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Abstract

In this study, poly(ethylene 2,6-naphthalate) (PEN)/layered silicate nanocomposites (PLSNs) were successfully prepared by the

intercalation of PEN polymer into organically-modified layered montmorillonite through the melt blending process. Both X-ray diffraction

data and transmission electron microscopy images of PEN/layered silicate nanocomposites indicate most of the swellable silicate layers were

exfoliated and randomly dispersed into the PEN matrix. Mechanical and barrier properties of the fabricated nanocomposites performed by

dynamic mechanical analysis and permeability analysis show significant improvements in the storage modulus and water permeability when

compared to neat PEN. Differential scanning calorimeter (DSC) was used to investigate the isothermal crystallization behavior and melting

behavior of PLSNs. DSC isothermal results revealed that the crystal growth process of PEN and PLSNs are a three-dimensional spherulitic

growth. The activation energy of PEN increases with increasing content of layered silicates. The result indicates that the addition of layered

silicate into PEN reduces the transportation ability of polymer chains during crystallization processes.

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

Polymer layered silicate nanocomposites (PLSNs) have

been the focus of academic and industrial attention in recent

years because the final composites often exhibit a desired

enhancement of physical and/or chemical properties relative

to the neat polymer matrix [1–5]. The synthesis of PLSNs is

done by the intercalation of monomers or polymers into

swellable layered silicate hosts. In most cases, the synthesis

involves either intercalation of a suitable monomer and then

exfoliating the layered host into their nanoscale elements by

subsequent polymerization or melt-direct polymer inter-

calation by using a conventional polymer extrusion process

[6–8]. The high aspect ratio layered silicate affects the

mechanical, physical and thermal properties of the synthe-

sizing polymer nanocomposites.

Poly(ethylene 2,6-naphthalate) (PEN) has received
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considerable attention due to its superior strength, low

permeability to gases and excellent thermal stability [9,10],

which is a possible candidate used in flexible substrate

display. Crystallization studies of PEN including crystalline

structure [11–13], crystallization kinetics [13], liquid-

induced crystallization [14], structural change/formation

during uniaxial [15–18] or biaxial drawing [15], flow-

induced crystallization [19], and crystal morphology [20–

23] have recently been reported and revealed a complex

polymorphic behavior. The various crystalline structures

differ with respect to the chain conformation and the chain

packing within a unit cell. Two major crystalline forms, a

and b form, were determined by Mencik [11] and Zachmann

et al. [12] as triclinic unit cells with aZ6.51 Å, bZ5.75 Å,

cZ13.2 Å, aZ81.338, bZ1448, gZ1008 and aZ9.26 Å,

bZ15.59 Å, cZ12.73 Å, aZ121.68, bZ95.578, gZ
122.528, respectively. Various effects on polymeric beha-

vior of PEN are dependent on the crystallization condition

such as crystallization temperatures and pre-melting

temperatures [11–15]. Nevertheless, no further work

appears and a deep understanding of the formation of both

crystalline forms is still lacking.

It is well known that the physical and mechanical
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properties of crystalline polymers depend on the structure

and the morphology of the polymer crystallites and on the

degree of crystallization. It has been recently found that the

crystallization behavior and crystalline morphology of

polymer nanocomposites are strongly affected by the

presence of the layered silicates, including of polyamide

[24–26], polypropylene [27–29], poly(3-caprolactone)
[30,31] and syndiotactic polystyrene [32–34]. General

effects included induced polymorphism [24–27,32–34],

small and irregular crystallite [27], increased crystallization

rate [31–33] and alteration of the crystal fraction [32]. The

extent of these effects depends on process history and

specific characteristics of the resin.

In this report, we have used organically-modified

montmorillonite as the dispersed phase to prepare PEN/

layered silicate nanocomposites by melt-direct intercalation

of PEN into swellable layered hosts. Due to the presence of

rigid naphthalene ring in its backbone, it was not thought

that homogeneous dispersion of the silicate layers in PEN

would be realized. Therefore, the montmorillonite has been

modified by n-hexadecyl trimethyl-ammonium bromide

(CTAB) cations and then polymerized by a mixture of

styrene and methyl methacrylate monomer at a styrene/-

methyl methacrylate ratio of 8/2 with potassium presulphate

as a catalyst to provide the chemical similarity between

polymer matrix and surface-modified clay, which may

further improve their interaction. The PLSNs have been

prepared through the direct insertion of PEN polymer chains

from the melt into the surface-treated clay. A conceptual

illustration of the preparation of PLSNs is shown in Fig. 1.

X-ray diffraction data indicate most of the swellable silicate

layers were exfoliated and randomly dispersed into the PEN

matrix. To the best of our knowledge this is the first report

of exfolicated silicate layers within a PEN matrix. The
Fig. 1. Schematic representation of the preparation of
physical properties of prepared nanocomposites were

measured by dynamic mechanical analysis (DMA) and

permeability analysis. Since the final mechanical properties

of PLSNs are directly related to the crystalline features and

behaviors [35,36], it is necessary to characterize the

microstructure of PLSNs during formation. In particular,

the addition of small amount of nanoscale layered silicate

into PEN affected their crystalline behaviors during sample

formation. This work is focused on the isothermal melt-

crystallization kinetics and melting behavior of PLSNs from

DSC thermal analysis. The parameters of crystallization

kinetics, such as the laternal-surface and fold-surface energy

of isothermal crystallization as well as the activation energy

of PEN and PLSNs can also be discussed.
2. Experimental

2.1. Preparation of PLSNs

The poly(ethylene 2,6-naphthalate) (PEN) with weight

average molecular weight (Mw) of 60,000 was kindly

supplied by Union Chemical Laboratory (Hsinchu, Taiwan).

Natural sodium montmorillonite (MMT) with a cation

exchange capacity (CEC) of 110 mequiv/100 g was used as

the dispersed phase to reinforce the PEN. The surface of

natural sodium MMT was modified by cationic exchange

between NaC in MMT galleries and n-hexadecyl trimethyl-

ammonium bromide (CTAB) cations in an aqueous solution

at 60 8C for 2 h. The exchanged MMT was then polymer-

ized with a mixture of styrene and methyl methacrylate

monomer at a styrene/methyl methacrylate ratio of 8/2

with potassium presulphate (KPS) as a catalyst. The PLSNs

were prepared by a melt-direct intercalation process using
PEN/organically-modified clay nanocomposites.
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surface-treated MMT and PEN at 280 8C in a Haake mixer

for 10 min.

Samples of pure PEN and PLSNs were sandwiched

between two cover glasses and heated on a hot stage at pre-

melting temperature (Tmax) of 300 8C. The sample was

pressed into a thin film with thickness in the range of

0.03 mm by tweezers, kept for 20 min to eliminate any

thermal history and the memory of crystalline form in the

melt and then cooled to the proposed crystallization

temperatures (Tcs) in the range of 228–240 8C.
2.2. Characterization

X-ray q/2q diffraction scans of these specimens were

obtained using a 3 kW Rigaku III diffractometer equipped

with Ni-filtered Cu Ka radiation in the reflection mode.

Thermal analysis of the samples was preformed using a

Perkin–Elmer PYRIS Diamond differential scanning calori-

meter (DSC) calibrated using indium and all experiments

were carried out under a nitrogen atmosphere. All speci-

mens were in the range of 5–6 mg. For isothermal crystal-

lization, the specimens were heated to TmaxZ300 8C at a

rate of 100 8C/min and held for 20 min to remove the

residual crystals, then they were quickly cooled to the

proposed crystallization temperatures (Tcs) in the range of

228–40 8C. Heat fusion versus time for isothermal crystal-

lization (DHc) was recorded. Therefore, the crystallization

temperature (Tc), exothermic heat of crystallization (DHc),

crystalline melting temperature (Tm), and heat of fusion of

polymer crystalline (DHm) for the PEN and PLSNs are

recorded. The specimens isothermally crystallized at the

crystallization temperatures were heated to TmaxZ300 8C at

a rate of 10 8C/min.

Transmission electron microscopy was carried out with a

JOEL transmission electron microscope using an accelera-

tion voltage of 120 keV. Ultrathin section of the PEN/clay

film with a thickness of approximate 50 nm was prepared

with an ultramicrotome equipped with a diamond knife. Due

to the high electron density difference between silicate and

polymer matrix, staining of the samples was not necessary.

Dynamic mechanical analysis (DMA) experiments were

performed on a Perkin–Elmer instrument DMA 7e appar-

atus equipped with a film tension clamp. The instrument was

programmed to measure E 0 (storage modulus) over the

range of 30–170 8C at 2 8C/min heating rate and 1 Hz

constant frequency. Calibrations for force, mass, position,

and temperature were made in accordance with Perkin–

Elmer procedures. The specimen films were cut with length-

to-width ratiosO6 to guarantee uniform strain of the

samples and the collected data were reproducible. Per-

meability measurements for water were performed on a

25-cm2 active sample area at 100% relative humidity and

40 8C using a MOCON PERMATRAN-W 3/61 instrument.

Water transmission was measured for the neat PEN and

PLSNs with a nominal thickness of 100 mm.
3. Results and discussion

3.1. Morphology of PLSNs

Fig. 2 (curves (a) and (b)) shows X-ray diffraction data of

neat layered montmorillonite and montmorillonite modified

with a mixture of CTAB, ST and MMA. It is clear that the

X-ray peaks shift to smaller angle for the organically

modified montmorillonite. The interlayer distances of the

silicates were obtained from the peak position (d001-

reflection) of WAXD traces. The d001-reflection for the

neat layered montmorillonite was found at a 2qz7.128,

which corresponds to an interlayer distance of 12.5 Å

(Fig. 2, trace a). Surface modification by CTAB cations and

PMMS/PS polymer chains afforded substantially increased

interlayer distances of montmorillonite. The X-ray reflec-

tion of surface-modified clay (trace b in Fig. 2) was found

at 2qz2.408, corresponding to an interlayer distance of

36.8 Å. The X-ray diffraction curves of 1 and 3 wt% PLSNs

are also shown in Fig. 2. Both X-ray diffraction scans of

nanocomposites exhibited no d001-reflection in the relevant

region, thus indicating the presence of interlayer distances at

least larger than 48 Å or no regular periodicity. These

results also show that PEN can be well dispersed in the

surface-treated layered montmorillonite, thus further

increasing the interlayer distances of montmorillonite.

Although X-ray is the simplest method to measure the

interlayer distance of montmorillonite, TEM was also used

to visually evaluate the degree of intercalation and the

amount of aggregation of layered silicate clusters. Fig. 3

shows transmission electron microscopy micrographs of

3 wt% PLSN in which the gray areas represent the silicate

layers in the PEN matrix (bright). From the TEM results, the

layered silicate is well separated in the PEN matrix.

Therefore, all those results demonstrated that most of PEN

is exfoliated into the swellable silicate layers.

3.2. Physical properties of PLSNs

Fig. 4 shows the temperature dependence of the storage

tensile modulus, G 0, of the neat PEN and PEN with different

layered silicate loadings over the range of 30–170 8C. Each

of the curves represents at least three different measure-

ments providing a standard deviation!G20 MPa. An

apparent glass transition is revealed by a steep decrease of

storage modulus followed by the initial glassy plateau in all

of the samples. This temperature is not significantly affected

by the incorporation of layered silicates. Over the entire

temperature range, the storage modulus of the 3 wt%

layered silicate content sample is higher than that of

1 wt% PLSN and neat PEN. Around room temperature the

amounts of improvement in storage modulus for 1 and

3 wt% loadings are 25.7 and 51.3%, respectively, compared

to neat PEN. On the other hand, at higher temperatures,

above 140 8C, all the samples reach a plateau, which sug-

gests a rubber-like structure composed of both crystalline



Fig. 2. X-ray diffraction scans of (a) neat layered montmorillonite, (b) surface modified montmorillonite, (c) 1 wt% PLSNs and (d) 3 wt% PLSNs.

T.-M. Wu, C.-Y. Liu / Polymer 46 (2005) 5621–56295624
and amorphous phases. In plateau regions above 140 8C, the

enhancement in storage modulus of PLSNs compared to

pure PEN is decreased to only 5–8%. This phenomenon is

also observed in other polymer/clay systems in which, after

a specific temperature, the effect of layered silicate on the

storage modulus becomes less significant and the nano-

composite stiffness becomes matrix dependent [4,5]. At

the temperature above 140 8C, it has almost reached the
Fig. 3. TEM micrographs of 3 wt% PLSNs. Silicate platelets are visible as

grey areas.
softening point of the PEN matrix which strongly reduce the

elastic response of the fabricated materials.

Another important feature of the PLSNs is their excellent

barrier properties. Water permeability of the neat PEN and

PLSNs were measured and the results are 11.5, 4.5 and

3.3 gm/m2 day for PEN, 1 and 3 wt% PLSNs. In the 1 wt%

PLSNs, there is a large decrease in the water permeability,

indicating a significantly improved water-barrier property of

the PEN. The reduction of permeability arises from the

longer diffusive path that the pentrants must travel in the

presence of the layered silicates. The reduction of water

permeability is further decreased with increasing the content

of layered silicate to 3 wt%.
3.3. Crystallization behavior of PLSNs

The crystallization kinetics of PEN and PLSNs can be
Fig. 4. Dynamic viscoelastic behavior of (a) neat PEN, (b) 1 wt % PLSNs

and 3 wt % PLSNs.
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analyzed by using classical Avrami equation [37,38] as

given in Eq. (1)

1KXt Z expðKktnÞ (1)

where Xt is the development of crystallinity Xc at time t. The

time (t1/2), at which half crystallization occurs, can be

assumed. The fraction of Xt is obtained from the area of the

exothermic peak in DSC isothermal crystallization analysis

at a crystallization time t divided by the total area under the

exothermic peak.

Xt Z

ðt
0

dH

dt
dtðN

0

dH

dt
dt

Z
DHt

DH0

(2)

where the numerator is the heat (DHt) generated at time t

and the denominator is the total heat (DH0) generated up to

the complete crystallization. In Eq. (1), the k value is the

crystallization rate constant (minK1) and n value is the

Avrami exponent. Both k and n depend on the nucleation

and growth mechanisms of spherulites. In order to convert

conveniently with the operation, Eq. (1) can be transformed

into

ln½Klnð1KXtÞ�Z n ln tC ln k (3)

Fig. 5 shows the plot of ln [Kln (1KXt)] versus ln t for

PEN. The k and n values could be directly obtained using

Eq. (3) from the intercept and slope of the best-fitting line.

The crystallization behavior is usual to distinguish the linear

stage, i.e. before the kinetic curve deviates markedly from

the theoretical isotherms, as well as the primary crystal-

lization from the non-linear stage for the secondary

crystallization. The primary crystallization consists of the

outward growth of lamellar stacks until impingement and

the secondary crystallization, which may overlap the

primary crystallization, is filling in the spherulites of

interstices. Many results have been suggested that both

primary and secondary crystallization were incorporated
Fig. 5. Avrami plots of ln [Kln (1KXt)] versus ln t for PEN.
into Avrami theory [39]. In the present work, we focus only

on primary crystallization. Several crystallization par-

ameters t1/2, k, and n of PEN and PLSNs are summarized

in Table 1. The plots of ln [Kln (1KXt)] versus ln t for 1

and 3 wt% PLSNs show similar tendency and their crystal-

lization parameters are also listed in Table 1. The isothermal

crystallization rates of PEN and PLSNs conducted by 1/t1/2
decrease as Tc increases and increases with the increasing

the content of layered silicate. These indicate that the

additional content of layered silicate does affect the

crystallization behaviors of the PEN. It is also found n

values are dependent on the content of layered silicate

and Tc.

For PEN sample, the n values range around 2.8–3.0 as

the increasing Tc. In general, a value of n close to 3 may

represent an athermal nucleation process followed by a

three-dimensional crystal growth. On the other hand, the

value of nz2.0–2.2 indicates that crystal growth may not

occur in three dimensions at an equal rate and hence a low

n value may be obtained. The non-integral n values we

obtained might be due to the presence of crystalline

branching and/or two stage crystal growth during the

crystallization process and/or mixed growth and nucleation

mechanism [40]. The n values of 1 wt% PLSNs are also in

the range of 3.1, which are close to those of PEN. Addition

of more layered silicate into PEN up to 3 wt%, the n values

are in the range of 2.7–2.9 and are close to those of PEN and

1 wt% PLSNs. Therefore, these results indicate that the

spherulitic formation of PEN and PLSNs are similar and the

introduction of clay into the PEN remain the crystal growth

process from a three-dimensional spherulitic growth. In

addition, the values of the crystallization rate parameters k

are apt to decrease with increasing Tc due to a gradual

decrease in the degree of supercooling. At the same time,

the values of k increase with increasing clay content,

indicating a significant increase in the heterogeneous

nucleation for PLSNs.

The crystallization rate parameter k can also be

approximately described as follows:

1

n
ðln kÞZ ln k0 K

DE

RT
(4)

where k0 is a temperature-independent pre-exponential

factor; DE is a total activation energy, which consists of

the transport activation energy DE* and the nucleation

activation energy DF (DE* refers to the activation energy

required to transport molecular segments across the phase

boundary to the crystallization surface and DF is the free

energy of formation of the critical size crystal nuclei at Tc);

R is the universal gas constant. Arrhenius plots of 1/n (ln k)

against 1/T for PEN and PLSNs are shown in Fig. 6, and

are approximately linear. The activation energy can be

determined from the slope of plots and is strongly dependent

on the content of layered silicate. The activation energy

slightly increases with increasing the content of layered

silicate. The result indicates that the addition of more



Table 1

Values of t1/2, k, and n at various Tc for PEN and PLSNs

Tc (8C) 228 230 232 234 236 238 240

PEN

t1/2 3.57 4.04 4.36 5.16 5.87 6.66 7.35

k 0.014 0.011 0.009 0.0007 0.004 0.002 0.002

n 3.04 2.99 3.00 2.81 2.95 3.00 3.00

1 wt% PLSN

t1/2t 1.54 2.07 2.37 2.65 2.97 3.39 4.14

k 0.093 0.067 0.048 0.033 0.023 0.015 0.009

n 3.10 3.12 3.10 3.10 3.10 3.10 3.11

3 wt% PLSN

t1/2 1.09 1.31 1.42 1.61 1.81 2.41 2.81

k 0.422 0.330 0.224 0.155 0.113 0.050 0.033

n 2.92 2.82 2.79 2.95 2.74 2.91 2.86
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layered silicate into the PEN matrix causes more hetero-

geneous nucleation, which is expected to obtain a lower DE.
But the addition of more layered silicate induced more steric

hindrance also reduces the transportation ability of polymer

chains during crystallization processes (a higher DE), the
DE of PLSNs increases as the content of layered silicate

increases from 1 to 3 wt%. Detail activation energy of PEN

and PLSNs are shown in Table 2.

Fig. 7 shows the DSC heating scans of PEN and 3 wt%

PLSNs after completion of isothermal crystallization at

various Tc and then are heated directly from Tc to TmaxZ
300 8C at a heating rate of 10 8C/min. It can be clearly seen

that the DSC heating curves of these specimens contain only

two endotherm behaviors. The first melting endotherm

(referred as Tm(I)) associated with the fusion of crystals

grown at Tc is corresponding to the thermodynamically most

stable b crystalline form. The second melting endotherm

(referred as Tm(II)) is attributed to the melting of crystallite

that was formed by melting and recrystallization during the

DSC heating scans. Recrystallization involving crystal

perfection and crystal thickening could melt at higher

temperatures, depending upon the degree of perfection

achieved.
Fig. 6. Arrhenius plots of 1/n (ln k) versus 1/T for PEN and PLSNs.
The equilibrium melting temperature T0
m of the PEN and

PLSNs can be determined by the plot of Tm versus Tc
according to Hoffman and Week’s equation [41,42]:

Tm Z T0
m 1K

1

g

� �
C

Tc
g

(5)

where g is a factor depending on the final laminar thickness.
Fig. 7. DSC thermograms of (a) PEN and (b) 3 wt% PLSNs cooled from

TmaxZ300 8C at various Tcs.



Table 2

Values of Ea, T
0
m, Kg, G0 andsse at various Tc for PEN and PLSNs

PEN 1 wt% PLSN 3 wt% PLSN

Ea (kJ/mol) 131.09 136.15 158.28

T0
m ðKÞ 555.23 565.01 564.07

Kg (K
2) 1.30!105 2.10!105 2.09!105

sse (J
2/m4) 9.15!10K4 14.68!10K4 14.64!10K4

s (J/m2) 1.78!10K2 1.78!10K2 1.78!10K2

se (J/m
2) 5.14!10K2 8.25!10K2 8.22!10K2

Fig. 8. Plots of ln(1/t1/2)CU*/[R (TcKTN)] versus 1/[fTcDT]!105 for PEN

and PLSNs.
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It is assumed that gZl/l*, where l and l* are the thickness of

a mature crystallite and of the critical crystalline nucleus.

T0
m can be determined from the crossing point of the TmZTc

line with the extrapolation of Tm as a function of Tc. This

procedure is equivalent to an extrapolation to infinite

lamellar thickness and the extrapolated equilibrium melting

points are in the range of 282–292 8C and are also listed in

Table 2. The T0
m determined from our experimental data is

close to that reported in the literature by using the Tc ranged

from 200 to 250 8C [43]. It can also be seen that the value of

T0
m increases with the addition of 1 wt% layered silicate,

suggesting that the crystalline phase in 1 wt% PLSNs is

more perfect than that of pure PEN. By adding more layered

silicate into PEN up to 3 wt%, the T0
m slightly decreases as

the content of layered silicate increases. This phenomenon

is probably due to the presence of more heterogeneous

nucleation to reduce the perfection of PEN crystallite in

PLSNs.

The regime theory of crystal growth is applied to analyze

those crystal growth data to obtain thermodynamic

parameters related to the crystallization process. It has to

be emphasized that overall crystallization rate are not as

simple to be interpreted as spherulitic radial growth because

of the combination of nucleation and growth phenomena.

According to the regime theory of crystal growth, the

temperature dependence of the linear growth rate (G) is

given as follows:

GZG0exp
KU�

RðTc KTNÞ

� �
exp

KKg

fTcDT

� �
(6)

where G0 a pre-exponential term; U* the diffusional

activation energy for the transport of crystallizable seg-

ments at the liquid–solid interface; TN the hypothetical

temperature below which viscous flow ceases;

fZ2Tc= T
0
mCTc

� �
), a correction factor that accounts for

the change of DH0
f (enthalpy of fusion of the perfect crystal)

with the temperature. The nucleation constant Kg contains

contributions from the surface free energies, and it can be

obtained from Eq. (6):

Kg Z
4bsseT

0
m

bkDH0
f

(7)

where b is the distance between two adjacent fold planes; s

and se are the lateral and folding surface free energy; k is the

Boltzmann constant; and b is a parameter which depends on
the regime of crystallization. The parameter b used in Eq.

(7) is 1 in regimes I and III and 2 in regime II. Because the

spherulite size of PLSNs is too small to estimate, the half

time of crystallization t1/2 instead of spherulitical growth

rate G can be used. Therefore, Eq. (5) can be rewritten as

follows:

ln
1

t1=2

� �
C

U�

RðTc KTNÞ
Z ln G0 K

Kg

fTcDT
(8)

Hoffman et al. [42] found TNZTgK30 K and U*Z
1500 cal/mol by fitting the crystallization rate data for

various polymers with Eq. (8).

Fig. 8 shows the plots of ln(1/t1/2)CU*/[R (TcKTN)]

versus 1/[fTcDT] for PEN and PLSNs. The Kg values

obtained from the slope of Fig. 6 are listed in Table 2. The

data of b of b crystalline form is 1.56 nm according to the

lattice parameter of PEN and the bulky enthalpy of fusion of

perfect crystal DH0
f is 190 J/g [44,45]. In order to determine

to which regime the data in the selected crystallization

temperatures belong, the Lauritzen Z test is usually applied

[46]. Z is a quantity defined by

Zz103
L

2a0

� �2

exp K
X

TcDT

� �
(9)

where L is the effective lamellar width and a0 is the width

of the molecular chain in the crystal. According to this

test, regime I crystallization kinetics are followed if the
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substitution of XZKg into the test results in Z%0.01. If with

XZ2Kg the test contains ZR1.0, regime II kinetics are

followed. As point out by Lauritzen and Hoffman [47], it is

more convenient to the known value of Kg and the

inequalities for Z to obtain the values of L in regimes I or

II and to estimate if such values of L are realistic. The a

crystalline unit cell of PEN is triclinic unit cell with the

lattice parameter aZ6.51 Å, bZ5.75 Å, cZ13.2 Å, aZ
81.338, bZ1448, gZ1008, while the b crystalline unit cell is

also triclinic with the lattice parameter aZ9.26 Å, bZ
15.59 Å, cZ12.73 Å, aZ121.68, bZ95.578, gZ122.528. It

will be pointed out later (Fig. 8) the crystalline structure in

the selected crystallization temperatures is b crystalline

form. Therefore, the thickness of a monomolecular layer, b0,

is 0.57 nm and the chain width, a0, is 0.65 nm [45].

Assuming Z%0.01 and substituting XZKg into the Z-test, L

will be smaller than 0.045 nm. This is clearly unrealistic.

Assuming ZR1.0 and substituting XZ2Kg into the Z-test,

we obtain LR4.99 nm and it is reasonable for PEN.

Therefore, the crystallization regime is determined to be

regime II.

Because the content of additional layered silicate is low,

the parameter of b and DH0
f can be assumed to be the same

as those of pure PEN. Therefore, the sse data of the PEN

and PLSNs are also determined from Eq. (7) and are in the

range of 9.15!10K4–14.68!10K4 J2/m4. For comparison,

the sse data of isotactic polystyrene (iPS) is 1.53!10K4 J2/

m4 [48] and is much smaller than those of PEN and PLSNs.

That is probably due to the presence of the bulky

naphthalene ring to limit the chain flexibility and increase

the end surface free energy se leading to an increase in sse.

Fig. 9 shows X-ray diffraction data of PEN, 1 and 3 wt%

PLSNs after melting at 300 8C and then quenching to the

temperature in the range of 208–220 8C. X-ray data of PEN

shows three intense reflections, (K1 K1 1), (0 2 0) and

(2 K4 2), at 2qy16.4, 18.5 and 25.58 characteristic of the b

crystalline form. The peak positions of these reflections of
Fig. 9. X-ray diffraction scans of (a) PEN, (b) 1 wt % PLSNs and (c) 3 wt %

PLSNs after melting at 300 8C and then quenching to various Tcs.
PLSNs are almost equivalent to those of PEN but the peak

profiles of PLSNs are slightly broader than those of PEN

matrix. These results indicate that the PEN and PLSNs have

the same crystalline structure. Therefore, our previous

assumption that PLSNs have the same b of b crystalline

form as that of pure PEN matrix is reasonable.
4. Conclusions

The PLSNs have been successfully prepared through the

direct insertion of PEN polymer chains from the melt into

the surface-treated clay and contained exfolicated silicate

layers within a PEN matrix. Mechanical and barrier

properties of the fabricated nanocomposites measured by

dynamic mechanical analysis and permeability analysis

show significant improvements in the storage modulus and

water permeability when compared to neat PEN. The sse
data of the PEN and PLSNs are in the range of 9.15!10K4–

14.68–10K4 J2/m4, which is much higher than that of

isotactic polystyrene (iPS). This is probably due to the

presence of the bulky naphthalene ring to limit the chain

flexibility and increase the end surface free energy se
leading to an increase in sse.
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