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ABSTRACT: We examined the effects of mixing temperature on the dielectric properties of polymethylmethacrylate (PMMA)-pristine

bentonite nanocomposites by using X-ray diffraction, FT-IR and dielectric spectroscopies. The samples were prepared during 8 hours

at temperatures 265 K, 273 K, 281 K, 289 K and 298 K without any intercalative agent and the PMMA to pristine bentonite weight

ratio was chosen as 1 : 10. It was observed that with decreasing the mixing temperatures, the permittivity decreases and the dielectric

relaxation displaces towards the lower frequencies with the decrease of mixing temperatures. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 39907.
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INTRODUCTION

In the last two decades, polymer (PMMM)/clay nanocomposites

have been widely used in both academics and industrial studies.

First, polymer/clay nanocomposites were investigated by Toyota

Research Center in Japan.1,2 Thermal and mechanical properties

of these nanocomposites which are obtained using different

clays and polymers have been studied widely.2–9

To prepare polymer-clay nanocomposites, commonly used lay-

ered silicates belong to the same general family of 2 : 1 layered

or phyllosilicates. The layer thickness is around 1 nm, and the

lateral dimensions of these layers may vary from 30 nm to sev-

eral microns. Stacking of the layers leads to a regular Van der

Waals gap between the layers called the interlayer or gallery.3

Na–Bentonite clay which is one of the most used layered silicates

in literature belongs to smectite group of the clay minerals. These

clays are organized as platelets of micrometer size, made of two-

dimensional tetrahedral (T) sheet of SiO4 units linked by an octa-

hedral (O) sheet Al(O,OH)6 units, forming T-O-T layers separated

by an interlayer space of varying thickness. On the basal plane of

the clay layers, oxygen atoms form a hexagonal network.10

With good mechanical and optical properties, Polymethylmetha-

crylate (PMMA) is one of the most commonly used acrylate poly-

mers. This polymer was used with different clay to prepare

PMMA/Clay nanocomposites. PMMA/Clay nanocomposites have

been prepared by in situ,11–13 suspension,14,15 emulsion16–18 poly-

merization, solution mixing,19,20 and melt processing.21–23 Solution

mixing or solvent casting method is used to prepare intercalated

structures of the polymer or clay as host material.24,25

In our previous study, it was seen that dielectric properties

were directly affected from adsorption temperatures above the

298 K.26 In this article, we work on dielectric properties of pris-

tine bentonite/PMMA nanocomposites prepared at low temper-

atures below the 298 K. At the temperature below the 298 K,

water content of the clay can be reduced and this reduce affects

the adsorption and intercalation capability of clay. Therefore,

the dielectric properties of polymer-clay nanocomposites can be

changed. To observe the temperature effects on dielectric prop-

erties of nanocomposites, samples were prepared at five differ-

ent mixing temperatures (265 K, 273 K, 281 K, 289 K, and

298 K) by solution mixing technique. FTIR and dielectric spec-

troscopy were used to obtain information about polymer/clay

interactions. Furthermore, we have also employed the XRD

technique as an additional supporting tool just to figure out

polymer/clay interactions, namely, for observing swelling pro-

cess between the clay layers.

EXPERIMENTAL

Materials

Pristine-bentonite, with cation exchange capacity (CEC) of 85

meq/100 g, was supplied by Eczacıbaşı Esan Co. (Istanbul-
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TURKEY). PMMA was purchased from Aldrich with weight

average molecular weight Mw 5 350,000 g mol21. Chloroform

(Fluka) was used as solvent.

Preparation of PMMA-Pristine Bentonite Nanocomposites

It was reported that increase of PMMA/MMT does not affect

intercalation of PMMA molecules into clay galleries. It was also

shown that mixing duration is not very important. It means

that intercalation is a relatively fast process.29 Therefore, pristine

bentonite/PMMA ratio and mixing duration was chosen 10 : 1

(w : w) and 8 h respectively.

Totally, 100 mg PMMA was dissolved in 50 mL chloroform and

1 g pristine bentonite was added to the solution. Specially

designed mechanical stirrer with round-bottom flask to mix sol-

utions physically was immersed to the chiller and for each solu-

tion temperature; chiller temperature was set up and waited

until stable. All solutions were mixed for 8 h with 120 rpm at

265K, 273 K, 281 K, 289 K, and 298 K, respectively. Suspensions

were filtered and after the filtration, solid samples were dried

for 24 h at room temperature.

Characterization of Materials

Totally, 10 mg pristine bentonite/PMMA sample was added to

the 500 mg KBr. The mixture was blended in mortar. From this

blended mixture, 200 mg was taken and pressed 6 ton to pre-

pare FTIR pellets. FTIR spectra of pure pristine bentonite and

pristine bentonite-PMMA nanocomposites were recorded on a

Shimadzu 8201/86601 PC Infrared Spectrometer.

The X-Ray diffraction patterns of pristine bentonite and nano-

composites were determined using Cu Ka radiation with Rigaku

X-Ray Diffractometer (k 5 1,54 A�, 2h 5 2–20�, with a resolu-

tion 0.02�2h). Air moisture can affect the measurement. To pre-

vent the air moisture effects, measurements were done same

conditions for all samples with dry nitrogen flow.

Samples for dielectric measurements were formed as discs (pel-

lets) with a diameter of 13 mm under a hydraulic press with 6

tons. Dielectric properties (i.e., capacitance, real and complex

permittivity, tangent loss factor) were measured with a Wayne

Kerr 6500 B Precision Impedance Analyzer at 1 Vrms potential.

RESULTS AND DISCUSSION

FTIR Studies

Pristine bentonite showed a characteristic peak at 1030 cm21

corresponding to SiAO stretching (Figure 1). The peaks related

to H-O-H bonds were observed near 3400 cm21 and 1638

cm21 for stretching and bending vibrations of absorbed water

respectively. For samples (prepared at 265 K and 273 K), peaks

observed near 3400 cm21 were broadened and intensity of peaks

were increased according to pure clay and the other samples .

Peak at 3628 cm21 is related to OH stretching vibrations of

structural hydroxyl.27 These peaks were broadened with decreas-

ing mixing temperatures (Figure 2).

A Sharp peak at 1033 cm21 is due to SiAO stretching fre-

quency. Peak observed at 915 cm21 is related to OH bending

vibrations in dioctohedral 2 : 1 layer silicates. In Al-Mg-OH,

OH vibration peak was observed at 842 cm21. At 791 cm21, it

was observed OH vibration peak related to Mg-Fe-OH.

Shoulder peak at 624 cm21 is related to bending vibration of

Si-O-Si.27,28 Peaks observed at 1085 cm21 and 470 cm21 are

related to amorphous silica (Figure 1).

It was observed interesting behavior at 1732 cm21. For samples

prepared at 265 K and 273 K, shoulder appeared around 1732

cm21 (C@O stretching) was weakened. CAH stretching peaks

for PMMA between 2845 cm21 and 2950 cm21 were shifted to

Figure 1. Infrared spectra of pristine bentonite, pure pmma and their

nanocomposites prepared at different temperatures (2000–1000 cm21)

Figure 2. Detailed infrared spectra of pristine bentonite, pure pmma and

their nanocomposites prepared at different temperatures (4000–2000

cm21).
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high wave numbers 2890 cm21 and 2960 cm21 for the samples

prepared at 265 K and 273 K, respectively. For other samples

prepared at 281 K, 289 K, 298 K, these peaks were weakened.

These results can be interpreted by weakness of the peaks at

1732 cm21 for the samples prepared at 265 K and 273 K and

near 3000 cm21 for samples prepared at 281 K, 289 K, and 298 K.

For samples prepared at 265 K and 273 K, weakness at 1732 cm21

can be attributed to the interactions of PMMA molecules with

the clay. Interactions between the carbonyl groups of PMMA

and pristine bentonite may cause weakness of C@O stretching

of PMMA.

On the other hand, CH stretching bands are weak compared to

the C@O stretching. Therefore, for samples prepared at 281 K,

289 K, and 298 K, carbonyl peaks are more intense than CH

stretching.

XRD Studies

Figure 3 shows the XRD plots of pristine bentonite and pristine

bentonite-PMMA nanocomposites prepared at different temper-

atures. Table I shows the two theta and d-spacing values for

three peaks on each sample. Pristine bentonite shows the char-

acteristic basal peak at 2h55.64� and d-spacing (001) is 15.66

Å. Other peaks were observed at 17.24� and 19.70�. It was

shown that for the samples prepared at 265 K and 273 K, these

basal peaks were shifted lower degrees and hence d-spacing were

increased. This result is evidence of intercalation for these sam-

ples. On the other hand, the sample which prepared at 281 K

has very close values to the pristine bentonite and for samples

prepared at 289 K and 298 K increase of d-spacing is very small.

It can be interpreted that for the samples prepared at 265 K and

273 K, intercalation can be dominant and for other samples

prepared at temperatures 281 K, 289 K, and 298 K, adsorption

may only be dominant but not strong. Increase of d spacing for

samples prepared at 265 K and 273 K, show that more PMMA

molecules can enter the galleries and the level of interactions

between the polymer and pristine bentonite is high especially at

edge of clay galleries.

It was reported that physical mixture of polymer-clay can not

form a nanocomposite. This situation was observed for the

samples prepared above the 273 K. In literature, intercalation

was achieved by ion-exchange with cationic surfactants includ-

ing primary, secondary, tertiary, and quaternary alkylammo-

nium or alkylphosponium cations.3 d-spacing of clay galleries

can be increased readily with this cations or melt intercalation.

Other study which was done by emulsion polymerization of

PMMA in the presence of Na-montmorillonite does not include

intercalative agent and shows 0.13 nm increase of d-spacing

with PMMA 18.4 (wt %) as visitor on host montmorillonite. It

Figure 3. XRD plots of pristine bentonite and pristine bentonite-PMMA nanocomposites prepared at different temperatures (a) 3–7�, (b) 15–20�.

Table I. 2-theta and d-Spacing Values of Pristine Bentonite and Pristine Bentonite-PMMA Nanocomposites

Pristine Bentonite 265 K 273 K 281 K 289 K 298 K

2h d(Å) 2h d(Å) 2h d(Å) 2h d(Å) 2h d(Å) 2h d(Å)

5.64 15.66 5.28 16.72 5.16 17.11 5.64 15.66 5.62 15.71 5.60 15.77

17.24 5.14 16.48 5.34 15.72 5.63 17.26 5.13 17.24 5.14 17.36 5.11

19.70 4.50 19.64 4.52 19.64 4.52 19.76 4.49 19.70 4.50 19.66 4.51
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was also reported that d-spacing increase with increased PMMA

content.13

In this study, although there were not either intercalative agents

or melt intercalation methods, increase of d-spacing was about

0.15 nm. This increase can be attributed to the intercalation of

the polymer to the clay galleries. This result can be explained by

the swelling of silicate layers. It is well known that silicate layers

can be swollen by solvents such as water, chloroform, or tolu-

ene. Clay is swollen in solvent and then polymer or polymer

solution is added and mixed. Polymer chains intercalate

between the clay layers with displacing the solvent.29 In our

study, while the solution was mixed, pristine bentonite could

swell chloroform and then the polymer chains were displaced

with chloroform and intercalate to the clay galleries.

Dielectric Studies

Dielectrical behavior is investigated with real (e0) and imaginary

(e00) parts of the dielectric constant (e*5e01i e00). The real part

(e0) is related to deposited energy by external field and the

imaginary part (dielectric loss) is related to loss of energy;

e0 ¼ Cp

C0

; e00 ¼ e0tan d (1)

where, C0: vacuum capacitance, Cp: capacitance, tand:loss factor.

Alternating current (ac) conductivity (r*) was calculated by;

r�ðxÞ5r01jr005xe0e
001jxe0e

0 (2)

where, x: angular frequency, e0: free space dielectric constant,

r0: real part and r00 imaginary part of ac conductivity, respec-

tively. Complex electric modulus M*(x) were determined by the

following equations:

M� xð Þ5 1

e�ðxÞ5M 01jM 005
e0

e021e002
1j

e00

e021e002
(3)

where, M 0 and M 00 are real and imaginer part of electric modu-

lus, respectively.

Dielectric measurements were done by Wayne Kerr 6500 B Pre-

cision (20 Hz–5 MHz) Impedance Analyzer at 1 Vrms potential

at room temperature. Figure 4 shows the variations of real part

(permittivity) e0, imaginary part (dielectric loss) e00 and tangent

loss, respectively. It was reported that change in e0 values with

decrease in frequency below 104 Hz represents the significant

contribution of electrode polarization process.35 In our study,

the gradual decrease of real permittivity with the decrease in

solution mixing temperatures represents decrease of electrode

polarization effect [Figure 4(a)]. It was reported that water con-

tent of the clay can effect the electrode polarization at low fre-

quencies.36 Real permittivity decreases with decrease in water

content of clay. Therefore, our results can be explained by the

water uptake from the clay with decrease in solution mixture

temperature.

Gradual decrease of dielectric loss (e00) with decrease in solution

mixing temperatures were observed [Figure 4(b)]. At high fre-

quency region, the sample which was prepared at 265 K has the

lowest dielectric loss values with respect to other samples [inset

of Figure 4(b)]. In the medium frequency range, pristine ben-

tonite and the sample prepared at 298 K show broad loss peaks.

Loss Tangent of pristine bentonite (P. Bent.) and pristine

bentonite-PMMA nanocomposites were given in Figure 4(c). It

can be said that relaxations were slightly shifted to lower

frequencies.

Additional information can be extracted from the electric mod-

ulus. Electric modulus formalism can give some advantages to

interpret relaxation phenomena. Large variation in the real and

imaginer parts of the dielectric function at low frequencies can

be minimized. Further, difficulties occurring from the electrode

nature, the electrode-dielectric specimen contact, the injection

of space charges and adsorbed impurities can be neglected.37

The M0 and M00 spectra were given in Figure 5(a,b), respectively.

The M0 spectra of Pristine Bentonite-PMMA nanocomposites show

the decrease in M0 values with decrease in solution mixing tempera-

ture in the frequency region below the 104 Hz [Figure 5(a)]. Sharp

peaks in M00 are shifted to the lower frequencies as the solution

mixing temperature decreases [Figure 5(b)]. The electric modulus

relaxation time is determined from loss peak frequency fp(M00)
using the relation sM 5 2pfp M 00ð Þ

� �21
. The evaluated sM values

were plotted against to solution mixing temperature (Figure 6). It

was observed that relaxation time increase with decrease in solution

mixing temperature.

It was reported that shifting the relaxation frequency to the

lower frequencies is related to the water content of the clay.

Figure 4. Real permittivity of pristine bentonite (P. Bent.) and pristine

bentonite-PMMA nanocomposites (100–15 MHz).
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Relaxations observed at lower frequency are attributed to the

total conductivity of the clay samples. The high frequency relax-

ation peak, observed in modulus presentation at f>105 Hz is

related to the polarization of bound water.33 Another study,

which is the polymer host and the clay is visitor shows high fre-

quency peak in the electric modulus due to reoriented dynamics

of polar groups of the polymer. It has been also reported that

increase in relaxation time is evidence of the increase in hin-

drance to the polymer chain.37 In present study, low dielectric

constants and shifting the relaxation peaks to the lower fre-

quency with decrease in solution mixing temperature can be

explained by the water uptake from the clay.

The r0 spectra of pristine bentonite and pristine bentonite-

PMMA nanocomposites were given in Figure 5(c). All the sam-

ples have frequency independent plateau which correspond to

ionic or dc electrical conductivity rdc and dispersion at higher

frequencies (above 104Hz). This behavior obeys the power law

r�ðxÞ5rdc1Axn, where A is the pre-exponential factor and n

is the fractional exponent (ranging between 0 and 1 for the

electrolyte).38 The solid line in r0spectra denotes fit of experi-

mental data to the power law expression. rdc , A and n values of

power law expression were given in Table II. It can be seen that

the dc conductivity values of nanocomposites decrease with

decrease in solution mixing temperature (Figure 7). Especially,

for the samples which were prepared at 265 K and 273 K have

lower dc conductivity values with respect to dc conductivity of

Figure 6. Loss factors of pristine bentonite (P. Bent.) and pristine

bentonite-PMMA nanocomposites.

Table II. Parameters Obtained from Universal Power Law fit to the Exper-

imental Data of Pristine Bentonite and Pristine Bentonite-PMMA

Nanocomposites

Pristine bentonite
and nanocomposites rdc (lS/m) A (1029) n

P. Bentonite 8.03 0.67 0.62

298 K 14.2 1.32 0.85

289 K 13.1 4.05 0.82

281 K 9.99 0.99 0.92

273 K 5.55 0.22 0.99

265 K 3.55 0.08 1.01

Figure 5. Real permittivities of pristine bentonite (P. Bent.) and pristine

bentonite-PMMA nanocomposites (1052107Hz).

Figure 7. AC conductivity of pristine bentonite (P. Bent.) and pristine

bentonite-PMMA nanocomposites.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.3990739907 (5 of 7)

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


pristine bentonite whereas the samples which were prepared at

281 K, 289 K, and 298 K have higher values. This lower dc con-

ductivity values with decrease in solution mixing temperature

can be attributed the decrease in water content of the clay

which reduces electrode polarization effect. Water uptake can

occur not only on the surface of the clay but also in the clay

galleries. Especially, for the samples (265 K an 273 K), water

uptake can occur both on the surface of the clay and in the clay

galleries. This result can be supported by the increase in d-spac-

ing values of these samples. Therefore it can be concluded that

water uptake from the clay galleries can cause strong electro-

static attraction between the gallery cations and clay plates. This

strong electrostatic attraction reduces the ion mobility. There-

fore lower rdc values in the samples 265 K and 273 K with

respect to other samples can be explained by reduced ion

mobility. Similar result was reported by Kaviratna’s group.36

On the other hand, increase in d-spacing of the clay galleries by

intercalation of the polymer molecules into the clay galleries is

important evidence to explain the decrease of real permittivity.

It was shown that increased interlayer spacing decrease the

dielectric constant.29,30,35,37 In those studies, to produce

polymer-clay nanocomposites, PMMA is host and clay is visitor

and clay was used with modifier. It was reported that the dipole

orientation of the polar side of PMMA was constrained because

of confinement and interference of clay.30

In our study, the clay is host and PMMA is visitor in the ratio

10 : 1(w : w). The intercalation of PMMA molecules into pris-

tine bentonite galleries can be restricted the dipole orientation

of the polymer and the clay. PMMA chains were intercalated

into the clay galleries tightly. This intercalation was supported

by weakness of the carbonyl peaks in the FTIR spectra.

It was reported that main driving force between polymer and

clay results from an orientation of the polymer chain, forming

hydrogen bonds with the hydroxylated surface of the clay.31

Therefore, it can be said that surface interactions between the

polymer and clay is more effective for samples prepared at

273K, 281 K, 289 K, and 298 K with respect to the other sam-

ple. Otherwise, for sample prepared at 265 K, polymer can try

to enter clay galleries instead of adsorb to the clay surface.

Therefore, decrease in real permittivity for sample prepared at

265 K according to pure clay and other samples can be

explained by this tight intercalation (inset of Figure 4).

From the results discussed above, it should be explained the

mechanism of the water uptake from the clay structure. It was

reported the individual H2O molecules are bonded stronger

than in unbound liquid but weaker than in solid form.32 At

higher temperatures than the room temperature, relaxations fre-

quencies slightly shifted to lower frequency. This result was

explained by the evaporation of water molecules from surface of

the clay.33 It was also reported that relaxation peaks shifted to

lower frequencies and e0 decrease with reduction of water con-

tent of the clay.34 From the reports described above, it can be

said that water molecules at the surface of the clay can leave at

lower temperature than 273 K and at higher temperature than

the room temperature. In this study, remove of water molecules

from the surface of the clay at lower temperature than 273 K,

can cause lower real permittivity and shifting of relaxation

peaks to the lower frequencies according to the samples pre-

pared at 281 K, 289 K, and 298 K. Therefore reduce in dielectric

constants and slide of relaxation peaks to the lower frequencies

with decrease in solution mixing temperatures can be explained

by two ways: First, increase in d-spacing of pristine bentonite

galleries with intercalation of PMMA molecules into the pristine

bentonite galleries can constrain the dipole orientation of both

polar side of pristine bentonite and polymer. Second, removing

of water molecules at lower preparation temperatures (below

273 K) can decrease the polymer-clay interactions molecules on

the surface of the clay.

CONCLUSIONS

We have studied PMMA-pristine bentonite nanocomposites pre-

pared by solution mixing method at different temperatures. It

was observed that the samples prepared at temperatures 265 K

and 273 K exhibit the intercalation of PMMA into the pristine

bentonite galleries. The XRD measurements have shown the

increase in d-spacing of the pristine bentonite by decreasing the

temperature. These results show that the weakness of the car-

bonyl group peaks in FTIR spectra can be interpreted in favor

of the intercalation as well. It was also observed that the inter-

calation constrains the dipole orientations and results in the

decrease of the dielectric constants. The decrease in the value of

dielectric constants as well as the shift of the relaxation peaks

towards the lower frequencies, with decreasing the mixing tem-

peratures, can be explained in two ways: (i) The intercalation of

PMMA molecules into the pristine bentonite galleries restricts

the orientations of dipoles. (ii) The disappearance at lower

preparation temperatures (below 273 K) of water molecules

from the surface of the clay results in the decrease of the

polymer-clay interactions. At lower frequency region (below 104

Hz), electrode polarization effect decrease with decrease in solu-

tion mixing temperature. DC conductivity values of nanocom-

posites decrease with decrease in solution mixing temperature.

Relaxation time (sM) increases with decrease in the mixing

temperature.

In summary, it seems that with the low mixing temperature

near 273 K, it may be possible to produce intercalated polymer-

clay nanocomposites in the absence of an intercalative agent.
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