelling of the shear

storage modulus at higher silicate loadings. This was a

direct result of ineffective clay dispersion leading to a

decrease of the effective aspect ratio, and consequently the

mechanical properties. This provides a structural base to

explain the inability of the Laponite clays to lead to a strong

increase of G 0 at temperatures above Tg. Using a modified
Table 5

Ratio between the shear storage modulus of the nanocomposite and the shear sto

percentages of silicate for the different clay types at K80 and 20 8C

Silic conc. (wt%) Laponite-mod. a Laponite-mo

K80 8C 20 8C K80 8C

0 1 1 1

0.5 0.96 0.99 0.98

1.0 0.93 0.99 0.93

2.5 1.04 1.10 1.01

5.0 1.02 1.11 1.07
version of the Halpin–Tsai model, the effective aspect ratio

of the respective dispersed clay can be evaluated. The model

has been corrected for platelet reinforcement [15]:

Gnano

Gm

Z
1CxhVf

1KhVf

(1)

with:

hZ
Gr=Gm K1

Gr=Gm Cx
(2)

xZ
w

t
(3)

Gnano, Gm and Gr are, respectively, the shear modulus of the

nanocomposite, the matrix and the clay reinforcement. Vf is

the volume concentration of the clay silicate and w/t is the

aspect ratio of the added clay.

Fig. 13 presents the (G 0
nano/G

0
PEO) of the different

modified Laponite based nanocomposites, together with the

Halpin-Tsai fitted values when assuming an aspect ratio of

25. As expected, the actual storage moduli are profoundly

lower then expected on the basis of the fitting model.

Although, the initial clay aspect ratio was already quite low,

it can be concluded that the effective aspect ratio is even

lower revealed by the profound overestimation of the

model. Van Es [15] reported previously that a high effective

aspect ratio was crucial for polyamide/Cloisite 20A

nanocomposites to reach a high elastic modulus. Based on

the formed nanostructures and the corresponding basal

spacings of the presently examined nanocomposites, it can

be concluded that the failure in obtaining sufficiently

intercalated, or even exfoliated, structures as well as the

low initial aspect ratio of the Laponite clay only resulted in

minorly improved mechanical properties. Even the sup-

posed exfoliated structure of the PEO/Lap-mod a nano-

composites is ineffective which originates from the

maximum possible aspect ratio of the Laponite clay

platelets.

Fig. 14(a)–(d) presents the shear loss modulus (G 0) as a

function of temperature for the different LMW PEO

nanocomposites. The Tg of PEO can be defined from the

peak value. It can be seen that the Tg shifts towards higher

temperatures upon the addition of clay for nearly all PEO/

(modified/pure) Laponite nanocomposites. Only the
rage modulus of the LMW-PEO matrix (G 0
nano/G

0
PEO) as different weight

d. c Laponite-mod. e

20 8C K80 8C 20 8C

1 1 1

0.99 0.97 1.03

0.93 0.97 1.07

0.96 1.01 1.11

1.00 1.06 1.24



Fig. 13. Ratio between the shear storage modulus of the nanocomposite and

the shear storage modulus of the PEOmatrix (G 0
nano/G

0
PEO) as a function of

the silicate volume concentration for the LMW PEO/(modified or pure)

Laponite nanocomposites (closed symbols). The open symbols represents

the respective (G 0
nano/G

0
PEO) value as predicted by the modified Halpin

Tsai model for an aspect ratio of 25.
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nanocomposites based on modifier c do not display this

distinct shift. The shift in Tg is also reflected in the onset of

the tan d curve. An increase of the peak value in theG 0 curve

corresponds to an increase of the onset of the tan d curve.

This is clearly shown by Fig. 15(a) and (b), which presents

the tan d curves for the PEO/Lap-mod c and PEO/Lap-mode

nanocomposites, respectively. The increased Tg of the latter

materials is visible by a shift of the tan d onset. However, no

shift can be observed for the PEO/Lap-mod c nanocompo-

sites. The increased Tg values are commonly associated with

a decreased mobility of the polymer chain between the

silicate layers. Table 3 illustrates the limited intergallery

spacing available for the PEO chains in between the

Laponite clay layers. The SAXS spectra also revealed that

the PEO/Lap-mod c nanocomposites possess a greater

intergallery opening, which can be seen as more accom-

modating for the intercalated PEO chains. Considering the

possible formation of a double layer of PEO chains in

between the silicate layers [13], it seems logical that an

increased spacing is more advantageous for the chain

accommodation and mobility. The second relaxation peak

visible at higher temperatures (w15 8C); both for pure PEO,

as well as for the nanocomposites, can be assigned to

intercrystalline effects [4,8,22]. It is also interesting to note

that the tan d curves return to the same level after passing

the Tg. Only the nanocomposites based on modifier c show a

marked influence of the addition of the clay as tan d

increases with an increasing silicate concentration.

In our previous publication, we reported that the tan d

level at peak position indicates the actual nanostructure

present, whereby a strong decrease of the tan d peak value is

observed for highly intercalated (high Dd) or exfoliated

structures [4]. The PEO/(modified/pure) Laponite nano-

composites display no significant decrease of this value.
This confirms the observed SAXS results revealing limited

intercalated nanostructures.

3.2.3.. Crystallisation characteristics

To evaluate the influence of the clay addition on the

crystallisation characteristics of the semi-crystalline PEO

matrix, the most important thermal properties of the LMW

PEO nanocomposites are summarised in Table 6. The

crystallisation temperature (Tc), as derived from the cooling

run, is found to be only minorly influenced by the clay

addition. Regardless of the clay type, the nanocomposites

have Tc’s which are similar or, at higher clay concentrations,

even slightly lower than the crystallisation temperature of

pure PEO. Similar results have been reported previously for

nanocomposites of PEO and various Cloisite clays (NaC,

20A and 30B) [4]. In contrast to several literature reports

[11,16], the present results indicate that the added clay does

not act as a nucleating agent for crystallisation. The

observed decrease of Tc at higher clay loadings even reveals

that a higher degree of undercooling is needed to initiate

PEO crystallisation.

The heat of fusion derived from the melting endotherms

(DHm), obtained from the first and the second heating run,

displays a strong influence of the addition of clay. The

PEO/pure Laponite nanocomposites show a marked

decrease of the heat of fusion at lower silicate loadings

(%2.5 wt%). At a silicate concentration of 5.0 wt%,

however, the melt enthalpy displays a distinct increase,

resulting in a value close the DHm of pure LMW PEO. A

similar evolution of the melt enthalpy with silicate

concentration has been observed previously for various

PEO/Cloisite nanocomposites [4]. The reason for this

apparent increase remains unclear. The DHm values of the

nanocomposites based on the modified Laponite clays

display an effect of both the applied modification and the

clay concentration, although the trend is less pronounced.

The PEO/Lap-mod a nanocomposites display a strong

decrease of DHm at low clay concentrations, after which

the heat of fusion is seen to increase, reaching similar values

as the DHm of PEO. The nanocomposites based on modifier

c and e display a decrease of the heat of fusion with the clay

concentration, levelling off at 5.0 wt%. The melt tempera-

ture of the modified Laponite nanocomposites is highly

comparable to the one of pure PEO. In contrast, the PEO/

pure Laponite nanocomposites reveal a marked decrease of

the melt temperatures at lower silicate loadings compared to

the Tm of pure PEO. However, the Tm of the 5.0 wt% silicate

nanocomposite has a Tm similar to PEO.

Based on the above results, it can be concluded that the

addition of clay generally results in a decrease of the PEO

crystallinity. The presence of clay is found to inhibit the

crystal formation, although the lamellar thickness is quite

constant, as can be concluded from the Tm values of the

PEO/modified Laponite nanocomposites. More particularly,

the PEO/pure Laponite nanocomposites reveal a substantial

hindering of crystallisation at lower clay loadings,



Fig. 14. Shear loss modulus as a function of temperature for various silicate concentrations for the following LMW PEO nanocomposites: (a) PEO/Laponite;

(b) PEO/Lap-mod a; (c) PEO/Lap-mod c and (d) PEO/Lap mod e.
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%2.5 wt%, as manifested by a decreased DHm. This results

in less perfect crystals with decreased lamellar thicknesses

resulting in low values of Tm. The crystallisation inhibition

in PEO/clay nanocomposites has been reported previously

[4,11,23]. It is believed that the clay platelets restrict the

chain mobility, which is confirmed by the increased glass-

transition temperature (Fig. 14), hindering part of the

polymer chains of entering the crystalline structure.

The chemical nature of the species present in the

intergallery spacing of the clay also proofs to be important.

From the field of polymer electrolytes it is known that the

presence of small cationic species, e.g. NaC, has an

inhibiting effect on the crystallisation of PEO as the

polymer chain is reorganised towards the cations lowering

the overall degree of crystallisation [11,24]. This appears to

be coherent with the strongly decreased heat of fusions in

the absence of an organic modifier in the intergallery

spacing (PEO/pure Laponite nanocomposites). Upon the

ion-dipole modification of the clay, the modifier is believed

to, at least partly, shield the PEO chain from NaC ion,

reducing the effect of the latter on the PEO crystallisation.
This is reflected by the higher DHm’s for the nanocompo-

sites based on the modified Laponite clays. In addition, this

may indicate that part of the modifier remains located in the

intergallery spacing upon PEO intercalation.

3.2.4. Thermal stability

The influence of the clay addition on the thermal stability

was studied with TGA under a N2 flow for the LMW PEO

nanocomposites. Fig. 16 presents the weight loss as a

function of temperature for the PEO/(modified/pure)

Laponite nanocomposites having a silicate concentration

of 2.5 wt%. Fig. 17 presents the onset decomposition

temperature as derived from the TGA experiments as a

function of the silicate concentration. From the presented

results, it can be seen that the addition of clay has a

beneficial effect on the thermal stability. The onset of

decomposition is found to be influenced by the type of

modifier and the silicate concentration. In addition, it can be

stated that the temperature at 50% weight loss displays a

similar trend and dependence as the onset temperature.

The addition of a low amount of modified Laponite clay



Fig. 15. tan d as a function of temperature for the (a) PEO/Lap mod c and

(b) PEO/Lap-mod e nanocomposites for varying silicate concentrations.

Fig. 17. Onset temperatures of the PEO decomposition as a function of the

silicate concentration for the LMW PEO/(modified or pure) Laponite

nanocomposites.

Fig. 16. TGA response of the LMW PEO/(modified or pure) Laponite

nanocomposites having a silicate concentration of 2.5 wt%.
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(!2.5 wt%) results in a modest increase (w10 8C) of the

decomposition temperature, regardless of the applied clay

modification. In contrast, the pure Laponite based nano-

composites display decomposition temperatures similar to

the one of pure PEO. Only at a silicate concentration of

5.0 wt%, a marked increase can be observed (Fig. 17). The

silicate concentration is found to only weakly influence the

decomposition temperature of the nanocomposites based on

modifier C/c and E/e. The PEO/Lap-mod A/a nanocompo-

site, however, shows a distinct increase of the temperature at

a silicate concentration of 5.0 wt%.

The influence of clay addition on the thermal stability is

often assigned to the increased length of the pathway for the

volatile degradation products [14,25,26]. It is furthermore

believed that the barrier effect increases during decompo-

sition due to a reassembly of the silicate layers parallel to

the surface. The increase of the decomposition temperature

for the present nanocomposites is rather limited when

compared to other polymeric nanocomposites [14]. A

similar low increase has been observed previously for

nanocomposites of PEO and various Cloisite clays [4]. This
can be attributed to the difference in actual degradation

mechanism of the different polymers and the possible

specific interactions between PEO and the clay material

[25]. The distinct difference between the pure Laponite

nanocomposites and those based on the modified clays,

especially at low silicate loadings, appears not to be related

to the intergallery spacing between silicate layers. The

presence of the (decomposed) modifier between the silicate

layers may provide an additional hindrance for the volatile

decomposition products of PEO to diffuse. The increased

temperature for the pure Laponite and the Lap-mod A/a

based nanocomposites at higher silicate loadings is probably

related to structural effects. The silicate layers seem to

provide a better barrier at a higher silicate concentration.

When comparing the results of the PEO/(pure) Laponite

nanocomposites with those of the corresponding PEO/

Cloisite NaC nanocomposites [4], the latter display higher

decomposition temperatures (silicate concentration

%2.5 wt%). It is thought that the lower aspect ratio of the



Table 6

Thermal characteristics determined via DSC measurements of the different LMW PEO nanocomposites at various silicate concentrations

Silicate concentration

(wt%)

First heating Cooling, Tc,onset (8C) Second heating

DHm1 (J/g PEO) Tm1,onset (8C) DHm2 (J/g PEO) Tm2,onset (8C)

LMW PEO 168.5G3.0 59.8G1.2 52.0G0.2 161.6G3.6 58.3G2.3

Laponite RD

0.5 160.2 59.0 51.9 150.9 54.1

1.0 163.8 60.1 52.1 153.9 55.8

2.5 161.0 59.8 51.2 149.9 55.7

5.0 169.9 61.0 50.8 158.8 59.1

Lap-mod a

0.5 166.5 62.3 51.9 155.4 58.7

1.0 163.7 61.7 52.0 155.6 59.0

2.5 171.6 62.3 52.1 159.6 60.0

5.0 173.1 60.5 51.2 162.7 59.2

Lap-mod c

0.5 168.0 62.8 52.0 158.4 59.3

1.0 166.9 61.6 51.4 156.8 56.5

2.5 161.4 61.5 51.6 150.9 59.4

5.0 165.1 61.6 50.8 153.6 58.8

Lap-mod e

0.5 165.9 61.8 52.3 160.1 59.8

1.0 165.4 62.5 51.7 157.3 56.8

2.5 164.5 61.1 51.4 155.0 58.2

5.0 165.1 62.8 50.6 157.6 58.8
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Laponite clay is less efficient in providing a good barrier. At

a higher silicate concentration, this effect appears to be

minimised, probably due to overlapping clay platelets.
4. Conclusions

It was possible to organically modify Laponite clay with

low molar mass PEG’s. The temperature of modification

proved to be less important, providing means for the clay to

be easily modified at room temperature in a non-oxidative

environment. Based on the obtained basal spacings, the

following order of efficiency of the different modifiers could

be established: poly(ethylene glycol) methyl ether (C/c) O
tetraethylene glycol dimethyl ether (E/e) O4,7,10-trioxa-

1,13-tridecanediamine (A/a) Opoly(ethylene glycol) (B/b)

Opoly(ethylene glycol)bis(carboxy methyl)ether (D/d). It is

believed that the modifier is present in a non-crystalline,

double layer conformation for modifier A/a, B/b and E/e.

Modifier C/c is present in an intermediate conformation,

pending between a ‘bilayer’ and a ‘trilayer’, or paraffin-type

of organisation. The modified clays displayed good thermal

stability at the nanocomposite processing temperature.

The PEO nanocomposites based on pure Laponite, as

well as the modified Laponite nanocomposites (modifier

A/a, C/c and E/e), display only a very minor improvement

of the mechanical properties, irrespective of the PEO molar

mass. The reason was found to be twofold. The initial aspect

ratio of the Laponite clay is low, w/tZ25, and the obtained

basal spacing increase were very limited (DdZ6.8–9.6 Å).

It can be concluded that the effective aspect ratio of the
dispersed clay is too low to provide the desired improve-

ment of the mechanical properties. The applied organic

modification does not result in a better intercalation/exfolia-

tion process. It can be concluded that the ion-dipole

modification route provides a less effective modification

when compared to the cation exchange modification.

The addition of clay to semi-crystalline PEO does not

lead to a nucleation of the PEO crystallisation. In contrast, it

was found that the clay inhibits the crystallisation resulting

in decreased heat of fusions. The effect is the strongest for

the pure Laponite nanocomposites and is attributed to the

presence of the NaC ions. In the presence of a modifier is

believed to shield the PEO from the interfering cations. The

nanocomposites based on the modified Laponite have an

increased thermal stability at very low clay loadings,

whereas the stability of the PEO/pure Laponite nanocom-

posites was only improved at higher silicate concentrations.
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