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Abstract

Polyethylene/montmorillonite (PE/MMT) nanocomposites with different dispersion states of MMT were prepared by in situ polymerization.

Isothermal crystallization of the intercalated nanocomposite, in which the PE chains were confined in the MMT layers, was studied and was

compared with that of the exfoliated nanocomposite. It is observed that the intercalated sample has longer induction period, longer crystallization

half time and larger crystallization activation energy than the exfoliated sample, showing that crystallization of PE is retarded due to confinement

of the MMT layers. Analysis of crystallization kinetics shows that Avrami exponent (n) increases gradually with crystallization temperature.

However, the maximal value of n is 2.0 for the intercalated sample, but it can reach 3.0 for the exfoliated sample. It is inferred that the stems of the

PE crystals confined in the MMT layers are parallel to the MMT layers. The Hoffman–Weeks extrapolation method cannot be applied in the

intercalated sample because of the small lateral surface of the PE crystals. Based on the depression of the melting temperature, the specific free

energy of the PE/MMT interface was estimated, which is about 1.0 mJ/cm2, much smaller than the free energy of the lateral surface of PE crystals.

This is attributed to the origin of the strong nucleation effect of MMT.

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

Polymer/clay nanocomposites usually have improved

properties when compared to the neat polymers, such as better

mechanical properties, higher thermal stability, reduced

thermal expansion coefficients and gas permeability [1–10].

The clay can exist in the nanocomposites in two forms:

intercalated and exfoliated. Melting blending and solution

blending methods are frequently used for preparation of

polymer/clay nanocomposites [11–22]. However, fully inter-

calated nanocomposites cannot be prepared through both ways

and there are always lots of polymers outside the clay layers.

Polymer/nanocomposites can also be prepared by in situ

polymerization, in which monomer and catalyst (or initiator)

are loaded into the clay layers and polymerization takes place

in the clay layers [23–33]. With the progress of polymerization,

the d-spacing between clay layers increases gradually and
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the dispersion state of the clay changes from intercalation into

exfoliation. As a result, if the amount of polymer polymerized

in the clay layers is controlled at a low level, fully intercalated

nanocomposite with few polymers outside the clay layers

can be prepared. Such a nanocomposite provides a perfect

model for study on behavior of polymer confined in a two-

dimensional space [34,35]. For example, it has been revealed

that crystallization of polymer is suppressed when the polymer

chains are intercalated into the nano-galleries of the clay

[36,37].

Moreover, crystalline polymer/clay nanocomposites have

been well studied. It is observed that clay can greatly affect

crystallization of polymer. The most frequently reported is

nucleation effect of the clay [17,38–42]. The nucleation process

involves polymer-clay interface and thus specific free energy of

polymer-clay interface is an important parameter. However, to

my best knowledge, so far there is few data of the specific free

energy of polymer-clay interface reported [43–46].

In our previous work, ethylene polymerization was

conducted using metallocene supported between the montmor-

illonite layers as catalyst [33]. By controlling the polymer-

ization time (i.e. polymer content), both intercalated
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Fig. 1. WAXD patterns of Zr-MMT(supported catalyst) and the PE/MMT

nanocomposites obtained at different polymerization times (tp).
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polyethylene/montmorillonite (PE/MMT) nanocomposite

with few polymers outside the MMT layers and fully exfoliated

PE/MMT nanocomposite were obtained [47]. In the present

work, isothermal crystallization behavior of the intercalated

nanocomposite, in which PE chains was confined between the

MMT layers, was studied and was compared with that of the

exfoliated nanocomposite.

2. Experimental

2.1. Preparation and characterization of the PE/MMT

nanocomposites

Details of preparation and characterization of the nano-

composites have been described in Ref. [33]. Sodium

montmorillonite (Na-MMT) was purchased from the Zhejiang

Huate Company, China. Its specific surface is 700 m2/g, and

the cation-exchange capacity is 90 mmol/g. The clay was

purified according to standard sedimentation methods and

dried under vacuum at 200 8C overnight. The catalyst

intercalated inorganic montmorillonite was prepared in the

following procedures. 0.87 g of inorganic MMT was treated

with 4 mL of methyl aluminoxane (MAO) solution (10 w/v%

in toluene) at 50 8C in 20 mL of toluene (refluxed and distilled

under argon with sodium benzophenone ketyl as indicator) for

4 h, followed by washing with 3!20 mL of dry toluene. Then

20 mg of (n-Bu-Cp)2ZrCl2 in 20 mL of toluene was added to

the treated MMT and kept at 50 8C for 4 h, followed by

washing with 3!20 mL of dry toluene. After drying under

vacuum for 6 h, the intercalated MMT, named Zr-MMT, was

obtained. Ethylene polymerization was conducted in a 100-mL

flask equipped with an ethylene inlet and a magnetic stirrer.

At first 0.18 g of Zr-MMT and 50 mL of toluene were added.

After the toluene was saturated with ethylene of 1 atm pressure,

1.0 mL of MAO solution was injected to initiate the

polymerization at 50 8C. The polymerization was terminated

by the addition of acidified ethanol, and the polymer was

washed with ethanol and dried in vacuum oven at 50 8C. By

control of polymerization time, two composite samples,

namely intercalated sample and exfoliated sample, were

prepared. The content of PE in the nanocomposites were

determined by extraction with xylene, and the xylene-

extractable polyethylene was subjected to gel permeation

chromatography (GPC) characterization, which was performed

on a PL GPC-220 in 1,2,4-trichlorobenzene at 150 8C using

narrow polystyrene as the standard. XRD analyses were

performed using a Siemens D5000 diffractometer with Cu

radiation (40 kV, 40 mA). Scanning was in 0.028 steps at a

speed of 28/min. Transmission electron microscopy (TEM)

micrographs were obtained with a JEM-1230 using an

acceleration voltage of 120 kV.

2.2. DSC experiments

DSC experiments were carried out in a Perkin–Elmer Pyris-

1instrument. About 4–5 mg of the sample was encapsulated in

an aluminum pan. The samples were first kept at 200 8C for
5 min to erase the thermal history, then were cooled to pre-set

temperature at cooling rate of 100 8C/min to conduct

isothermal crystallization. After crystallization, the samples

were heated to melt at a rate of 10 8C/min.
3. Results and discussion

3.1. Structure of PE/MMT nanocomposites

Before discussing the structure of PE/MMT nanocompo-

sites, preparation of the MMT-supported catalyst is briefly

introduced. The MMT was first treated with MAO, which can

react with residual water existing between the MMT layers.

Then the metallocene catalyst added reacts with the supported

MAO to form ion pairs, in which the metallocene forms the

cation and MAO forms the anion. As a result, the catalyst can

be easily loaded into the MMT galleries though the MMT is

hydrophilic. The metallocene physically absorbed onto the

MMT was removed by repeated washing until no metallocene

is detected in the solution. The WAXD patterns of Zr-MMT

and the PE/MMT nanocomposites prepared at different

polymerization times (tp) are shown in Fig. 1. It is found that

after immobilization of catalyst on MMT, the (001) WAXD

peak of MMT becomes diffused, as compared with the sharp

peak of neat MMT [33]. This also shows that the catalyst is

loaded into the MMT galleries, leading to the irregular

d-spacing between the MMT layers. Fig. 2 shows the TEM

micrographs of the PE/MMT nanocomposites. It is found that

in the nanocomposite prepared at tpZ15 min the MMT layers

aggregate seriously. Since MMT is dark in TEM observation,

only image of low magnification is obtained for this sample and

the d-spacing between the MMT layers cannot be determined

by TEM and can only be calculated from its WAXD pattern.

However, the aggregated morphology can be viewed as

indirect evidence that few polymers exist outside the MMT



Fig. 2. TEM micrographs of the PE/MMT nanocomposites obtained at different

polymerization times (tp). (a) tpZ15 min, the scale bar is 1000 nm; (b)

tpZ45 min, the scale bar is 200 nm.
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layers. The MMT layers are not very clear in the sample

prepared at tpZ45 min either because all MMT has been

exfoliated into thin layers by PE. However, we still can see

some regular lamellar structure and the d-spacing is about

10–20 nm. Table 1 summarizes polymerization time, poly-

ethylene content, molecular weight and molecular weight

distribution of the PE/MMT nanocomposites. These two

samples were prepared with the sample catalyst but at different

polymerization times, thus the content of MMT in the

nanocomposites can be regulated. One can see from Fig. 1

that after polymerization for 15 min, the lamellar structure of

the MMT is still retained, but the d-spacing between the MMT

layers becomes a little larger, as compared to that of Zr-MMT.

This shows that PE is produced between the MMT layers and

thus increases the d-spacing. In contrast, after polymerization

for 45 min, the content of PE in the PE/MMT nanocomposite is

increased and the (001) reflection from MMT basically

disappears, indicating that the MMT layers are exfoliated.

Molecular weight is another important evidence supporting

that polymerization proceeds in the MMT galleries at shorter

polymerization time. The data in Table 1 shows that the sample

obtained at tpZ15 min has higher molecular weight than the

sample obtained at tpZ45 min, though the former was prepared

at much shorter polymerization time. Because polymerization

proceeds in the MMT galleries, the rate of chain transfer is

greatly reduced, which results in high molecular weight PE.
Table 1

Polymerization time, polyethylene content, molecular weight and molecular

weight distribution of PE/MMT nanocomposites

Polymerization

time (min)

MMT content

(wt%)

Mn Mw/Mn

Intercalated

sample

15 23 6.7!104 3.3

Exfoliated

sample

45 11 4.4!104 2.6
After exfoliation of the MMT layers, the active sites are more

exposed to chain transfer reagent and the product has lower

molecular weight. Therefore, we can obtain completely

intercalated PE/MMT nanocomposite with few PE located

outside the MMT layers and exfoliated PE/MMT sample by

in situ polymerization.
3.2. Isothermal crystallization kinetics

Fig. 3 shows the heat flow curves of these two nanocompo-

sites during isothermal crystallization and the plots of relative

crystallinity (X(t)) versus crystallization time (t) at various

crystallization temperatures (Tc) are shown in Fig. 4. For the

purpose of comparison, the curves at TcZ125.8 8C in Fig. 4(a)

and (b) are compiled together and shown in Fig. 5. One can see

from Fig. 5 that at the same crystallization temperature the

crystallization rate of the intercalated sample is slower than that
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Fig. 3. Heat flow curves of PE/MMT nanocomposites during isothermal

crystallization. (a) Exfoliated sample; (b) intercalated sample.
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Fig. 4. Plots of relative crystallinity versus crystallization time at various

crystallization temperatures. (a) Exfoliated sample; (b) intercalated sample.

Fig. 6. Crystallization half time of the exfoliated sample and the intercalated

sample at various crystallization temperatures.
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Fig. 5. Comparison of the X(t)–t curves of the intercalated and exfoliated

sample at TcZ125.8 8C. The arrow indicates the induction period of the

intercalated sample.
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of the exfoliated sample. Moreover, it is observed that

crystallization starts immediately in the exfoliated sample

when crystallization temperature reaches, while there is an

induction period for the intercalated sample. Fig. 6 illustrates

crystallization half time of these two nanocomposites. It is

found that at the same crystallization temperature the

intercalated sample has longer crystallization half time than

the exfoliated sample, indicating slower crystallization rate.

These findings are in accordance with our results of non-

isothermal crystallization [48]. In non-isothermal crystal-

lization we found that crystallinity of the intercalated sample

increases very slowly in the initial period of crystallization,

though the onset crystallization temperature of the intercalated

sample is higher due to the stronger nucleation effect of the

MMT in this sample [48]. The slower crystallization rate of the

intercalated sample is mainly due to the confinement effect of
the MMT layers, but the higher molecular weight of this sample

may also play a minor role.

The isothermal crystallization kinetics of the PE/MMT

nanocomposites was treated with Avrami equation [49]:

1KXðtÞ Z
DHc

tZNKDHc
t

DHc
tZNKDHc

tZ0

Z expðKKtnÞ (1)

Where X(t) is the relative crystallinity at time t, DHc
tZN and D

Hc
t are the crystallization enthalpies on complete crystallization

and after time t. Therefore, we have:

ln½Klnð1KXðtÞÞ� Z ln K Cnln t (2)
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Fig. 7. Avrami plots of the exfoliated sample (a) and the intercalated sample

(b) at various crystallization temperatures.

Fig. 8. Avrami exponents at various crystallization temperatures.

Fig. 9. The values of ln K at various crystallization temperatures.
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The crystallization rate constant K and Avrami exponent n

can be determined from the intercept and slope in the plot of

ln[Kln(1KX(t))] versus ln(t).

Fig. 7 shows the Avrami plots of the intercalated and

exfoliated PE/MMT nanocomposites at various crystallization

temperatures. The values of n and ln K are shown in Figs. 8 and

9, respectively. It is observed that Avrami exponent increases

with crystallization temperature, and ln K decreases with

crystallization temperature for both the exfoliated and

intercalated samples. This phenomenon is similar to that

observed for neat polyethylene [29,50]. However, we notice

that the maximal value of n for the intercalated sample is

around 2.0, indicating two-dimensional growth of PE crystals

in this sample. In contrast, the Avrami exponent of the

exfoliated sample can reach 3.0 at high crystallization

temperature, showing three-dimensional growth of PE crystals.

The Avrami exponents of these two nanocomposites are in

accordance with their structure. In the intercalated sample

polymer chains are confined in the MMT layers and only two-

dimensional PE crystals are formed, while spherulites can be

formed in the exfoliated sample. Considering the smaller
d-spacing between the MMT layers and the melting tempera-

ture just slightly lower than that of neat PE, we can conclude

that the PE stems in the intercalated sample are parallel to the

MMT layers, but not perpendicular to the clay layers, as shown

in Fig. 10. Otherwise, if the PE stems are perpendicular to the

MMT layers, the lamellar thickness of PE crystals is

comparable to the d-spacing of the MMT layers and thus the

PE crystals will have a much lower melting temperature.

The crystallization rate constant K can be approximately

described by an Arrhenius equation:

K1=n Z K0exp
KDE

RTc

� �
(3)



Fig. 10. Schematic of PE crystals in the intercalated sample.
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where K0 is a pre-exponential factor, R is the universal gas

constant, and DE is the activation energy.

The value of the activation energy for the primary

crystallization process was calculated from the plot of (1/n)

ln K versus Tc (Fig. 11). It is observed that the Arrhenius plots

are linear only at higher crystallization temperatures for both

samples. The values of DE are 139.6 and 111.8 kJ/mol for the

intercalated and the exfoliated sample. The crystallization

activation energy is the sum of the transport activation energy

and the nucleation activation energy. As mentioned above, the

nucleation effect of the MMT on crystallization of PE is

stronger in the intercalated sample, as indicated by its higher

onset crystallization temperature in non-isothermal crystal-

lization [48]. Therefore, we believe that the larger crystal-

lization activation energy of the intercalated sample originates

from its higher transport activation energy, because the PE

chains are confined between the MMT layers and have poor

mobility.
3.3. Equilibrium melting temperature

The melting temperature of a polymer crystal with infinite

lateral size can be expressed by Thomson–Gibson equation:

Tm Z T0
m 1K

2se

lDHf

� �
(4)
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Fig. 11. Plots of (1/n)ln K versus 1/Tc.
Where Tm and T0
m are the melting temperature and equilibrium

melting temperature, respectively. se is the free energy of the

folding surface, l is the lamellar thickness of polymer crystals,

and DHf is the fusion enthalpy per unit volume.

Based on Eq. (4), Hoffman and Weeks derived the melting

temperature of polymer crystals with infinite lateral size [51]:

Tm Z 1K
1

g

� �
T0

m C
Tc

g
(5)

where g is the ratio of the crystal thickness to the thickness of

the initial nucleus at the crystallization temperature Tc, and g is

equal to

g Z
lDHfðT

0
mKTcÞ

2seT0
m

(6)

When the plot of melting temperature versus crystallization

temperature is extrapolated to Tc ZTm ZT0
m, the equilibrium

melting temperature of polymer crystals with infinite lateral

size can be obtained.

The Hoffman–Weeks plots for these two samples are

illustrated in Fig. 11. It is found that the value of T0
m is

144.7 8C for the exfoliated sample, which is very close to the

values reported for the neat linear polyethylene. Nevertheless,

the value of extrapolated T0
m for the intercalated sample is only

142.5 8C. Although the difference is only 2 8C, we found that at

the same crystallization temperature the melting temperature of

the intercalated sample is systematically lower than that of the

exfoliated sample.

There are two possibilities: (1) The intercalated sample has

lower equilibrium melting temperature than the exfoliated

sample. (2) The Hoffman–Weeks extrapolation is not

applicable to the intercalated sample. Since the exfoliated

sample has the same equilibrium melting temperature as the

neat PE, we believe that addition of MMT to PE doesnot affect

T0
m of PE and the second case is the real situation of the

intercalated nanocomposite. The reason for inapplicability of

Hoffman–Weeks extrapolation is that the PE crystals in the

intercalated sample have two small lateral surfaces and the

Hoffman–Weeks equation is only applicable to the polymer

crystals with infinite lateral size.

For the PE crystals shown in Fig. 10, we have:

DG Z 2xls0 C2als C2axse KalxðDFÞ (7)

Where DG is the free energy for formation of a crystal, DF is

the free energy difference between the supercooled liquid

phase and the bulk crystal phase, l is the lamellar thickness of

PE crystals, a and x are the lateral sizes of PE crystals, in which

a is equal to the d-spacing of MMT layers. se, s and s 0 are the

specific free energies of the folding surface, the lateral surface

and the PE-MMT interface, respectively. The expression of DF

can be approximately written as:

DF Z DHf KTmDSf Z DHf K
TmDHf

T0
m

(8)

While melting, DG is equal to 0, then the melting

temperature of PE crystals with thickness of l is:



Fig. 12. Hoffman–Weeks plots for the intercalated and exfoliated samples.
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Tm Z T0
m

1Kðð2s0=aÞC ð2s=xÞC ð2se=lÞÞ

DHf

� �
(9)

When the PE crystals are confined between the MMT layers

with PE stems parallel to the MMT layers, the value of x is

quite large, but the parameters a and l have smaller values.

The melting temperature of PE crystals is:

Tm Z T0
m

1Kðð2s0=aÞC ð2se=lÞÞ

DHf

� �
(10)

Comparing Eqs. (4) and (10), one can see that the lower

melting temperature of the intercalated sample is due to the

smaller lateral surface perpendicular to the MMT layer.

The free energy of the PE-MMT interface can be estimated

from the depression of the melting temperature. As shown in

Fig. 12, the melting temperature of the intercalated sample

is about 2 8C lower than that of the exfoliated sample when it

is extrapolated to TmZTc (lZN). Thus we have:

2 Z
2T0

ms0

ðaDHfÞ
(11)

and

s0 Z
aDHf

T0
m

(12)

The values of DHf and T0
m are 2.80!108 J/m3 and 417.7 K,

respectively [52]. The parameter a is 15.2 Å, which is

determined from the d-spacing of the MMT (Fig. 1). It is

found that the free energy of the PE-MMT interface s 0 is only

1.0 mJ/m2, which is much smaller than s (11.8 mJ/m2) for the

lateral surface and se (w100 mJ/m2) for the folding surface of

PE crystals [52].

For heterogeneous nucleation process, we have [53]:

DG ZKa0x0l0DF Cx0l0Ds C2a0l0s C2a0x0se (13)
where a 0, x 0 and l 0 are the dimension of the nucleated polymer

crystal embryo, respectively. Ds is the specific interfacial free

energy difference accounting for one surface contacting the

melt (of surface free energy x 0l 0s) and one surface contacting

the heterogeneous nucleus. The expression of Ds is [54]:

Ds Z s Cs0Ks00 (14)

where s, s 0 and s 00 are the specific interfacial free energies of

crystal-melt, crystal-substrate and melt-substrate interfaces,

respectively.

While for homogeneous nucleation process, we have [54]:

DG ZKa0x0l0DF C2x0l0s C2a0l0s C2a0x0se (15)

Comparing Eqs. (13) and (15), one can see that, if Ds is

smaller than 2s, heterogeneous nucleation is preferred. We

have known that s 0 is much smaller than s and s 00 is positive, so

Ds is actually smaller than 2s. As a result, the smaller specific

free energy of PE-MMT interface is the origin of the stronger

nucleation ability of MMT.
4. Conclusion

Isothermal crystallization of the PE/MMT nanocomposites

shows that confinement of MMT layers retards crystallization

of PE chains, leading to longer induction period, longer

crystallization half time and larger crystallization activation

energy. Avrami analysis implies that the growth of PE crystals

in the intercalated sample is two-dimensional and the PE stems

are parallel to the MMT layers. Because of the smaller lateral

surface of the PE crystals confined in the MMT layers, the

intercalated sample has lower melting temperature. Based on

the depression of melting temperature, the specific free energy

of the PE-MMT interface was estimated. It is found that the

specific free energy of the PE-MMT interface is much smaller

than those of the lateral surface and folding surface of PE

crystals.
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