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ABSTRACT: Solid polymer membranes from poly(vinyl alcohol) (PVA) and poly(acrylamide-co-acrylic acid) (PAA) with varying doping

ratios of sorbitol were prepared using the solution casting method. The films were examined with Fourier transform infrared spectros-

copy, thermogravimetric analysis, differential scanning calorimetry, and AC impedance spectroscopy. The impedance measurements

showed that the ionic conductivity of PVA–PAA polymer membrane can be controlled by controlled doping of sorbitol within the poly-

mer blends. The PVA–PAA–sorbitol membranes were found to exhibit excellent thermal properties and were stable for a wide tempera-

ture range (398–563K), which creates a possibility of using them as suitable polymers for device applications. VC 2012 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 128: 3861–3869, 2013

KEYWORDS: composites; conducting polymers; plasticizer; properties and characterization

Received 19 June 2012; accepted 19 September 2012; published online 12 October 2012
DOI: 10.1002/app.38619

INTRODUCTION

The interest in solid materials with ionic conduction properties

has increased during the last 20 years owing to their application

in solid-state batteries and electrochromic devices.1,2 Much

attention has been focused on investigating polymer films to

enhance their mechanical properties and ambient temperature

conductivity by blending various polymers,3–5 crosslinking,6

insertion of ceramic filters,7 plasticization,8 and so on. Among

the various methods of producing high ionic conduction, poly-

mer blend is a valid and feasible approach.9,10 In agreement

with Wieczorek and coworkers,11,12 the addition of particles

(fillers) produces changes in the vitreous transition temperature

that alternate the temperature dependence of crystallization and

in the ionic conduction of the material.

Poly(vinyl alcohol) (PVA) is a polymer which has been investi-

gated by many researchers because of its applications as binder,

and excellent biocompatibility for double-layer capacitors and

electrochemical stability.13,14 It contains carbon chain backbone

with hydroxyl groups attached to methane carbons. The OH

groups can be a source of hydrogen bonding and hence the as-

sistance in the formation of polymer blends.15 The conductivity

of PVA polymer films increases noticeably by blending PVA

with other suitable polymers. Poly(acrylamide-co-acrylic acid)

(PAA) has a wide range of applications as a stabilizer and a

flocculent in many technological and ecological processes. PAA

finds application as a flocculent when its molecular weight is

higher than 1,000,000 Da.16 PVA and PAA are hydrophilic poly-

mers that have been used in many biomedical applications as

active hydrogels.17 PAA chains can be trapped in PVA network

while crosslinking and also forming new bonds.

Plasticizers used for polymer membrane films are generally of

low-molecular-weight aprotic solvents having high dielectric con-

stant, and they play an important role in the conducting matrix.

Usually, plasticizers are added to rigid polymers, soften them,

increase the processability, and lower their glass transition tem-

perature (Tg). Basically, plasticizers make it easier for changes in

molecular conformation to occur;15 therefore, ionic conductivity

of polymer blends can be improved by the addition of a particular

plasticizer. Furthermore, sorbitol plasticizer has a favorable effect

on the mechanical properties of the polymer membrane films

where it was found to decrease the hardness and elastic modulus

with the increase in plasticizer concentration.18

EXPERIMENTAL

Polymer complexes with PVA–PAA–sorbitol were prepared using

the solvent casting method. This technique is preferred for

VC 2012 Wiley Periodicals, Inc.
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casting thin films as it reduces the energy of melting.19 PVA

with an average molecular weight of 61,000 g/mol and PAA

with an average molecular weight of 5,000,000 g/mol (Aldrich)

were used in this study.

PVA and PAA were dissolved separately in deionized water (100

mL) with a concentration of 5 g each in a conical flask, and the

solutions were stirred and heated continuously at 363 K for sev-

eral hours until they show homogeneous nature. The solutions

were then mixed together to produce jelly solution. Sorbitol

plasticizer was used as a dopant with weight percentages of 1, 2,

3, and 5% w/w. Each film was casted by spreading the suspen-

sion on glass plate and kept in a hot air oven at 353 K for 24 h.

The resulting films were visually examined for their dryness and

free standing nature. The thicknesses of the films were between

190 and 370 mm. The purpose of plasticizing the polymer mem-

brane matrix is to reduce the local viscosity and thereby facili-

tating the mobile ion to move faster within the medium which

in turn enhances the mobility and hence the conductivity.20

According to Zhang et al.,21 the miscibility of the blend system

PVA–PAA is caused by strong hydrogen bonds between the

COOHA and the OHA groups, and polyester is formed during

the annealing procedure.

The fundamental vibrations of the polymer complexes were

studied by Fourier transform infrared spectroscopy (FTIR) anal-

ysis in the range of 4000–500 cm�1 using a Thermo Nicolet

Corp. Nexus 470 IR spectrophotometer at room temperature

with a resolution of 2 cm�1. Film’s impedance was measured

using a Solartron 1260A Impedance/Gain-Phase Analyzer in the

frequency range of 1 Hz–1 MHz. The thin polymer films were

sandwiched between two stainless steel electrodes that were held

using spring-loaded probes. The resistivity was obtained from

the bulk resistance in the complex impedance diagram. For the

temperature-dependent ionic conductivity measurements, each

sample was measured inside a test chamber in the temperature

range between 298 and 398 K.

Thermal stability of the polymer membranes was investigated

under nitrogen gas atmosphere using a Thermogravimetric Ana-

lyzer TGA (TA Instruments, Q50) containing a thermogravimet-

ric analysis (TGA) heat exchanger system. Each sample (�5

mg) was placed inside a tube furnace, which was heated from

298 to 873 K at a rate of 10 K/min. The results were analyzed

using the TA Universal Analysis 2000 software. Differential scan-

ning calorimeter (TA Instruments, Q200) containing a cooling

system was used to determine the Tg and the decomposition

temperature (Td) of the polymer blends. About 5 mg of each

sample was sealed in an aluminum DSC pan and heated from

223 to 673 K at a heating rate of 10 K/min under nitrogen

purge at a flow rate of 50 mL/min.

RESULTS AND DISCUSSION

FTIR Analysis

FTIR spectroscopy was used to analyze the interactions among

the atoms or ions in the polymer films and confirm the poly-

mer complex formation. The dried films of pure polymer and

blends were cut into stripes and sandwiched between two NaCl

disks before placing them in the spectrophotometer. The FTIR

spectra of pure PVA, PAA, PVA–PAA, and PVA–PAA–sorbitol

complexes of various sorbitol compositions are shown in Figure

1(a–g). It is assumed that a crosslinking of completely miscible

blend system occurs via esterification.22 In Figure 1(a), the

vibrational bands observed at 1375, 2865, and 2923 cm�1 are

ascribed to CH3 asymmetric stretching, symmetric stretching,

and symmetric bending vibrations of pure PVA, respectively.23

The most characteristic band for PVA is located at wave num-

bers larger than 3000 cm�1 and it belongs to the OH group.

The position of C¼¼O band at about 1711 cm�1 and wide band

observed at 2300–3600 cm�1 shown in Figure 1(b) indicates

that the carboxylic acid groups form dimmers. There is no

absorption of PVA in the C¼¼O region of interest.22

The peaks between 1550 and 1720 cm�1 shown in Figure 1(a–g)

are owing to the stretching of CAO group. It can be clearly

observed that with the increase in sorbitol concentration the

broad peak at 3500 cm�1 is shifted toward the higher wave-

length region, owing to hydrogen interaction with hydroxyl

groups, indicating the switching of hydrogen bonds. Also, peak

broadening is observed in the region of 1600–1700 cm�1 owing

to CAC stretching. The two sharp bands observed between

2850 and 3000 cm�1 are assigned to the alkyl stretching mode

(mCH). It is observed that as the sorbitol ratio increases, these

two bands are reduced and almost disappear in the sample con-

tacting 5% sorbitol (Figure 1(g)). However, this is not owing to

the addition of sorbitol, but instead it is owing to the broaden-

ing and increased intensity of the adjacent band, which is

assigned to the formation of hydrogen bonding.

Thermogravimetric Analysis

The TGA thermographs of the polymer membranes PVA–PAA–

sorbitol blends of various sorbitol composition ratios are shown

in Figure 2. The aim of this study is to understand quantita-

tively the chemical reactions occurring during the thermal treat-

ment of polymer blends. The weight loss (percentage) of each

sample with temperature is summarized in Table I. The TGA

analysis in Table I and Figure 2 shows a three-step degradation

process. An initial loss of about 3–6% weight occurred at 298–

Figure 1. FTIR spectra of (a) pure PVA, (b) pure PAA, (c) pure PVA–

PAA, (d) PVA–PAA–1% sorbitol, (e) PVA–PAA–2% sorbitol, (f) PVA–

PAA–3 % sorbitol, and (g) PVA–PAA–5% sorbitol. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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443 K and was related to both the loss of nonbound water and

the formation of intra- and intermolecular anhydrides. A second

weight loss occurred in the range 513–623 K and it was associ-

ated to the decarboxylation process of intra- and intermolecular

anhydrides formed during the previous dehydration and related

to the dehydration of the OH groups of the copolymer.24

Finally, the loss of weight within the range 633–773 K was

related to the full degradation of the macromolecules. The

decomposition of PAA occurs in the temperature range of 593–

643 K and the onset decomposition temperature of PVA starts

at 683 K.22 After this temperature, the PVA–PAA–sorbitol poly-

mer membranes become greatly degraded. It has been clearly

evidenced that the PVA–PAA–sorbitol membrane samples are

relatively stable in the temperature range of 373–573 K.

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) thermographs of the

PVA–PAA and PVA–PAA–sorbitol polymer membrane blends of

the various sorbitol composition ratios are shown in Figure 3.

Transition temperature (Tg), melting temperature (Tm), and

decomposition temperature (Td) are listed in Table II. Data from

Figure 3 are summarized in Table II, indicating two endothermic

peaks at high temperatures. The first relaxation corresponds to

the melting temperature of the solid polymer membrane films,

and the second represents the decomposition temperature. A

smaller peak area of Tm for the polymer membrane indicates a

smaller fraction of the crystalline phase and a larger fraction of

the amorphous phase which may benefit anionic transportation.25

Owing to the addition of sorbitol, the interaction between the

hydroxyl group of the sorbitol and the hydroxyl and carbonyl

groups of the polymer blends increases. As the percentage of sor-

bitol rises, the effect of this causes the chains to be physically

crosslinked via the formation of hydrogen bonding and as a con-

sequence, the Tg subsequently increases.

Impedance Analysis

The typical temperature-dependent impedance plots (Nyquist

plots) for PVA–PAA polymer membranes measured between

298 and 398 K are shown in Figure 4. Each Nyquist plot shows

the dependence of the imaginary part of the impedance (Z00(x))

on the real part (Z0(x)). Herein, the total AC impedance of a

material provides a quantitative measure of the induction and

capacitance parts and given as: Z(x) ¼ Z0(x) � iZ00(x). The

Nyquist plot at 298 K shows a single semicircle, whereas two

semicircles appear for the plots at high temperatures. The effect

of sorbitol doping on the Nyquist plots is shown in Figure 5 at

298 K. Two semicircles appear in each Nyquist plot for PVA–

PAA films that are doped with sorbitol.

Table II. Transition Temperature (Tg), Melting Temperature (Tm), and

Decomposition Temperature (Td) of the PVA–PAA and PVA–PAA–

Sorbitol Polymer Membranes with Increasing Sorbitol Weight Percentage

Sorbitol weight (% w/w) Tg (K) Tm (K) Td (K)

0 396 457 573

1 356 453 553

2 376 462 563

3 379 464 557

5 412 494 563

Figure 2. TGA thermographs of (a) PVA–PAA, (b) PVA–PAA–1% sorbi-

tol, (c) PVA–PAA–2% sorbitol, (d) PVA–PAA–3% sorbitol, and (e) PVA–

PAA–5% sorbitol. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table I. The Weight Loss (Percentage) of the PVA–PAA and PVA–PAA–

Sorbitol Polymer Membrane at Different Temperatures by TGA Analysis

Sorbitol weight
(% w/w)

Temperature region (K)

298–443 513–623 633–773

0 3.3 12.6 23.7

1 4.1 20.1 17

2 4.8 22.4 19.5

3 5.2 23.9 20.2

5 6 28.2 21.3

Figure 3. DSC thermographs of (a) PVA–PAA, (b) PVA–PAA–1% sorbi-

tol, (c) PVA–PAA–2% sorbitol, (d) PVA–PAA–3% sorbitol, and (e) PVA–

PAA–5% sorbitol. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 5. The dependence of the impedance spectra on the sorbitol concentration within the PVA–PAA films at 298K. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. The impedance spectra of pure PVA–PAA with temperature variation from 298 to 398K. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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The first semicircle appears in the Nyquist plots at high fre-

quency (arrows, Figure 4), and can be simulated with an equiv-

alent circuit of a resistance and a capacitance in parallel.26 The

resistance represents the bulk contribution to the conductivity

(Rfilm) and capacitance (Cfilm) that can be associated with the

dielectric relaxation of the polymer. Therefore, Rfilm and Cfilm

represent the contribution to resistance and capacitance arising

from the grain boundaries and electron depletion regions in the

film.27

As shown in Figures 4 and 5, the impedance plots reveal second

semicircles at low frequency with increasing temperature as well

as concentration of sorbitol, indicating the double-layer

response at the electrode/sample interface. Thus, each sample

with two semicircles can be represented by two pairs of parallel

RC circuits connected into series.28 The low-frequency semi-

circles indicate the capacitive nature of the interface and the

low electronic conductivity in the cell.29 The first semicircle
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Figure 6. The inverse temperature dependence of the natural logarithm of

ionic resistivity for PVA–PAA–sorbitol polymer complexes with sorbitol

concentration varying from 0 to 5%. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 7. The variation of the film activation energy with sorbitol con-

centration for PVA–PAA–sorbitol polymer films.
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corresponds to the resistive and capacitive components (Rfilm

and Cfilm) of the film and can be assigned to the ionic conduc-

tion process (kinetic process) that occurs at high frequencies.

The second semicircle occurs at low frequency range and is

related to the interfacial charge transfer resistance and double-

layer capacitance (Rct and Cdl); thus, it is owing to the diffusion

of positive and negative charges within the polymer film.

Analysis of the Nyquist spectra yields information about the

electrical characteristics of the PVA–PAA–sorbitol polymer

membrane films. Herein, semicircle fittings were used to calcu-

late the capacitances and resistances of the films which can be

found from span of semicircles and the frequencies at the max-

ima in the Nyquist plots. The capacitance values calculated for

the high-frequency semicircles vary between 10�11 and 10�7 F

depending on the temperature and concentration of sorbitol as

summarized in Table III. The capacitance values are typical for

film relaxation phenomena, which confirm that the high-fre-

quency semicircles represent the bulk film-response characteris-

tic, Cfilm.6 The low-frequency capacitances obtained at different

temperatures for each concentration of sorbitol are in the range

of 10�9–10�7 F and summarized in Table IV. Table IV summa-

rizes that the capacitance calculated for the low-frequency semi-

circles increases with increasing temperature for each concentra-

tion of sorbitol in the polymer films. These capacitances are

related to interfacial capacitance, and can be associated with the

formation of passive layers, Cdl.
6,30 As blocking electrodes were

used in impedance analysis, each solid polymer membrane film

interface can be regarded as a capacitor. When the capacitor is

ideal, it should show a vertical spike in impedance diagram.

However, the curvature in Figures 4 and 5 inclined at an angle

(y) of <90� instead of the vertical spike in the low-frequency

side. This is known to be obtained from the roughness of solid

polymer membrane interface.13

The resistance values of the film and interfacial charge transfer

are listed in Tables III and IV for the PVA–PAA–sorbitol poly-

mer membrane films. Each resistance value was converted into

the resistivity (q) using the equation q ¼ RA/l, where l is the

thickness of the polymer film and A is the area of the blocking

electrode. The calculated values of qfilm and qct are listed in

Table V.

As summarized in Table V, it is clear that as the temperature

increases, the resistivity decreases, in general, for polymer films.

In addition, increasing the doping concentration decreases the

resistivity. This behavior is in agreement with the theory estab-

lished by Armand et al..11,31,32 This can be explained by recog-

nizing the free volume model.33,34 When the temperature

increases, the vibrational energy of the polymer film fragment

can be raised up to push against the pressure imposed by its

neighboring atoms and create a small amount of space sur-

rounding its own volume in which vibrational motion can

occur.34,35 Therefore, the increment of temperature causes the

increase in conductivity owing to the increased free volume and

their respective segmental mobility.20 In addition, the free vol-

ume around the polymer chain causes the mobility of polymer

blends to increase with sorbitol doping, and hence, the resistiv-

ity to decreases.T
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Figure 6 shows the variation of the natural logarithm of the

film resistivity versus inverse temperature for PVA–PAA–sorbitol

polymer films, with varying percentages of sorbitol concentra-

tion. The figure shows that the qfilm decreases by increasing the

doping ratio of sorbitol. It is noticeable that the slope of the

curves shows a systematic decrease with the doping concentra-

tion. The results shown in Figure 6 (solid lines) are fitted into

linear equations. The activation energy (Ea) of each polymer

membrane film is calculated from the slopes of the curves using

the Arrhenius equation36,37: q ¼ q0 exp(Ea/kBT). Here, q0 is the

pre-exponential factor, T is the absolute temperature, Ea is the

activation energy, and kB is the Boltzmann constant. Figure 7

shows the dependence of the Ea(film) on the sorbitol concentra-

tion for PVA–PAA–sorbitol polymer membrane films. Figure 7

shows that Ea(film) decreases with increasing sorbitol concentra-

tion. It should be noted that the values of the activation energy

in this study are lower than those in our earlier study28 on PVA

doped with 1-methyl-3-n-decylimidazolium bromide. The effect

of plasticizers on the polymer segmental and conductivity

depends on the specific nature of the plasticizer, including vis-

cosity, dielectric constant, and polymer–plasticizer interaction.

In this study, the plasticizer is an ionic liquid that provides

more charges and decreases the viscosity of the blends by reduc-

ing the number of chain entanglements. Reducing the number

of entanglements at a given ratio of plasticizer reduces the

amount of orientation of macromolecular structure.38 There-

fore, the low viscosity leads to high mobility of charge carriers

and thus, their segmental motion in the polymer matrices

increases the conductivity.15 Consequently, the electrical con-

ductivity of the sorbitol plasticized films exhibit an enhance-

ment as compared to unplasticized films.26,36,39,40

The relaxation times (sfilm and sct) for the semicircles in

Nyquist plots can be calculated using s ¼ 1/xmax, where xmax is

the angular frequency (xmax ¼ 2pfmax) at the semicircle maxi-

mum.41 The relaxation times are summarized in Table VI. It is

observed from Table VI that, in general, both sfilm and sct

decrease with temperature. In addition, Table VI summarizes

that the sfilm of the pure and doped films is lower than sct. This

indicates that at the high frequency range, the conductivity is

dominated by the ionic conduction process in the bulk of the

polymer electrode.34,36,42 The lower value of sfilm than sct is a

result of the faster ionic conduction process in the polymer film

than the finite length diffusion of positive and negative ions. It

is clear that diffusion process occurs when an appreciable con-

centration of the sorbitol is present. Thus, the resistivity of the

film decreases noticeably.

CONCLUSIONS

Polymer membrane films of PVA–PAA–sorbitol with varying con-

centration of sorbitol have been prepared by solution casting

method. The polymer–sorbitol complex formation has been con-

firmed from FTIR spectral measurements. DSC and TGA measure-

ments state that membranes show single Tg for all the compositions

and are relatively stable in the temperature range of 273–563 K.

The conductivity of the membranes was controlled by control-

ling the doping level of sorbitol. It was found that both resistiv-

ities (qct and qfilm) decrease with increasing temperature and

sorbitol ratio from 1 to 5% in the PVA–PAA–sorbitol polymer

complex. This is owing to the increase in the mobility and assis-

tance of polymer segmental motion which would probably be

the net effect of the decreasing viscosity on the account of

higher sorbitol ratio.
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