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ABSTRACT: The nanocomposite films comprising polymer blends of poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP),

poly(ethylene oxide) (PEO), and poly(ethylene glycol) (PEG) with montmorillonite (MMT) clay as nanofiller were prepared by

aqueous solution casting method. The X-ray diffraction studies of the PVA–x wt % MMT, (PVA–PVP)–x wt % MMT, (PVA–

PEO)–x wt % MMT and (PVA–PEG)–x wt % MMT nanocomposites containing MMT concentrations x 5 1, 2, 3, 5 and 10 wt %

of the polymer weight were carried out in the angular range (2h) of 3.8–30�. The values of MMT basal spacing d001, expansion of

clay gallery width Wcg, d-spacing of polymer spherulite, crystallite size L and diffraction peak intensity I were determined for these

nanocomposites. The values of structural parameters reveal that the linear chain PEO and PEG in the PVA blend based nanocom-

posites promote the amount of MMT intercalated structures, and these structures are found relatively higher for the (PVA–PEO)–x

wt % MMT nanocomposites. It is observed that the presence of bulky ester-side group in PVP backbone restricts its intercalation,

whereas the adsorption behavior of PVP on the MMT nanosheets mainly results the MMT exfoliated structures in the (PVA–

PVP)–x wt % MMT nanocomposites. The crystallinities of the PEO and PEG were found low due to their blending with PVA,

which further decreased anomalously with the increase of MMT concentration in the nanocomposites. The decrease of polymer

crystalline phase of these materials confirmed their suitability in preparation of novel solid polymer nanocomposite electrolytes.
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INTRODUCTION

In the advancement of materials science and technology, the

polymer–clay nanocomposites (PCNs) have emerged as a new

class of materials for the academic, industrial, and technological

interest.1–14 Most of the studies have documented that the for-

mation of the intercalated and exfoliated clay structures in the

polymer matrix have resulted in the improvement of the ther-

mal (increased heat resistance and reduced flammability) and

mechanical properties of the host polymer matrix.

In past two decades, the PCNs consisted of different polymers

with a variety of clays as nanofiller were prepared by different

methods, and their performance properties were characterized

by the advanced spectroscopic and mechanical techniques.

Among the synthetic polymers, poly(vinyl alcohol) (PVA),

poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide) (PEO), and

poly(ethylene glycol) (PEG) are hydrophilic and biodegradable

polymers, which have a large technological and pharmaceutical

applications.15 These polymers have good solubility in water

due to the formation of strong hydrogen bond (H-bond)

between the functional group of polymer and the water mole-

cules. The aqueous solutions of PVA, PVP, PEO and PEG form

the complexes with the additives/dopants, which make them

technological important as binder material. Further, these poly-

mers have good film forming ability when the polymeric films

are prepared by solution casting technique. The films of the

PVA and the PVP are highly optically transparent, which makes

them suitable for surface coating of the solid state optoelec-

tronic devices and other multifunctional materials. The func-

tional groups of these polymers have strong affinity to form the

ion-dipolar interactions with the alkali metal salts. These inter-

actions can dissociate the alkali salt up to high degree. There-

fore these polymers are extensively used in preparation of

flexible, light weight and safe type solid polymer nanocomposite

electrolytes (SPNEs).16–23 The SPNEs find large applications in

the advancement of the lithium ion battery technology and also

in the design of ion conduction dependent electrochromic devi-

ces.16–23 The main drawbacks of the hydrophilic polymers are

their poor mechanical and thermal stability. For the improve-

ment in these performance properties, the preparation and
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characterization of the hydrophilic polymer based PCNs are in

progress.4,5,12–14

The montmorillonite (MMT) clay is frequently used for the

preparation of PCNs, because of its hydrophilic behavior identi-

cal to the organic polymers.24 The MMT has 2 : 1 charged phyl-

losilicate sheets of 1 nm thickness and these are stacked by

weak dipolar or van der Waals forces. Due to presence of inter-

layer spacing between the stacked MMT nanosheets, they have a

large swelling behavior and the compatible interactions espe-

cially with the hydrophilic polymers which result the interca-

lated and exfoliated structures of the PCNs. The proper

dispersion of clay in the polymer matrix with a state-of-the-art

is also important for the successful development of good quality

PCN materials with their tailored properties.

The preparation and characterization of the nanocomposites

based on the clay with PVA,25–31 PVP,32–38 PEO,39–51 and

PEG52–56 have been subject of intense investigations. The out-

comes of various studies on these materials have established

that the dispersion of MMT in the PVA, PVP, PEO, and PEG

matrices improves their mechanical, thermal, gas permeable and

dielectric/electrical properties. The research work on the PVA

blends with PVP,57–67 PEO,68–70 and PEG71–73 also confirms the

enhancement in their technological and industrial important

physicochemical properties as compared with the individual

polymer. These improved properties of the polymers blends

depend on the miscibility and the heteromolecular interaction

compatibility generated between the functional groups of the

polymers. The bridging of homo and hetero polymers chains in

presence of inorganic nanofillers also plays a major role in tai-

loring the required properties of the polymers blend based com-

posite materials. Our survey of literature reveals that the

detailed structural parameters and the crystallinity of nanocom-

posites consisted of PVA–PVP, PVA–PEO and PVA–PEG blends

with varying concentration of MMT nanofiller have not been

explored so far. The scarcity of fine structural parameters

impedes further advancement of industrial applications of these

PCN materials.

In the last few years, authors have prepared the PCN colloids

and films based on the PVA–PVP, PVA–PEO, and PVA–PEG

blends with MMT nanofiller, and their detailed dielectric/electri-

cal properties and the molecular dynamics were characterized

using the dielectric relaxation spectroscopy (DRS).33,51,74–77 The

effect of MMT concentration on the electrical behavior and the

polymer chain segmental dynamics of these materials was char-

acterized in view of their suitability as novel flexible type dielec-

tric/insulator material for the fabrication of microelectronic

devices. In continuation of our earlier work on these nanocom-

posite materials, in this article an attempt has been made to

reveal the detailed structural parameters and crystallinity of the

PCNs comprising PVA and its blends with the PVP, PEO, and

PEG as a function of MMT nanofiller concentration by X-ray

diffraction (XRD) measurements. In preparation of polymers

blends, the PVA weight used is three times as compared with

the weight of the PVP, PEO, and PEG. The higher amount of

PVA has been kept in the blend because the PVA film has

relatively high optical transparency, flexibility, and the mechani-

cal stability. Therefore, such type of polymer blend nanocompo-

sites can prove their suitability as the binder and the novel

dielectric materials in the optoelectronic technology, besides

their use in preparation of the advanced SPNE materials.

EXPERIMENTAL

Materials

The PVA (Mw 5 77,000 g mol21) and PEG (Mw 5 4000 g

mol21) of laboratory grade were obtained from Loba Chemie,

and the PVP (Mw 5 24,000 g mol21) was obtained from S.D.

Fine-Chem, India. The PEO (Mw 5 600,000 g mol21) and poly-

mer grade hydrophilic montmorillonite (MMT) nanoclay (PGV,

a product of NanocorVR ) were purchased from Sigma-Aldrich,

USA. The MMT is white in colour, and has 145 meq/100 g cat-

ion exchange capacity (CEC), 1502200 aspect ratio (length/

breadth), 2.6 g/mL specific gravity, and 9210 pH value on 5%

dispersion.

Sample Preparation

The blends of the PVA–PVP, PVA–PEO, and PVA–PEG were

prepared at 75 : 25 weight ratios (wt/wt %). The quantity of

MMT dispersed in the amount of polymer was expressed as

weight percent (x wt % MMT). In the present study, x 5 0, 1,

2, 3, 5, and 10 wt % MMT were used for the preparation of

PVA–x wt % MMT, and (PVA–PVP)–x wt % MMT, (PVA–

PEO)–x wt % MMT, and (PVA–PEG)–x wt % MMT nanocom-

posites. The films of these PCNs were prepared by solution cast-

ing method. Initially the aqueous polymeric solutions were

prepared by dissolving the required amounts of each polymer in

double distilled deionized water in air tight caped glass bottles.

After that the polymer solutions were mixed, which resulted the

aqueous polymer blend solutions. The amounts of MMT corre-

sponding to each concentration (x wt % MMT) were dispersed

in deionized water and allowed to swell by vigorous stirring

with the Teflon coated magnetic bar on a magnetic stir plate for

24 h in separate glass bottle. After that various concentration

hydrocolloids of MMT were mixed with the respective aqueous

polymer blend solutions and these were again vigorously stirred

by magnetic bar for 24 h to achieve the homogenous solutions.

The homogenously mixed viscous polymer nanocomposite solu-

tions were cast onto Teflon petri dishes of 60 mm diameter and

left for drying at room temperature for one week duration,

which resulted in the free standing PCN films. These free stand-

ing films of the PVA–x wt % MMT, (PVA–PVP)–x wt % MMT,

(PVA–PEO)–x wt % MMT and (PVA–PEG)–x wt % MMT

nanocomposites were further dried under vacuum at 40�C for

12 h to remove the water traces, if any, before performing their

XRD measurements.

XRD Measurements

The XRD patterns of MMT powder, the films of pure polymer,

polymer blends, and the polymeric nanocomposites were

recorded in reflection mode using a PANalytical X0pert Pro

MPD diffractometer of Cu-Ka radiation (1.5406 Å) operated at

45 kV and 40 mA, with a scanning step size of 0.05�/s. The

powder sample of MMT was tightly filled in the sample holder,

whereas each film was placed on top of the sample holder dur-

ing the XRD scanning in the angular range 2h 5 3.8 to 30�, at
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room temperature. Figures 1–4 show the XRD patterns of dif-

ferent nanocomposite materials. For the comparison, these pat-

terns are displaced from one another vertically with change of

MMT concentration in the nanocomposites. A series of XRD

scans was repeated using some of the samples prepared sepa-

rately by same procedure, which showed excellent agreement.

The values of crystal reflection peak position 2h, the peak inten-

sity I (counts) and full width at half maximum FWHM or b
(the broadening of peak at half-height expressed in radians of

2h i.e. width measured in 2h degrees and then multiplied by p/

180) of the investigated materials were determined by a X’pert

proVR software. The values of basal spacing of crystal reflections

are determined by the Bragg’s relation k 5 2dsinh, where k and

d are the wavelength of X-ray radiation (k 5 1.5406 Å) and the

spacing between diffraction lattice planes of the crystal, respec-

tively. The values of mean crystallite size L in the direction per-

pendicular to hkl plane of the polymers and their

nanocomposites are determined by Scherrer’s equation

L 5 0.94k/bcosh. The evaluated values of 2h, d, L, and I corre-

sponding to the various crystal reflection peaks of the nano-

composite materials are recorded in Tables I–IV.

RESULTS AND DISCUSSION

PVA–x wt % MMT Nanocomposites

Figure 1 shows the XRD patterns of MMT powder, and aqueous

solution cast pure PVA and PVA–x wt % MMT nanocomposite

films. The characteristic features of these patterns are (i) the

MMT powder has a peak at 2h 5 7.03� which is corresponding

to 001 crystallographic plane of its crystal structure, whereas the

other peak at 19.79� represents the 101 crystal reflection plane.

These peaks positions are found in good agreement with the

earlier studies,25,30 (ii) the broad peak appeared at 19.56� for

aqueous solution cast PVA film confirms the dominance of

amorphous component over the crystalline phase in its semi-

crystalline structure, and this peak can be attributed to con-

certed crystal reflection planes 10�1,101 of the PVA.17,25,26,28,30

The decrease in intensity of concerted 10�1 and 101 peaks is

accompanied by the appearance of a centered broad single peak

of the aqueous solution cast PVA film, and (iii) the low inten-

sity peak for PVA–x wt % MMT nanocomposites corresponding

to 001 reflection plane of MMT is observed at lower Bragg’s

angle as compared with that of the pure MMT (inset of Figure

1). The intensity value of concerted 10�1,101 reflection peak of

Figure 1. XRD patterns of aqueous solution cast pure PVA and PVA–x wt

% MMT nanocomposites films, and MMT powder. Inset shows the

enlarged view of 001 reflection peak of MMT in the nanocomposites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. XRD patterns of aqueous solution cast pure PVA, PVP, (PVA–

PVP) blend, and (PVA–PVP)–x wt % MMT nanocomposites films. Inset

shows the enlarged view of 001 reflection peak of MMT in the nanocom-

posites. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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PVA is found reduced for these nanocomposites. These observa-

tions confirm the complexations between MMT and PVA which

result in the enhancement of the nanocomposite amorphous

phase.27

The appearance of 001 crystal reflection peak about 2� lower

angle side than that of the pure MMT for the PVA–x wt %

MMT nanocomposites (2h values are given in Table I) confirms

the formation of MMT intercalated structures. In these struc-

tures some amounts of PVA have entered into the MMT inter-

layer galleries which resulted in the increase of d001 spacing. The

width of intercalated MMT gallery Wcg of the nanocomposites

is determined by the relation Wcg 5 d001 – Wcl, where Wcl is the

clay layer width in c-axis, which is 9.6 Å (0.96 nm) for the

MMT clay.56 The Wcg value of pure MMT powder is found

0.297 nm, which is due to the presence of hydrated exchange-

able cations, mostly the sodium cation Na1 in the MMT clay.

For the PVA–x wt % MMT nanocomposites, the Wcg values are

found in the range of 0.70 to 0.96 nm which confirm that the

intercalated PVA has its one or probably two layers planner

arranged structures in the MMT galleries. Table I shows that the

intensity (counts) I001 values corresponding to the MMT crystal

001 peak are very low, and these values also have anomalous

increase with the increase of MMT concentration in the nano-

composites. The low I001 peak value confirms that the amount

of intercalated MMT is very small. It seems that most of the

added MMT has the exfoliated structures in these nanocompo-

sites, because the exfoliated MMT in the polymer matrix does

not show any crystalline peak.38 The presence of Na1 ions in

the MMT galleries and their interactions with the –OH groups

of PVA promote the intercalation, whereas the MMT silanol

(Si–O) interactions with the –OH groups of PVA result in PVA

adsorption on the MMT surfaces which lead to increase in

amount of MMT exfoliated structures.77 At 10 wt % MMT, rela-

tively high I001 value of the nanocomposite confirms a small

increase of the MMT intercalated structures, although this peak

intensity value is still low as compared with that of the pure

MMT (Table I).

The aqueous solution cast PVA film has around 30% crystalline

phase.78 The XRD parameters of PVA–x wt % MMT nanocom-

posites reveal that loading of MMT in PVA matrix up to 10 wt

% has negligible effect on PVA crystal reflection peak position

(2h). Therefore the d-spacing values corresponding to concerted

Figure 3. XRD patterns of aqueous solution cast pure PVA, PEO, (PVA–

PEO) blend, and (PVA–PEO)–x wt % MMT nanocomposites films. Inset

shows the enlarged view of 001 reflection peak of MMT in the nanocom-

posites. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 4. XRD patterns of aqueous solution cast pure PVA, PEG, (PVA–

PEG) blend, and (PVA–PEG)–x wt % MMT nanocomposites films. Inset

shows the enlarged view of 001 reflection peak of MMT in the nanocom-

posites. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4061740617 (4 of 11)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


10�1,101 crystalline reflection planes of the PVA are found

almost independent of MMT concentration (Table I). But the

crystallite length L of PVA spherulites has a drop of nearly 11

nm on the addition of 1 wt % MMT in its matrix. Table I also

shows that the intensity value corresponding to 10�1,101 crystal-

line peak of PVA for the nanocomposites significantly decreases

and becomes relatively more broad initially at 1 wt % MMT,

which anomalously decreases with the further increase of MMT

Table I. Bragg’s Angle 2h, Basal Spacing d, Full Width at Half Maximum FWHM, Crystallite Size L, Intensity I, and Expansion of Clay Gallery Width

Wcg of Aqueous Solution Cast PVA–x wt % MMT Nanocomposite Films

Parameters of 001 reflection peak of MMT

x wt % MMT 2h (�) d (nm) Wcg (nm) I (counts)

MMT 7.03 1.257 0.297 520

1 5.32 1.659 0.699 12

2 5.23 1.688 0.728 33

3 4.71 1.874 0.914 26

5 5.06 1.745 0.785 55

10 4.61 1.915 0.955 125

Parameters of 10�1,101 reflection peak of PVA

x wt % MMT 2h (�) d (nm) FWHM (rad) L (nm) I (counts)

PVA 19.56 0.453 0.0094 15.62 3601

1 19.62 0.452 0.0348 4.22 3074

2 19.53 0.454 0.0341 4.30 3097

3 19.58 0.453 0.0346 4.24 2897

5 19.57 0.453 0.0144 10.18 2889

10 19.57 0.453 0.0333 4.41 2250

Table II. Bragg’s Angle 2h, Basal Spacing d, Full Width at Half Maximum FWHM, Crystallite Size L, Intensity I, and Expansion of Clay Gallery Width

Wcg of Aqueous Solution Cast (PVA–PVP)–x wt % MMT Nanocomposite Films

Parameters of 001 reflection peak of MMT

x wt % MMT 2h (�) d (nm) Wcg (nm) I (counts)

MMT 7.03 1.257 0.297 520

1 5.06 1.745 0.785 7

2 5.13 1.721 0.761 16

3 5.05 1.748 0.788 32

5 4.49 1.966 1.006 34

10 5.44 1.623 0.663 47

Parameters of 10�1,101 reflection peak of PVA

x wt % MMT 2h (�) d (nm) FWHM (rad) L (nm) I (counts)

PVA 19.56 0.453 0.0094 15.62 3601

PVA–PVP 19.69 0.450 0.0401 3.66 1651

1 19.97 0.444 0.0339 4.33 1021

2 19.61 0.452 0.0221 6.62 1635

3 19.69 0.450 0.0344 4.27 1179

5 19.61 0.452 0.0346 4.24 1389

10 19.76 0.448 0.0295 4.96 927
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concentration. This anomalous behavior of the PVA peak inten-

sity values confirms the irregular changes in the PVA and the

MMT interactions with the change of the nanofiller concentra-

tion, which also decreases the crystallinity of PVA in the

nanocomposites.

(PVA–PVP)–x wt % MMT Nanocomposites

The XRD patterns of (PVA–PVP)–x wt % MMT nanocompo-

sites along with the pure PVA, PVP, and their blend are

depicted in Figure 2. The absence of sharp peaks in the XRD

pattern of pure PVP confirms its amorphous behavior. The

PVP has two broad halos at 12.04� and 22.56�, which are found

in agreement with the earlier reported XRD patterns of the

pure PVP.22,79 The blending of an amorphous PVP with the

semicrystalline PVA results in broadening of the concerted

10�1,101 crystalline reflection peak of PVA which reduces the

PVA peak intensity of the blend. This confirms the formation of

PVA–PVP miscible blend. The miscibility occurs due to strong

hydrogen bond interactions between the functional groups of

these polymers (–OH groups of PVA and the C5O groups of

PVP). The H-bond interaction compatibility in PVA–PVP blend

over the entire composition range has already been confirmed

by their dynamic2mechanical, morphology, viscosity, and

dielectric investigations.58,65–67

The results of PVA–x wt % MMT nanocomposites discussed in

previous section establish that the strong interactions between

PVA and MMT form the intercalated and exfoliated structures,

and the relative amounts of these structures vary anomalously

with the change of MMT concentration. But the earlier investi-

gations on the PVP2x wt % MMT nanocomposites confirmed

that there was a large adsorption of PVP up to 15 wt % MMT

loading which mainly resulted the MMT exfoliated struc-

tures.35,36,38 The PVP adsorption takes place due to strong inter-

action compatibility between the carbonyl groups C5O of PVP

and the hydroxyl groups 2OH present on the MMT surfaces.

From these outcomes, the structural study of the (PVA–PVP)

blend dispersed with MMT nanofiller is interesting.

The inset of Figure 2 shows that the 001 crystalline reflection

peaks of MMT are highly defused for the (PVA–PVP)–x wt %

MMT nanocomposites. The position of these defused 001 reflec-

tion peaks are found towards lower angle side as compared

Table III. Bragg’s Angle 2h, Basal Spacing d, Full Width at Half Maximum FWHM, Crystallite Size L, Intensity I, and Expansion of Clay Gallery Width

Wcg of Aqueous Solution Cast (PVA–PEO)–x wt % MMT Nanocomposite Films

Parameters of 001 reflection peak of MMT

x wt % MMT 2h (�) d (nm) Wcg (nm) I (counts)

MMT 7.03 1.257 0.297 520

1 5.06 1.745 0.785 45

2 4.84 1.824 0.864 141

3 4.97 1.776 0.816 167

5 5.04 1.751 0.791 236

10 4.84 1.824 0.864 1030

Parameters of concerted 10�1,101 reflection peak of PVA and 120 reflection peak of PEO

x wt % MMT 2h (�) d (nm) FWHM (rad) L (nm) I (counts)

PEO 19.03 0.466 0.0044 33.52 15296

PVA 19.56 0.453 0.0094 15.62 3601

PVA–PEO 19.14 0.463 0.0057 25.65 6614

1 19.23 0.461 0.0226 6.47 2757

2 19.16 0.462 0.0250 5.86 2868

3 19.16 0.462 0.0070 20.72 3161

5 19.68 0.450 0.0340 4.31 2018

10 19.39 0.457 0.0353 4.15 1598

Parameters of 112,032 reflection peak of PEO

PEO 23.22 0.383 0.0132 11.18 9515

PVA–PEO 23.32 0.381 0.0131 11.23 3939

1 23.36 0.380 0.0127 11.63 1440

2 23.27 0.381 0.0117 12.56 1244

3 23.28 0.381 0.0129 11.40 2060

5 23.42 0.379 0.0137 10.79 303

10 23.17 0.383 0.0102 14.55 351
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with that of the pure MMT which confirms the formation of a

little amount of MMT intercalated structures. The relatively

large amount of MMT exfoliation in these nanocomposites

occurs mainly due to adsorption of miscible PVA–PVP blend

on the MMT surfaces.

The position of concerted 10�1,101 reflection peak of the PVA

for the PVA–PVP blend and its nanocomposites with MMT are

found slightly at higher angle side as compared with that of the

pure PVA (Table II), which results a small decrease in basal d-

spacing of the PVA spherulite. The crystallite length L values of

the spherulites of PVA–PVP blend and also their nanocompo-

sites are found significantly low as compared with that of the

pure PVA. This result is an evidence of the damage of PVA

spherulite size due to its simultaneous interactions with the

PVP and the MMT in their nanocomposites. The intensity val-

ues of 10�1,101 reflection peak of PVA spherulite have a large

decrease for the PVA–PVP blend, which confirms the relative

increase of the amorphous phase of the blend. Table II also

shows that the PVA–PVP blend based nanocomposites have an

anomalous changes in the intensity values of 10�1,101 crystalline

peak with the increase of MMT nanofiller concentration.

(PVA–PEO)–x wt % MMT Nanocomposites

The PVA and PEO are semicrystalline polymers, and the blend

of these polymers has less molecular interaction compatibility.68

But the presence of inorganic nanofillers in their blend bridges

the polymers molecules and forms the composites.70,76,77 The

investigations on nanocomposites of the PVA and PEO with

MMT have established the formation of the intercalated and

exfoliated structures.25,26,30,40 But due to the linear chain struc-

ture of PEO and the strong interactions of its ether oxygen

atoms with the Na1 ions present in the MMT galleries form a

large amount of PEO–MMT intercalated structures.40–43,80–82

Therefore, the study of PVA2PEO blend nanocomposites dis-

persed with MMT has both the academic and technological

interest in regards to the confirmation of the relative crystallin-

ity changes of the PVA and PEO spherulites, and also the

amount of intercalated MMT structures.

The XRD pattern of pure PEO has major peaks at 19.03� and

23.22� (Figure 3) which are attributed to its 120 and concerted

112,032 reflection planes,20,80–82 whereas the pure PVA has only

one crystalline peak at 19.56� corresponding to the combined

effect of its 10�1 and 101 crystalline reflection planes. It is found

Table IV. Bragg’s Angle 2h, Basal Spacing d, Full Width at Half Maximum FWHM, Crystallite Size L, Intensity I, and Expansion of Clay Gallery Width

Wcg of Aqueous Solution Cast (PVA–PEG)–x wt % MMT Nanocomposite Films

Parameters of 001 reflection peak of MMT

x wt % MMT 2h (�) d001 (nm) Wcg (nm) I001 (counts)

MMT 7.03 1.257 0.297 520

1 4.79 1.843 0.883 18

2 5.06 1.745 0.785 27

3 5.06 1.745 0.785 39

5 4.95 1.783 0.823 160

10 4.99 1.769 0.809 205

Parameters of concerted 10�1,101 reflection peak of PVA and 120 reflection peak of PEG

x wt % MMT 2h (�) d (nm) FWHM (rad) L (nm) I (counts)

PEG 19.50 0.454 0.0056 25.82 4241

PVA 19.56 0.453 0.0094 15.62 3601

PVA–PEG 19.52 0.454 0.0345 4.25 1284

1 19.40 0.457 0.0396 3.70 1665

2 19.56 0.453 0.0365 4.02 1340

3 19.53 0.454 0.0123 11.90 1384

5 19.58 0.453 0.0361 4.06 1182

10 19.48 0.455 0.0319 4.60 1231

Parameters of 112,032 reflection peak of PEG

PEG 23.64 0.376 0.0137 10.73 6035

PVA–PEG 23.25 0.382 0.0137 10.76 80

1 23.07 0.385 0.0015 94.09 41

2 23.44 0.379 0.0087 16.94 124

3 23.02 0.386 0.0102 14.35 143

5 23.39 0.380 0.0035 41.53 102

10 22.99 0.386 0.0015 94.08 52
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that both the major peaks of PEO are relatively sharp and have

significantly high intensity as compared with the pure PVA

(Table III). The crystalline peak position of PVA is very close to

the 120 peak of PEO. Therefore the peak appeared at 19.14� for

the PVA–PEO blend has been resulted by the combined effect

of the 120 reflection peak of PEO and the 10�1,101 reflection

peak of PVA. Figure 3 shows that the intensity of both the crys-

tal reflection peaks of PEO significantly reduces on blending it

with PVA, which confirms the formation of some miscible

domains of PEO with PVA in their blend. It can be ascribed to

the disruption of PVA and PEO spherulites in the blend. But

the presence of both the major reflection peaks also reveals the

existence of some PEO domains of their own identity in the

PVA–PEO blend.

Table III shows that the values of 2h, d001 and Wcg correspond-

ing to 001 reflection plane of the MMT infer the nanocompo-

site behavior of (PVA–PEO)–x wt % MMT material with a

significant amount of MMT intercalated structure. The I001 val-

ues of the MMT for these nanocomposites have an increase

with the increase of MMT concentration. The high value of I001

at 10 wt % MMT of the nanocomposite confirms a large

amount of PVA–PEO blend intercalation in the MMT galleries.

As compared with the PVA2x wt % MMT nanocomposites, the

large I001 values of (PVA2PEO)2x wt % MMT nanocomposites

infer that the presence of PEO in the PVA–PEO blend promotes

the amount of intercalation. From Table III, it can be seen that

the positions of 120 crystalline reflection peak of these nano-

composites are slightly at higher angle side as compared with

that of pure PEO, which also have an anomalous behavior with

the increase of MMT concentration. The crystallite length L val-

ues of pure PEO spherulites corresponding to 120 crystal reflec-

tion plane and the PVA crystal reflection plane are 33.52 and

15.62 nm, respectively, and for the PVA–PEO blend it is found

in between these values (25.65 nm) (Table III). The L values

corresponding to 120 reflection peak of the PEO for (PVA–

PEO)–x wt % MMT nanocomposite films are found very low as

compared with that of the PVA–PEO blend which reveals that

the dispersion of MMT in the PVA–PEO blend matrix largely

decreases the sizes of their spherulites. Table III also shows that

the d-spacing and the L values corresponding to 112,032 reflec-

tion plane of the PEO in these nanocomposites are smaller than

that of the pure PEO. The relatively very low intensity values of

the major crystal peaks of the PVA–PEO blend based nanocom-

posites at 5 and 10 wt % MMT loading are also favored by the

corresponding large increase of their MMT I001 values. This

suggests that more amounts of polymers blend intercalate in the

MMT galleries due to that there is a large increase of amor-

phous content of the nanocomposites.

(PVA–PEG)–x wt % MMT Nanocomposites

Earlier investigations on PEG–x wt % MMT have established

that the PEG has strong affinity with the MMT charged sheets

due to which PEG molecules can easily intercalate into the

MMT galleries.53–55 The expansion of the MMT basal plane

spacing d001 due to PEG intercalation ranges from 1.23 nm to

1.82 nm. Further, this increase of interlayer gallery width is

almost independent of PEG molecular weight and also the prep-

aration methods of the nanocomposites.53–55 Analogous to these

results, the recent XRD study73 on three different molecular

weight PEGs (PEG600, PEG1000, and PEG1500) based nano-

composites also reveals the formation of MMT intercalated

structures. The intercalation of these polymers changes the

MMT gallery width up to 1.7 nm, and this value is less affected

by the PEG molecular weight. More recently,56 the detailed

study on PEG2MMT nanocomposites over the whole mixing

range (from very low up to 70 wt % MMT) concludes that the

MMT gallery width expansion in the nanocomposites is mostly

0.8 nm, and it is corresponding to the double layers of PEG

molecules incorporated into MMT galleries. The double layers

structures of intercalated polymers into MMT galleries have the

most stable arrangements from steric considerations, which are

revealed from the computer simulation studies on polymer-

layered silicate nanocomposites.83 The d001 and Wcg values,

recorded in Table I, confirm that the intercalated structures of

PVA2x wt % MMT nanocomposites expand the 001 basal

plane spacing of MMT comparable to that of the double layers

accommodated PEG2x wt % MMT nanocomposites.53–56

Therefore, the study of the nanocomposites based on the

PVA2PEG blend dispersed with MMT nanofiller has an impor-

tance in regards to confirmation of this polymer blend on the

crystallization behavior and in the enhancement of their phar-

maceutical and technological applications.71–73

Figure 4 shows that the XRD pattern of the pristine PEG has

major peaks at 19.50� and 23.64�, which are corresponding to

its crystal 120 and concerted 112,032 crystalline reflection

planes, respectively.56 This XRD pattern of PEG has good

resemblance to that of the PEO as shown in Figure 3, which is

owing to the same repeating unit in the backbone of these poly-

mers molecules. But the Bragg’s reflection peaks positions of

PEG are found slightly at higher angle side, and their intensity

values are low as compared with that of the PEO, which reflects

the comparative low crystallinity of PEG. Relatively low crystal-

linity of PEG is expected due to its low melting temperature as

compared with PEO. Further, the XRD pattern of PEG recorded

in this study is found in agreement with the patterns of the ear-

lier studies.56,73 Interestingly, the position of 120 reflection peak

of PEG is close to that of the concerted 10�1,101 reflection peak

of PVA (Table IV), and therefore the XRD pattern of PVA–PEG

blend has good resemblance with that of the pure PVA. The

112,032 reflection peak of PEG has almost suppressed in the

PVA–PEG blend which confirms the formation of complete

miscible phase of this blend. The crystal reflection peak inten-

sity of the PVA–PEG blend is also found very low as compared

with the intensity values of the crystal peaks of the pure PVA

and the PEG. The low intensities of the PVA–PEG blend reflec-

tion peaks are attributed to a large reduce in their crystalline

phase. This is due to the large range H-bond formation between

the functional groups of PEG and PVA molecules, which results

in their transient cross-linked structure.

Table IV shows that the decrease of 001 reflection peak position

2h of the nanocomposites as compared with the pure MMT

results in increase of d001 and Wcg values of the (PVA–PEG)–x wt

% MMT nanocomposites. The values of these parameters con-

firm the formation of intercalated structures. The intensity of 001

peak (I001) shows a gradual increase with the increase of MMT
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loading in the studied nanocomposite which is an evidence of

the increase in amount of intercalation. The 2h values of 10�1,101

crystal peak of PVA and also the 112,032 peak of PEG in their

blend based nanocomposites have a little change with the

increase of MMT concentration. The values of crystallite length L

of these nanocomposites corresponding to 10�1,101 crystal reflec-

tion peak spherulite of PVA are found significantly small as com-

pared with the L values of individual polymer. At 3 wt % MMT

loading, the L value is found maximum which suggests the

growth in the crystal structure of the blend. Table IV also shows

that the intensity values of 10�1,101 peak of the nanocomposites

have anomalous changes with the increase of MMT concentra-

tion in the PVA–PEG blend. A feeble appearance of the 112,032

crystal reflection peak of the PEG and its position at lower

Bragg’s angle as compared with pure PEG are attributed to a

large decomposition of the PEG crystallinity in the presence of

MMT. This outcome is in agreement with the earlier results.53

Table IV shows that the d-spacing of the crystals corresponding

to 112,032 reflection peak of PEG for the PVA–PEG blend based

nanocomposite has a little variation with the increase of MMT

concentration, but there is a drastic variation of the crystallite

length L of the spherulites corresponding to this reflection peak.

Figure 5 shows the MMT concentration (x wt % MMT) depend-

ent d001 and I001 values of different PCNs films. It is found that

the d001 values have an anomalous variation with the increase of

MMT concentration and also with the type of polymers blend in

the nanocomposites. This may be due to a variation in the thick-

ness of double layers structures of the intercalated polymer/

blends. In case of (PVA–PVP)–x wt % MMT nanocomposites,

the d001 value is found maximum at 5 wt %, which further

decreases significantly at 10 wt %. Although the intercalated

amount in this polymer blend is very low, but due to presence of

bulky pyrrolidone ring in PVP chain the intercalation of a small

amount of PVA–PVP blend results a large increase in d001 value

at 5 wt %. A large decrease of d001 at 10 wt % MMT suggests

that some MMT agglomerations are formed due to a large

adsorption of the PVA–PVP blend on the MMT surfaces in the

nanocomposite. The I001 values of all the nanocomposites have a

non-linear increase with the increase of MMT concentration, and

these values are found relatively high for the (PVA–PEO)–x wt %

MMT nanocomposites. The I001 values have the order (PVA–

PEO)–x wt % MMT> (PVA–PEG)–x wt % MMT>PVA–x wt

% MMT> (PVA–PVP)–x wt % MMT. This relative order of the

I001 values reveals that the blend of amorphous PVP and semi-

crystalline PVA has low amount of intercalation, whereas the

blends of semicrystalline PEO or PEG with PVA have relative

high amount of MMT intercalated structures. Further, the pres-

ence of bigger size pyrrolidone ring in the PVP backbone hinders

its intercalation in the MMT galleries at low MMT concentration

in the nanocomposites.

Figure 5. Variation of I001 and d001 values with MMT concentration of

the various nanocomposites. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Variation of intensity I112,032 and I10�1 ;101 (I120) values with

MMT concentration of the various nanocomposites. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6 depicts the variation of peaks intensities of the differ-

ent sizes spherulites formed in the polymeric nanocomposites

with the change of MMT concentration. It is found that the

intensity value corresponding to crystalline peak of PVA is high

for PVA–x wt % MMT and (PVA–PEO)–x wt % MMT as com-

pared with that of the (PVA–PVP)–x wt % MMT and (PVA–

PEG)–x wt % MMT nanocomposites. Further, the concerted

10�1,101 peak intensity values of PVA for both the (PVA–PVP)–

x wt % MMT and (PVA–PEG)–x wt % MMT nanocomposites

are found nearly same, and these values have an anomalous

change with the increase of MMT concentration. The intensity

values I112,032 corresponding to PEO or PEG are found relatively

high for the (PVA–PEO)–x wt % MMT nanocomposites as

compared with the (PVA–PEG)–x wt % MMT nanocomposites,

which is obviously due to the high intensity of pure PEO crys-

tallite reflection peaks as compared with that of the PEG.

CONCLUSIONS

A series of biodegradable polymers based nanocomposites con-

sisted of PVA, and the blends of PVA–PVP, PVA–PEO, and PVA–

PEG with MMT as nanofiller were prepared by aqueous solution

casting technique. The detailed structural properties of these nano-

composites were explored by the XRD measurements. Besides a

large exfoliation, all these nanocomposites have some amount of

intercalated structures for MMT concentrations <5 wt % in the

polymers matrices, but significant amount of intercalation is found

at 5 and 10 wt % MMT concentration (except PVA–PVP blend

based nanocomposites). The intercalated amount is relatively more

pronounced for (PVA–PEO)–x wt % MMT nanocomposites. The

blending of semicrystalline hydrophilic polymers reduces the

amount of their crystallinity mainly due to extend of intermolecu-

lar hydrogen bond interactions between their functional groups,

which further decreases in the nanocomposites owing to the poly-

mers and MMT interactions. For these nanocomposites, the MMT

gallery width expansion is found in the range 0.66 to 1 nm, which

favors the intercalation of polymers double layers structures into

the MMT galleries. This detailed study on structural properties

especially the evaluation of the decrease of crystallinity and the

formation of intercalated/exfoliated MMT structures with the

increase of MMT nanofiller concentration can be the key parame-

ters in the design of new novel solid polymer nanocomposite elec-

trolytes and the other advanced functional materials based on

these nanocomposites for technological applications.
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