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Abstract

Polymer nanocomposites prepared by melt-mixing syndiotactic polypropylene (sPP) with a quaternary modified montmorillonite have been

studied with FT-IR and XRD spectroscopic techniques. FT-IR spectroscopic analysis has shown that the addition of the nanoclay results in a

higher helical content for the syndiotactic polypropylene matrix. Furthermore, FT-IR spectroscopy showed that the presence of the nanoclay

hinders the polymeric chains from achieving the degree of transformation from helical to trans-planar form during the application of mechanical

stress compared to the neat sPP case. Accordingly, the sPP nanocomposites show a higher tendency relative to neat sPP to return to the initial

helical conformation upon either releasing the applied mechanical tension or upon exposing to heat at 120 8C. Additionally, XRD patterns

provided evidence that the use of low concentration of nanoclay (1%) resulted in partially exfoliated nanocomposites, while only intercalated

nanostructures were produced at high nanoclay contents (10%). However, the application of stress can improve the degree of exfoliation of an sPP

nanocomposite. In addition, linear dichroic infrared measurements which allow the monitoring of the influence of the nanoclay on the orientation

of the polymeric chains during the application of stress showed that the trans-planar infrared bands exhibit lower orientation in comparison to the

same bands in neat sPP, while the addition of nanoclay has no particular influence on the orientation of the infrared bands that are related to helical

conformations. Finally, dynamic mechanical analysis (DMA) verified the enhanced mechanical properties of the sPP nanocomposites relative to

neat sPP, whereas differential scanning calorimetry (DSC) depicted a slight increase in the glass transition temperature of the polymeric matrix in

these nanocomposites, especially for low clay concentrations.

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

Organic–inorganic nanometer composites and especially

those systems that are based on organic polymers and inorganic

clay minerals consisting of layered silicates have attracted the

interest of many studies in recent years after the initial reports

from the Toyota research group [1–3]. The polymer

nanocomposites were found to exhibit enhanced properties

synergistically originated from both of the two components of

the composite materials. In particular, reports on enhanced

mechanical properties [3–6], thermal stability [7], fire retardant

properties [8,9], biodegradation [10], gas barrier properties and

ionic conductivity [11] can be found in the literature. Two
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types of structures of polymer/layered silicate nanocomposites

can be obtained depending on the degree of dispersion of the

nanoclay in the polymeric matrix: intercalated structures or

exfoliated structures [12,13]. In the case of poor dispersion, the

structure obtained is a conventional phase separated composite

(microcomposite). In the intercalated structure the polymer

chains are intercalated between the silicate layers increasing in

this way their gallery height but maintaining their layered

stacking resulting in a well ordered multilayer with alternating

polymer/silicated layers. On the other hand, in the exfoliated

structure the silicate layers lose their stacking and are

exfoliated and dispersed in the continuous polymeric matrix.

Three different experimental procedures have been reported

so far to fabricate the polymer/layered silicate nanocomposites:

(a) the solution-intercalation method in which a polymer or a

prepolymer is dissolved in a solution with the clay [14], (b) the

in situ polymerization method, where a monomer is dissolved

in a solution with the clay followed by in situ polymerization

[15], and (c) the direct melt intercalation method in which
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the polymer is melt-mixed with the clay above the softening

point of the polymer [16]. Melt-intercalation is a very

prominent procedure since the use of organic solvents is not

required and could be easily applied in industry. A crucial

factor for succeeding exfoliated structures is the organic

modification of the silicate layers so that they can be miscible

or compatible with the hydrophobic polymeric matrix. Cationic

exchange between the silicate layers with long chain

alkylammonioum cations reduces their surface hydrophilicity

favoring the interaction with the polymeric chains.

Several polymer nanocomposites based on polyethylene

[17], polypropylene [3,18], polyamide-6 [19], polylactide [20]

etc have been prepared using the melt-intercalation method.

The use of polyolefins as a polymeric matrix is preferable due

to their wide use in the industry and their low cost. Contrary to

the abundance of studies on isotactic polypropylene nanocom-

posites, the formation and investigation of nanocomposites

based on syndiotactic polypropylene only very recently has

been reported for the first time [21]. Neat sPP has gained great

scientific interest in recent years, primarily due to the

development of new metallocene catalysts that allow the

synthesis of polyolefins of stereoregularity, purity and yield

[22]. The necessity to improve the less efficient properties of

sPP (considerably lower crystallinity, maximum achievable

tensile modulus and strength) in comparison to iPP, as well as

the very complicated polymorphism of this polymer combined

with the lack of studies on sPP layered silicate nanocomposites

makes this area of polymer research very attractive.

When the crystalline structure of sPP is considered, the

existence of four crystal forms of sPP has been confirmed so

far. The first crystalline form, depicted as form I, is the most

stable form obtained under the most common conditions [23,

24]. It consists of repeated trans–trans–gauche–gauche

molecular sequences, (T2G2)n and is characterized by chains

in helical conformation [23,25,26]. In this form the helical

chains are antichiral [23,24] with an alternation of right-handed

and left-handed helices along both axes of an orthorhombic

[23] unit cell with axes aZ14.5 Å, bZ11.2 Å and cZ7.4 Å. A

refinement of the crystal structure of form I has been proposed

by De Rosa et al. [27], which has a unit cell of a lower

symmetry with axes aZ14.31G0.07 Å, bZ11.15G0.02 Å,

cZ7.5G0.1 Å and gZ90.3G1.58. In contrast, form II,

corresponds to a C-centered structure [26] which consists

also of helical chains and the helices have the same chilarity

[26,28]. Chains in form II are packed in an orthorhombic unit

cell with axes aZ14.5 Å, bZ5.6 Å and cZ7.4 Å [27]. This

form can be obtained by annealing fiber samples of sPP [25,26]

or by stretching compression molded sPP samples with low

stereoregularity [26,28]. Form III is a metastable form of sPP

which can be obtained through cold drawing of samples

quenched from melt at low temperatures [29] or by stretching

compression molded sPP samples with high stereoregularity at

room temperature [25,28,30]. This form is characterized by

chains in trans-planar conformation [31] which are packed in

an orthorhombic unit cell with axes aZ5.22 Å, bZ11.17 Å

and cZ5.06 Å [29]. The trans-planar form III can be

spontaneously induced during quenching and holding sPP
samples into ice–water for several hours [32–35]. In this case,

although the chains adopt the trans-planar conformation this

form cannot be identified as the known crystalline form III, but

rather as a mesophase, or also paracrystalline, disordered phase

[35]. Syndiotactic polypropylene of all-trans form (form III) is

transformed to form IV characterized by chains in (T6G2T2G2)n

conformation upon exposure to organic solvents vapors [36]. A

triclinic structural model for this form was proposed by Chatani

et al. [36] which corresponds to the packing of one chain per

cell with constants aZ5.72 Å, bZ7.64 Å, cZ11.60 Å, aZ
73.18, bZ88.88, gZ112.08, space group P1 descriptive of local

situation of order. In contrast, Auriemma et al. [37] proposed a

monoclinic structural model in which two chains are included

in the cell with constants aZ14.17 Å, bZ5.72 Å, cZ11.6 Å

and bZ108.88, space group C2, descriptive of the order in the

long range.

Furthermore, the main interest of several authors is focused

on the crystalline phase transformations that take place

between the various forms of sPP upon exposure to stress or

heat. For instance, stretching an sPP sample of form I, the

chains that initially adopt the helical conformation transform

into a configuration where the trans-planar conformation

dominates. Additionally, some authors believed that upon

releasing the applied stress of sPP samples in form III the pure

form II can be obtained [28,38,39]. On the other hand,

Guadagno et al. [40,41] believe that the released samples

transform towards different forms with a memory of the initial

structure. In particular, they showed evidence that the samples

transform into oriented helical structures if the structure before

the tension was form I type or into an oriented mesophase if the

initial structure was the mesophase. In a more recent study the

same authors showed that when the highly stretched sample in

the crystalline trans-planar form III was relaxed it transformed

into a less oriented mesophase, still exhibiting chains in the

trans-planar conformation [42]. Some helical segments were

also formed but they reside in the amorphous domains. Our

recent publication [43] is more in agreement with the last

mentioned studies since we have found that when the samples

are released from the tension the reversal to the initial helical

structure is not complete but the macromolecular chains result

in a mixture of helical and trans-planar conformations.

In addition, many authors have extensively studied the

effect of heat on the various polymorphs of sPP which also

induces phase transformations. However, there is also

contradiction among these studies. For instance, in the case

of the thermal treatment of the trans-planar conformation,

there is disagreement about the temperature region where the

phase transformation takes place and the exact structure in

which the trans-planar form is transformed. Bonnet et al. [44]

mentioned that when a highly stretched sPP sample in the

trans-planar form III is annealed, a retransformation of the

trans-planar chains into the helical chain conformation is

achieved above 80 8C. On the other hand, some studies

mentioned that this retransformation is achieved above

100 8C [29] and the result is a mixture of crystals of forms I

and II [28]. Yet, other authors [45,46] using high-resolution

solid-state 13C NMR spectroscopy reported that the
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transformation takes place at about 50 8C. However, there is

also disagreement about the role of the trans-planar mesophase

on the behavior of the annealed samples. Ohira et al. [47]

believe that for samples crystallized at 0 8C (trans-planar

mesophase) the temperature for the crystal transformation from

form III to II is about 40 8C, while the transformation from

form III to form I takes place at about 60 8C. Vittoria et al. [35]

mentioned that the trans-planar mesophase is stable up to

80 8C, whereas at 90 8C these authors found that it is almost

completely transformed into the more stable form I. Still, in a

more recent study [48] it was observed by X-ray and FT-IR

spectroscopic techniques that annealing released samples

(trans-planar mesophase) the mesophase is transformed into

forms I and II between 60 and 80 8C, both of them highly

oriented, while upon annealing the samples at constant strain in

which the trans-planar mesophase was not present, no

formation of the helical form II was observed and only a

mixture of the trans-planar form III and the helical form I

developed. Finally, there is also disagreement if the samples

should be kept under constant strain or not during the annealing

in order to succeed the transformation from trans-planar to the

helical conformation. Loos et al. [49] reported that the

transformation cannot be succeeded by annealing at 60 8C

when the sample was kept strained during annealing, while

other studies [25] mentioned that during the annealing of

compression-molded samples with trans-planar conformations

obtained by drawing at room temperature the ends of the

samples should be kept fixed in order to obtain the transition to

the helical conformation.

Infrared spectroscopy is a powerful and well-known

technique which has been used extensively in polymer

characterization studies by providing information on chemical

nature, conformational order and molecular orientation [50].

FT-IR was used in this study in order to monitor the phase

transformations of the polymeric matrix in sPP nanocompo-

sites upon mechanical and thermal treatments relative to the

presence of the nanofiller in the polymeric matrix. In addition,

XRD spectroscopy was employed in order to investigate the

intercalation of the nanocomposites and the effect of the stress

on the intercalation. Finally, DMA and DSC measurements

were used to explore the mechanical and thermal properties of

the nanocmposites.
2. Experimental section

2.1. Materials

Cloisite 20A, a natural montmorillonite modified with a

quaternary ammonium salt with cation exchange capacity of

95 mequiv./100 gr clay (Southern Clay, Inc, USA), was used as

a nanofiller in the preparation of the nanocomposites. Sixty

eight percent stereoregular syndiotactic polypropylene (sPP) in

droplets was used as a polymeric matrix. The melting

temperature of sPP was about 125 8C while the Mw was 135,

000 (Mw/MnZ2.2).
2.2. Composite preparation

All the nanocomposites were prepared by melt compound-

ing in a home-made batch-mixer. Before the melt-mixing

Cloisite 20A was dried in vacuum at 80 8C for at least 16 h

(over night). Afterwards, the two components were premixed

for 3 min and then they were melted in batch-mixer for 3 min.

Finally, they were melt-mixed for 3 min at 170 8C with a speed

of mixing around 60 rpm.
2.3. Film preparation

In order to prepare films of desirable dimension 1.4 g of

nanocomposite were pressed with pressure of 200 bar at

w170 8C. After quenching at 0 8C for 20 min, films with

dimensions 3!0.65!0.02 cm3 are obtained.
2.4. Apparatus and procedures

The infrared studies were carried out using a Nicolet 850

FT-IR spectrometer equipped with a MCT/A detector. Each

measurement was the accumulation of 128 scans at 4 cmK1

spectral resolution. A 25 mm slide mount polarizer (Thermo

Electron Corporation, USA) was used to polarize the plane of

the light which is reaching the sample. A gradual elongation of

the samples was performed on miniature mechanical tester

apparatus at room temperature with a step of 50% elongation

up to 600% elongation, while FT-IR spectra were recorded at

each step. In order to perform the thermal infrared experiments

a highly stretched sample, which was just released from the

applied stress was placed on heat demountable cell kit for high

temperature transmission infrared applications. The kit uses

32 mm diameter CaF2 windows, while the temperature was

increased gradually from 25 up to 120 8C with a heating rate of

5 8C. Finally, in order to estimate the transformation indexes

and the dichroic ratios that are examined in this study the peak

heights were used. The samples were tested 24 h after the

quenching step.

For the X-ray diffraction measurements, a bragg-brentuno

optics (Panalytical Corporation, USA) was employed including

a fixed divergence slit (1/168), a fixed diffracted antiscatter slit

(1/168), a fixed incident anti-scatter slit (1/88) and an X

Celerator RTMS (real time multiple strip) solid-state linear

detector.

Dynamic mechanical analysis, (DMA), was performed in a

solid-state analyzer RSA II, (Rheometrics Scientific C. USA),

at 10 Hz with heating rate 3 8C/min.

Finally, differential scanning calorimetry (DSC) took place

on a TA Instruments DSC Q 100 apparatus. The calibration

was performed using an indium standard, while the heating rate

was 10 8C/min. First, the samples with weight of 5–10 mg were

heated up to 170 8C in order to erase previous thermal history.

Then the samples were cooled at K50 8C and heated again up

to 170 8C.
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3. Results and discussion

Syndiotactic polypropylene nanocomposites with 1, 3, 5, 7

and 10 wt% of Cloisite 20A present were investigated in order

to examine the influence of the addition of the nanoclay into the

matrix. Fig. 1(a) presents the infrared spectra of the

nanocomposites with the various contents of clay. The spectral

region between 700 and 1000 cmK1 depicted in this figure

includes some of the characteristic infrared bands of sPP (also

see Ref. [43], Table 1). It is obvious that all these samples are

characterized by polymeric chains mainly in the helical

conformation since their spectra exhibit intense infrared

bands which are related to the helical form of sPP (811, 867,

902 and 977 cmK1). In addition, bands which are attributed to

the trans-planar conformation are also present. For a

quantitative investigation of the influence of the nanoclay on

the polymeric matrix the behavior of the characteristic infrared

bands of sPP can be monitored. A common pair of bands

usually used is the one that is located at 977 and 962 cmK1.

These bands are attributed to helical and trans-planar

conformations, respectively. We have called the ratio of the

infrared absorptions of these bands transformation index in the

past [43,51] and it can be used to observe the phase

transformations that take place by various factors. Fig. 1(b)

shows the change of the transformation index as a function of

the clay content. It can be seen that the ratio begins to increase

with the addition of the nanoclay in the polymeric matrix and

continues to increase as the content of clay increases. This

means that the nanoclay induces to the polymeric chains a

preference to adopt higher levels of helical conformations

relative to neat sPP. These results are in agreement with the

conclusions of Lotz et al. [52], who supported the statement

that helical conformation is preferable.
950 900 850

(a)

916

826-T

867-H

904-H

962-T

977-H

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber

Fig. 1. (a) FT-IR spectra of sPP nanocomposites having different contents of clay

function of the content of clay.
Besides the direct consequence of the nanoclay on the

polymeric matrix during their intercalation, the interaction of

the clay with the polymeric chains of a nanocomposite during

the application of mechanical treatment constitutes a very

interesting point in the study of nanocomposite structures. For

this reason, neat syndiotactic polypropylenes and sPP

nanocomposite samples in all previous mentioned concen-

trations of clay were subjected to different levels of elongations

from 50 to 600% and the infrared spectra of each specimen at

the respective elongations were simultaneously recorded. In

order to investigate the behavior of the polymeric matrix and

the conformational transformation that takes place during the

application of stress the transformation index is again

calculated. Fig. 2 shows the changes in the transformation

index of the elongated nanocomposites with respect to the

degree of strain. The transformation index for all samples

begins to decrease sharply with the application of stress which

is expected since it is known and already mentioned in the

introduction part that when an sPP sample in the helical form I

is exposed to mechanical stress, it begins to transform into the

trans-planar conformation. Yet, it should be noticed that there

are interesting variations among the samples. In particular, the

transformation from the helical into the trans-planar confor-

mation of the neat sPP seems to be completed at approximately

200% elongation where the transformation index has a value of

approximately 0.3. On the other hand, in the case of the

nanocomposites, the transformation seems to be completed

earlier than in neat sPP at about 100% elongation. Additionally,

the sPP nanocomposites seems not capable to achieve the high

levels of trans-planar conformation like in the case of the pure

sPP, since their transformation indexes vary at w0.5. Thus, it

can be assumed that the presence of the nanoclay in the
800 750 700
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polymeric matrix prevents the accomplishment of a complete

transformation into the trans-planar conformation.

Another point of this study is the investigation of the

behavior of the polymeric matrix in the sPP nanocomposites

after the release of the applied tension. According to a recent

study by our group [43], when an sPP specimen is released

from the steady tension, a transformation from the trans-planar

conformation into a mixture of helical and trans-planar

conformations takes place. In particular, we have found that

the sPP sample do not return completely into the initial helical

conformation before the application of stress. In order to

monitor the phase transformations that take place during the

release of tension in the sPP nanocomposites, the transform-

ation index was again estimated and the results are depicted in

Fig. 3. In this figure, it can be clearly seen that the sPP

nanocomposites exhibit a different behavior from the neat sPP

specimens. Although their polymeric chains also transform

into a mixture of helical and trans-planar forms, these

polymeric chains manifest a tendency to turn into higher

levels of helical conformations, since their transformation

indexes (0.7) are higher than that of the neat sPP (0.5). Fig. 3

shows that the phenomenon of retransformation of the

polymeric chains upon relaxation is time-depended [43],
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since we can observe that the phase transformation during

the relaxation continues to take place even after a month from

the release of tension. Yet, the helical conformation levels

remain higher for the sPP nanocomposites. In addition, it has

been found that the elasticity of sPP is closely associated with

the reversible transition from the trans-planar to the helical

conformation [38].

In Fig. 4(a) and (b) the X-Ray diffraction patterns of the sPP

nanocomposites with 1 and 10% nanoclay content in both

unstretched and relaxed modes are reported. In order to

investigate whether intercalation or exfoliation is taking place,

the diffractogram of Cloisite 20A is also shown in which a

diffraction peak is observed at 2qZ3.68. This means that that a

basal spacing of 24.5 nm characterizes this particular nanoclay.

In the case of the sPP nanocomposite with 1% loading of

nanoclay, Fig. 4(a), the main diffraction peak is shifted at 2qZ
2.88, while the other two accompanying peaks at 4.5 and 7.38

have decreased relatively to the main peak, an indication of the

presence of an intercalated structure. On the other hand, in the

case of the nanocomposite with 10% loading, Fig. 4(b), the

peak that was used to calculate the basal spacing is shifted less

(2qZ3.28), while the other two peaks are still distinct denoting

partial intercalation. Therefore, the use of lower concentrations
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of nanoclay is preferred for achieving intercalated structures.

Furthermore, Fig. 4(a) and (b) show that the application of

stress is an additional factor which can improve the

intercalation level in nanocomposites. The XRD patterns of

the highly stretched and then relaxed samples show that the

applied tension favors the exfoliation of the silicate layers in

the polymeric matrix since the already intercalated nanocom-

posites with 1% nanoclay, Fig. 4(a), appear to be partially

exfoliated due to the fact that the first diffraction peak is even

more shifted (2qZ2.68) and exhibits a small decrease relatively

to the unstretched sample. Simultaneously, the partially

intercalated nanocomposite of 10% loading, Fig. 4(b), show

an increase in the level of intercalation during the application

of stress since the main diffraction peak is shifted at 2.98. Yet, it

should be noted that although the peak used to calculate the

basal spacing is obviously decreased when the intercalation or

the exfoliation is taking place, in the case of the relaxed sPP

nanocomposite with 10% clay the relative intensity of this peak

is significantly increased. We believe that in this sample before

the application of stress the nanoclay was not well dispersed

into the polymeric matrix and as a result when the stress is

applied to the sample, the polymeric matrix carries along the

silicate layers and force them to orient. The concentration of
the clay is high enough so that the orientation can be easily

noticeable in the XRD pattern.

In addition, the X-ray diffraction patterns can provide also

information about the behavior of the polymeric matrix relative

to the content of the nanoclay and the application of stress. The

X-ray diffraction pattern of neat sPP is compared with the sPP

nanocomposites with 1 and 10% clay, Fig. 4((c)–(e)),

respectively. The region from 11 to 268 was deconvoluted in

order for the individual peaks in the spectrum to be clearly

shown. All the nanocomposite samples contain the character-

istic diffraction peaks of neat sPP but important differences can

be observed which arise from the different crystalline

conformations that the polymeric matrix adopts as the result

of the application of stress or the addition of the silicate layers.

In particular, the unstretched sPP nanocomposite samples

contain peaks at 12.3, 16 and 20.78 and 24.78 of 2q which are

characteristic of the helical form I of sPP [23,25,40]. The

amorphous halo that is observed in the case of the neat sPP

decreases notably with the addition of clay. One possible

explanation for this could be an increase in the crystallinity of

the polymer. However, this decrease of the halo in reality is

related to the change in the average mass absorption coefficient

(MAS) due to the presence of the clay. The clay has 10 times
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lower MAC than that sPP in Cu radiation (w30 vs. 3.74 cm2/g)

which is expected to affect the penetration depth into the

sample and the overall intensity out of the sample. On the other

hand, the effect of the clay on the order of the helical form is

not very significant. The peak at 168 seems to become slightly

broader for the nanocomposites, while the diffraction peak at

12.38 remains sharp and intense. According to Gorrasi et al.

[53] the addition of clay increases the disorder of the crystalline

form I but the phenomenon becomes substantially profound at

high loads of clay (20%), much higher than the concentrations

studied here. On the other hand, the XRD data for the samples

that were subjected to mechanical stress and left to relax are in

agreement with the infrared data. In particular, the diffraction

peaks of form I are clearly decreased. In addition, a new

diffraction peak located at 178 is observed. Since this new band

appears to be significantly broad it cannot be attributed to the

helical form II [25], but according to Vittoria et al. [35,40] can

be identified as the trans-planar mesophase. Thus, we can

assume that the polymeric chains after the relaxation have been

turned into a mixture of helical and trans-planar

conformations.

Furthermore, infrared linear dichroism analysis was used to

investigate the effect of the application of stress on the

orientation of the molecular chains of the polymeric matrix in

the nanocomposites. In order to study the orientation of the sPP

nanocomposites, the dichroic ratios of some of the character-

istic infrared bands of the various conformations of sPP have

been calculated. The dichroic ratio is defined as the ratio of the

absorption intensity when the electric vector of the infrared

radiation is parallel to the drawing direction of the polymer to

the absorption intensity when the electric vector is perpen-

dicular to the drawing direction. Fig. 5(a) and (b) depict the

changes in the dichroic ratios of the bands located at 962 and

977 cmK1, respectively for the sPP nanocomposite samples

and the neat sPP for various elongation lengths (0–600%). The

band at 962 cmK1 is attributed to the trans-planar confor-

mation, whereas the band at 977 cmK1 is assigned to the helical

conformers. Before the application of the stress the dichroic

ratios for all the samples is unity, which means that the

polymeric chains have an average random orientation.

However, the dichroic ratio of the trans-planar band at

962 cmK1 band (Fig. 5(a)) after the application of stress is

above unity which means that the transition moment of this

band orients parallel to the drawing direction. Yet, the addition

of the nanoclay affects the orientation of the transition moment

of the band. In particular, the samples that contain nanoclay

show lower orientation than that of neat sPP. Additionally, the

orientation increases as the content of the nanofiller increases,

Fig. 5(a). The changes in the dichroic ratio of the helical band

at 977 cmK1 are shown in Fig. 5(b). This is also a parallel

oriented band with respect to the drawing axis since the

dichroic ratio after the application of stress is above unity.

However, no particular influence from the nanoclay on the

orientation of the helical band can be clearly observed except

for the sample with 1% clay that seems to constrain somewhat

the orientation of the helical band. The same sample shows the

highest constrain to the orientation of the trans-planar band as
well. According to our observations the nanocomposite with

1% of clay has a rather unique behavior when compared to the

higher concentration samples.

Furthermore, in order to investigate the influence of the

presence of the nanoclay on the mechanical properties of sPP

dynamic mechanical analysis (DMA) was employed. DMA

allows the monitoring of the behavior of the synthesized

nanocomposites under stress and temperature. Fig. 6(a)–(f)

depict the dynamic mechanical properties (storage modulus E 0,

loss modulus E 00, and loss factor tan d) for neat sPP and sPP

nanocomposites as a function of the temperature as well as of

the clay content. In Fig. 6(a), a slight increase in the storage

modulus with the addition of clay is observed. The glass

transition temperature (Tg) was estimated by taking the

maximum value of the loss modulus versus temperature and

was found to be 10 8C, Fig. 6(b). In addition, the values for

storage, loss modulus and tan d are shown for two different

temperatures (0 and 20 8C), Fig. 6(d)–(f). These temperatures

are slight above and below the range of the glass transition

temperature of sPP. It can be seen that the storage and the loss

modulus are increased in the case of the nanocomposites

compared to the neat polymer for both temperatures. On the
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other hand, Fig. 6(f), which presents the plot of tan d as a

function of the addition of clay reveals that the ratio of E 00/E 0

(tan d), which is proportional to the ratio of energy lost to

energy stored in one cycle (loss factor) does not change with

the addition of the nanoclay at 0 8C, while it shows a small

decrease at 20 8C. Therefore, if high contents of clay are used

above 20 8C this will result in a partial loss of the shock-proof

properties of the material.

The final aspect of this study is the investigation of the

behavior of the nanocomposites and mainly the conformational

transformations of the polymeric matrix versus the presence of
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the nanoclay during thermal treatment of the samples. It is

already mentioned that when a highly stretched sPP sample

having its molecular chains in the trans-planar conformation is

heated, a transformation into the helical conformation is

observed. In order to monitor the phase transformations that

take place during the thermal treatment the same pair of

infrared bands (977, 962 cmK1) is again used to calculate the

ratio of the absorption of a helical band over a trans-planar

band. Fig. 7 shows the change of this ratio during the thermal

treatment for both sPP and sPP nanocomposites from room

temperature up to 120 8C. At room temperature all the samples
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consist of polymeric chains that are characterized mainly by

trans-planar conformation and low contents of helical

segments. However, the samples that contain the nanofiller

exhibit a slight higher value of the ratio of the absorption of the

helical to the absorption of the trans-planar band (varying
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between 0.54 and 0.58), which indicates again that the sPP

nanocomposites contain higher proportion of helical segments

respective to the neat sPP (0.52). When the temperature begins

to increase, the transformation index also increases suggesting

a transformation from the trans-planar conformation into
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helical form. In the temperature region between 60 and 90 8C a

sharp increase in the ratio is observed, an indication that the

transformation is mainly taking place in this region [43].

Comparing the thermal behavior of the samples, the sPP

nanocomposites at 120 8C result in a situation where their

polymeric chains contain again higher levels of helical

conformation (the index varies from 1.4 to 1.48) respective

to neat polymer (1.29).

Finally, differential scanning calorimetry (DSC) was used as

an additional technique in order to study the thermal behavior

of the nanocomposites. Fig. 8(a), which presents the DSC

thermograms of sPP and sPP nanocomposites, depicts two

endotherms characteristic of sPP. The lower temperature peak

is attributed to the primary crystallites formed at corresponding

Tc values, while the higher temperature peak to the

recrystallizable crystallites formed during a subsequent heating

scan after the melting of the secondary crystallites and the

partial melting of the less stable fractions of the primary

crystallites formed at the Tg [54], which can be related to the

melting of the limit-disordered and the limit-ordered form I,

respectively [54,55]. SPP nanocomposites show a slight

decrease in the temperature [56] in both endothermic peaks

respective to neat sPP. This decrease can be attributed to the

smaller size of the crystallites in the polymeric matrix due the

presence of the nanofiller, which interrupts the homogeneity of

the polymer and constrain the crystallite development. It is

obvious that the lower melting temperature is observed for low

concentrations of clay. Furthermore, the DSC thermogramms

show an increase in the glass transition temperature relative to

the neat polymeric matrix, Fig. 8(b). It is well known that the

glass transition temperature is associated with the mobility of

the polymeric chains. As a consequence, the increase of the Tg

can be attributed to the presence of the nanofiller in the sPP

nanocomposites which means that the addition of the nanoclay

constrains the motions of the chains. Finally, it can be seen in

Fig. 8(b) that the glass transition temperature decreases slightly

as the content of the nanofiller increases in agreement with a

recent report in the literature [56].

4. Conclusions

The influence of the intercalation of a quaternary modified

montmorillonite with syndiotactic polypropylene on the

polymeric matrix’s crystalline polymorphs was investigated

using FT-IR and XRD spectroscopic techniques. Additionally,

the effect of the presence of the nanoclay on the mechanical

properties was investigated by means of dynamic mechanical

analysis (DMA). FT-IR spectroscopy proved that the addition

of the nanofiller affects the conformational structure ratio in the

polymeric chains favoring the adoption of helical confor-

mations. Furthermore, when tension is applied to the speci-

mens that contain the nanofiller, the polymeric chains

encounter a difficulty to achieve a high degree of transform-

ation from the helical into the trans-planar form even at high

elongations. Accordingly, when the applied tension is released,

both the sPP nanocomposites and the neat sPP show a tendency

to return to the initial helical conformation resulting in a
citation where a combination of helical and trans-planar

segments is finally present. However, in the case of the samples

that contain the nanofiller, we find a higher proportion of chains

characterized by helical conformation relative to the neat sPP

in a similar situation. Furthermore, when highly stretched

samples were exposed to heat the infrared analysis revealed

that the polymeric chains contain higher levels of helical

segments as well. In addition, infrared linear dichroism was

used in order to study the orientation of the polymeric chains of

sPP in the nanocomposites. It was found that the nanofiller

constricts the orientation of the transition moment of the

infrared bands that are attributed to the trans-planar confor-

mation, whereas we find no clear influence on the orientation of

an infrared band which is assigned to the helical conformation.

XRD measurements showed that the melt-mixing of the

organically modified silicates with sPP can result in inter-

calated structures when low concentrations of clay were used

and partially intercalated structures for high nanofiller

concentrations. Also, the application of mechanical stress to

the nanocomposites can improve intercalation and partial

exfoliation. Finally, dynamic mechanical analysis showed that

the presence of the nanoclay results in a slight improvement of

the mechanical properties of sPP, while via differential

scanning calorimetry we found a small increase in the glass

transition temperature of sPP, an implication that restriction in

the movement of the polymeric chains takes place due to the

presence of the nanoclay.
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