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This investigation explored the effects of the pre-treatment temperature on the molecular conformations and electrical performance of
poly(vinyl alcohol) (PVOH) membranes. The structure and properties of the membranes were characterized by X-ray diffraction (XRD), dif-
ferential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Raman scattering (RS) and impedance measurements (IE). Water
molecules absorbed by the PVOH membranes, which decreased in quantity as the temperature increased caused drastic change to be observed
in the relative band intensities of the OH and CH2 bonds with respect to the C-C bonds. The observations for the hydrated PVOH were cor-
related with the proton transport behavior, which were inferred from conductivity relaxation measurements over various temperature regions
and were dependent on the water content in the membrane. The results were corroborated by DSC and TGA. For example, the temperature
dependence of the conductivity relaxation frequency,ωmax, followed different Arrhenius-type thermally activated processes at low and high
temperatures. The corresponding activation energies in the low and high temperature regions were: 1.42±0.02 and 0.23±0.02 eV, respec-
tively. In addition, the selected fitting temperature regions and activation energies for theωmax data were equivalent (within experimental
error) to the values for the dc-conductivity,σ0(T). This result indicates that the mechanisms for long range ion displacement (dc conductivity)
and ion-ion or ion-polymer chain correlations are identical, (i.e., an ion-hoping occurred in the various hydrated phases of PVOH).
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1. Introduction

Polymers and polymeric composites have steadily become
more prevalent in our daily lives. Permanent electrical ef-
fects in both dielectrics and conductors have been utilized
in a wide variety of applications. Among the materials with
permanent electrical effects is poly(vinyl alcohol) (PVOH), a
hydrophilic, biodegradable and non-toxic synthetic polymer,
which has been widely used in different areas of research, de-
velopment and production. These uses extend from techno-
logical areas (i.e., fuel cells, batteries and electrochromic de-
vices) to the biological and medical fields. The stereochem-
istry of the OH groups along the backbone of the chain leads
to three distinct polymer configurations: isotactic (i), syndio-
tactic (s) and atactic (a) [1–7]. All of the OH groups lie in
the same side of the plane of the extended polymer backbone
in i-PVOH. The OH groups regularly alternate from one side
of the plane to the other in the case of s-PVOH. However,
there is no specific OH distribution for a-PVOH. Generally,
all three configurations co-exist, with s-PVA as the promi-
nent phase (up to 53-62%) content [1, 5]. The sequential
distribution of OH groups on either side of the s-PVA back-
bone under favorable conditions can be explored to design
a layered structure by bridging water molecules. PVOH-
based films have been used for applications such as proton
exchange membranes (PEMs) in fuel cells [5, 7]. Many de-
sirable characteristics, such as high hydrophilicity, high me-

chanical strength and relatively low cost have attracted at-
tention for the further development of PEMs. The degree
of the absorption of water is one of the most important
factors that determine the properties and applications suit-
able for PVOH. For example swollen PVOH-H3PO2 mem-
branes, contain liquid-filled cavities that are able to absorb
large amounts of electrolytes [8]. The swelling in proper-
ties of PVOH-based membranes play an important role in
the electrical conductivity performance. The proton trans-
port properties of a membrane can be improved by enhanc-
ing the hydrophilicity of the membrane because an increase
in hydrophilicity increases, the selectivity of water toward
organic [9] and inorganic [10–13] aqueous solutions. For
example, PVOH can interact with inorganic salts and acids
to enable ionic conduction in a polymer matrix. The mem-
branes remain conducting even at high PVOH content. The
hydroxyl groups attached to the polymer backbone can be a
source of hydrogen bonding, which can assist with the forma-
tion of proton conducting polymers [2–4]. The conformation
of the PVOH orientation of the hydroxyl groups, and chem-
ical bonding might the surface wettability of a PVOH mem-
brane and the interactions of the polymer chain with consti-
tutional water molecules. In this work, based on hydrolyzed
poly(vinyl alcohol) (PVOH) powders, polymer membranes
were developed and characterized their ionic transport behav-
ior as a function of temperature and electric field frequency
in order to obtain information regarding the nature and types
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of molecular dynamics that might explain their electrical re-
sponse. In addition, the relations between the chemical com-
position, molecular structure and morphology were studied.
The electrical responses of the membranes were compared
with the Raman spectra and thermal analysis measurements
to infer structure-property relationships for PVOH, which can
be a precursor polymer for the development of PEMs.

2. Experimental details

2.1. Membrane preparation

Poly(vinyl alcohol) (PVOH) was purchased from Sigma-
Aldrich. The average degrees of polymerization and hydroly-
sis were; Mw=85,000-124,000 and 87-89%, respectively. To
prepare the samples, a consistent mass of polymer was dis-
solved in deionized water at 80◦C for 24 hours with magnetic
stirring to form, homogeneous solutions, which all polymer
grains dissolved. The resulting gels were poured into glass
plates (Petri) and stored in a dry atmosphere for several days
until the gels solidified. Uniform, smooth and thin (thickness
between 100 and 500µm) membranes were obtained, which
were dry to the touch and semitransparent to visible light.

2.2. Membrane characterization

The result membranes were characterized by X-ray diffrac-
tion (XRD), differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), Raman scattering (RS) and
impedance spectroscopy (IS). The room temperature X-ray
diffraction measurements were performed with an Advance
A8 Bruker AXS diffractometer, with a monochromatic ra-
diation source Cu-Kα (1.5406Å). Raman scattering mea-
surements were performed with a LabRAM HR800 Horiba
JobinYvon high-resolution spectrometer, with a laser beam
spot size in 2µm the 473 nm line, over a spectral range of 150
to 4000 cm−1. The crystalline sample was located in a home-
made micro-furnace coupled to the micro-Raman instrument
for in situ Raman spectroscopy measurements as a function
of temperature. The temperature was recorded with a type-K
thermocouple located very close to the sample. The Raman
spectra were recorded at various isotherms over a tempera-
ture range of 25 to 120◦C . The experimental temperature
was maintained within±0.5◦C of the temperature-controlled
micro-furnace. The thermal stabilities of the membranes
were was characterized using a TA Instruments Q100 DSC.
The samples mass were between 3 and 6 mg and hermeti-
cally sealed in aluminum pans. Each sample was scanned
from -40 to 350◦C at a heating rate of 5◦C· min−1, while
under a 50 ml· min−1 flow of nitrogen gas. Thermogravi-
metric analysis (TGA) was performed using a TA Instru-
ments 2050 TGA microbalance controlled by a computer. All
samples were measured over a temperature range of 27 to
350◦C, at a rate of 5◦C· min−1. Dry nitrogen was used as
the purge gas. The weight of the samples varied between 20
and 40 mg. The impedance measurements were performed

using a LCR meter (Wayne Kerr 6420) controlled by a com-
puter over a the frequency range of 10 to 5 MHz with an
excitation signal of 500 mV. Possible nonlinear effects due to
the amplitude of the voltage were checked up to 1.0 V over
the entire frequency range for the typical two-electrodes cell
with a Au/membrane/Au configuration, (Novocontrol, Stan-
dard sample cell BDS 1200). The measuring cell was lo-
cated in a sealed, temperature-controlled home-made cham-
ber. An E-type thermocouple located near the PVOH poly-
mer membrane was used for the temperature measurements.
Each sample was equilibrated at the experimental tempera-
ture for at least 2 min before measurements were acquired.
The impedances of the membranes were recorded at various
isotherms over a temperature range of 24 and 200◦C . The ex-
perimental temperatures were maintained within±0.5◦C . At
least three measurements for each experiment were acquired
for each polymer membranes.

3. Results and discussion

3.1. X-ray diffraction

A typical XRD profile of a PVOH membrane at room tem-
perature is shown in Fig. 1, showing broad peaks attributed
to combination of amorphous and crystalline regions in the
sample. By assuming that the crystalline phase had a mon-
oclinic structure and using the initial parameters reported
by Younget al., [14, 15], the following crystallographic pa-
rameters were determined using the Xpowder fitting soft-
ware: a = 7.81 Å, b = 2.52 Å (chain axis),c = 5.51 Å,
β = 91.2◦.The most intense peak, which was observed at ap-
proximately2θ = 22.5◦, indicated the degree of crystallinity
of the membrane with an atactic polymer configuration of
the OH groups, a-PVOH [14]. However, the crystalline peak
at 2θ = 22.5◦ was assigned as the diffraction from (101)
crystalline plane. Each (101) plane contained extended-chain
backbones, which were represented in planar zigzag confor-
mations.

FIGURE 1. X-ray diffraction at room temperature of PVOH mem-
brane.
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FIGURE 2. DSC curve for PVOH-membrane in nitrogen atmo-
sphere at the heating rate of 5◦C·min−1.

3.2. Thermal characterization (DSC and TGA) results

Figure 2 shows the DSC curve for a freshly prepared mem-
brane of PVOH over a temperature range of−40 to 350◦C.
Four thermal events were observed as the sample was heated.
The first step-type event occurred at approximately 48◦C,
which was associated with the glass transition of the polymer.
A second broad endothermic peak was observed between ap-
proximately 60 and 140◦C , which was attributed to surface
water desorption followed by partial evaporation of bound
water in the polymer membrane. It should be noted that if the
membrane was initially heated to 160◦C and subsequently
subjected to subsequent thermal cycle over−40 to 160◦C,
then the second endothermic event was no observed. A third
endothermic peak was observed at approximately 186◦C with
a change in enthalpy of 30.9 J/g, which was attributed to the
melting of the crystalline components of the polymer mem-
brane. Finally, a fourth intense peak at approximately 309◦C
with a change in enthalpy of 302.8 J/g, which was associated
with the degradation of the backbone of the polymer -chain.

Figure 3 shows the TGA and differential gravimetric
analysis (DTG) curves of a representative freshly prepared
PVOH membrane, which was heated from 25 to 400◦C. Sev-
eral weight loss regimes were observed in the TGA and DTG
curves. The first region (30 to 130◦C) was attributed to the
evaporation of physically (weakly) and chemically (strongly)
bound water. The total weight loss of the membrane was ap-
proximately 7.43 wt.% at 130◦C. If the sample was heated at
160◦C for 30 min prior to measurement, then the observed
weight loss at this isotherm was less than 1.0 wt.%. This
weight loss region was correlated with the broad endother-
mic peak observed in the DSC curve (Fig. 2). Upon subse-
quent heating of sample, a monotonically decreasing sample
weight was observed above the melting point of the polymer,
which occurred approximately 186◦C according to the DSC
results (Fig. 2). The maximum weight loss rates occurred
at approximately 247, 306.7 and 333.5◦C. The total weight

FIGURE 3. TG and DTG curves for PVOH-membrane heat in ni-
trogen atmosphere at heating rate of 5◦C·min−1.

FIGURE 4. Complex Impedance (Nyquist) plots of PVOH-
membrane for a range of temperature.

loss of the sample at the final heating temperature (400◦C)
was approximately 71 wt.%. The weight loss in this second
heating region (180 to 400◦C )was attributed to the contin-
uous thermal degradation of the polymer, which the maxi-
mum rate of the decomposition occurred at approximately
306.7◦C. Additionally, the DSC curve showed a prominent
change in enthalpy at this temperature.

3.3. Impedance spectroscopy (IS)

Figure 4 shows several typical Nyquist (−ImZ versus ReZ)
plots acquired at several isotherms between 24 and 210◦C
for a representative PVOH membrane. It is important to note
that a well-defined arc passing through the origin in the high
frequency limit, which is related to conduction process in the
bulk of the membranes, can be observed in the Nyquist plots
in the operating frequency range (10 to 5 MHZ) and at tem-
peratures higher than 50◦C. Additionally the extrapolation of
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the arc to the ReZ axis which the intercept was the bulk re-
sistance of the membrane,R decreased as the temperature in-
creased. This result indicated that a thermally activated pro-
cess occurred.

The dc conductivity, was calculated from the Nyquist
plots, using the known formula,σ= d/AR, whered is the
thickness,A is the contact area of the membrane andR is the
bulk resistance. Figure 5 shows the temperature dependence
of the dc-conductivity for the PVOH membrane. Based on a
least square analysis of the corresponding data, straight lines
used to fit two segments of data points, (log Tσ vs. 1000/T)
worked well. One of the segments was at low temperatures
(24 to 70◦C ) and other segment was at high temperatures
(90 to 160◦C). The activation energy, Ea, was calculated
from the fitting parameters according to the Arrhenius model,
Tσ(T)=σ0e

−Ea/kβT , wherekβ is the Boltzmann’s constant
and T the absolute temperature. The calculated values ofEa

were; 1.42±0.02 and 0.23±0.02 eV for the segments of data
points in the24− 70◦C and90− 160◦C temperature ranges,
respectively. This change in slope is often observed in poly-
mer electrolytes [16] and is generally attributed to a thermal
change between two different elastomeric phases in the poly-
meric membrane. According to the DSC (Fig. 2) and TGA
(Fig. 3) results, the first change occurred in the region where
water content in the polymer membrane was liberated (i.e.,
in the temperature region at approximately 80◦C ), while the
onset temperature of the second change occurred at approxi-
mately the melting point of the membrane (186◦C).

To characterize the dynamics of the diffusing ions in
the PVOH membrane, the electrical relaxation relation
phenomena in these membranes was analyzed [16]. Fig-
ure 6 shows typical plots of the frequency dependence of
the real part of the conductivity,σ′(ω), for a representa-
tive membrane, which is presented in a double-logarithmic
scale for several isotherms. The complex conductivity,
σ(ω) = σ′(ω) + iσ′′(ω), was calculated from the complex

FIGURE 5. Arrhenius plot of conductivity for PVOH-membrane.
The continuous lines indicate linear fit to the date points in differ-
ent temperature ranges.

FIGURE 6. log-log plots of PVOH- membraneσ′(ω) data for a
range of temperature. The continuous line is a representative fitting
curve to the expression (1) for the conductivity spectra at T=40◦C.
The inset shows the fitting parameters,n andωp for the spectra at
other isotherms.

admittance data,Y (ω)=1/Z(ω)=G(ω)+iωC(ω)=A/dσ(ω),
where G and C are the parallel conductance and capac-
itance, respectively. All plots were characterized in the
low-frequency region by a well-developed non dispersive
dc conductivity or plateau region over a wide temperature
range. A decrease in the conductivity was clearly resolved
at the lowest frequencies of the spectra, mainly at the high-
est temperatures, which may be ascribed to ionic transport
processes through the sample-electrode interface. As fre-
quency increased a crossover occurred with a power-law
dependent conductivity of the formωn, which was evident
at lower temperatures. Theσ′(ω) is usually described by the
phenomenological expression,

σ′(ω) = σ0

[
1 + cos

(nπ

2

)(
ω

ωp

)n]
(1)

Which is frequently observed in ionic conductors [17, 18].
The exponent,n, is usually between 0 and 1. The value is ex-
pected to be close to 1 for highly correlated ions and close to
0 for random Debye-like hops. The crossover frequency,ωp,
defines a characteristic relaxation frequency, which increases
with increasing temperature, whileσ0 is the dc conductivity.
The observed power-law in the conductivity at high frequen-
cies was ascribed to a nonrandom hopping mechanism, which
resulted from many body interactions among charge carriers.
It is import to note that the values ofσ0 obtained by extrap-
olation of the dc-conductivity plateau (the low-frequency re-
gion) shown in Fig. 6 coincide (within experimental error)
within the values obtained by using the values of R given
by the Nyquist plots (Fig. 4) by extrapolating the circular
arc to the real axis of the impedance plots. An exponent of
n=0.8±0.5 was obtained from the fits using Eq. (1) over the
whole temperature range. Identical results to those reported
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FIGURE 7. Frequency dependence of the imaginary part of the
electric modulus for PVOH- membrane for a range of temperature.

FIGURE 8. Arrhenius plot of Relaxation frequency. The continu-
ous lines indicate linear fit to the date points in different tempera-
ture ranges.

for the PVOH membrane (inset Fig. 6) are frequently ob-
served in other structurally disordered materials such as ion-
ically conducting glasses, conducting polymers, amorphous
semiconductors and doped crystalline solids [19–21]. The
feature is often referred to as “universal dynamic response”.
These observations indicate that the charge transfer mecha-
nisms based on ion migration mediated by either ion-ion or
ion-polymer chain interactions, which are similar to mecha-
nisms for other ionic materials, are also responsible for ionic
conductivity in the PVOH membranes.

An alternative time domain image of the effects of
ion-hopping correlated with relaxations in the conductiv-
ity can be obtained from the modulus formalism [22],
M(ω)=iωε0/σ(ω), which describes the relaxation of the elec-
tric field at a constant displacement vector. The main advan-
tage of this formalism is that the electrode effects can be sup-

FIGURE 9. Raman spectra of PVOH-membrane at different tem-
peratures. The arrows indicate the location of the modes, in cor-
respondence with Ref. 24 and 25. The inset show relative band
intensities.

pressed, which can otherwise become prominent at low fre-
quencies [22]. Figure 7 shows the imaginary part of the elec-
tric modulus at various isotherms. A peak was observed with
a frequency,ωmax, that was thermally activated (see Fig. 8).
This peak marked the transition regime from long range (i.e.,
dc conductivity) to short range ionic mobility. The height and
half width of the peaks changed abruptly through the tem-
perature region (60 to 110◦C) where the constitutional water
molecules were release from the membranes. The modulus
maxima of Fig. 7 decreased rapidly as the temperature in-
creased above approximately 160◦C. The dynamic processes
of ionic transport that occurred over various temperature re-
gions were different. The results were corroborated by DSC
and TGA measurements. This conclusion was also evident
from the asymmetric shape of the peaks.

The conductivity relaxation frequency,ωmax, provided the
most probable relaxation timeτ , according to the following
condition: ωmax · τ = 1. The temperature dependence of
ωmax is shown in Fig. 8, which was plotted asln(Tωmax) ver-
sus 1000/T . It was noted that the plot exhibited Arrhenius-
type thermally activated processes throughout two segments
of data points: 24 to 80◦C and 90 to 160◦C. The correspond-
ing activation energies in this two regions were 1.30±0.02
and 0.22±0.02 eV, respectively. The selected fitting temper-
ature regions and activation energies for theωmax data were
(within experimental error) equivalent to the values deter-
mined forσ0(T) (see Fig. 5). This result strongly indicates
that the mechanisms for long range ion displacement (dc con-
ductivity) and ion-ion or ion-polymer chain correlations were
identical (i.e., ion-hoping) [23].

3.4. Raman spectra (RS)

The Raman spectra of a representative PVOH membrane at
various isotherms between 20 and 120◦C are shown in Fig. 9.
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The various observed active modes of the PVOH membrane
were assigned in accordance with Ref. [24, 25], which were
identified as stretching modes (s) and bending modes (b). The
positions of the various bands were invariant as the temper-
ature increased to approximately 120◦C. However, as the ra-
tios of the peak intensities localized at I1 = 855 cm−1 (vibra-
tion C−C−O stretching), I2 = 1438 cm−1 (vibration CH2

bending) and I3 = 2912 cm−1 (vibration CH2 stretching),
were obtain the data shown in Fig. 9 were obtained as a func-
tion, which the following relative band intensities were plot-
ted:I1/I2, I1/I3, andI2/I3. The temperature dependence
of the ratios was observed to have a change in curvature at
approximately 60◦C , which was the temperature that water
began to be liberated from the membrane (see TGA results,
Fig. 3). At low temperatures, the ratio of the number of ex-
cited modes corresponding to the bonds (C−C)/(C−H) and
(C-C)/(O-H) decreased as the temperature increased, while
the (OH)/(C−H) ratio increased. However, at temperatures
above 60◦C, the trend inverted and the (OH)/(C−H) ratio be-
came almost constant. The comparison between the relative
band intensities with temperature provided evidence for the
effects of water molecules on the energetics of the excited
modes, which mainly affected the intensity of the excited
modes of the CH2 bonds, (also known as “CH2 rocks”) and
are correlated with the OH bonds for water liberation. The
well-established correlation between the DSC (Fig. 2), TGA
(Fig. 3), ionic conductivity (Figs. 5 and 7) and Raman scat-
tering (Fig. 9) results indicated that the water content in the
PVOH membrane, affected the dynamics of proton transport
and energetics of the exited modes associated with the vari-
ous modes in the PVOH polymer matrix.

As PVOH membrane was heated above 120◦C, the ma-
terial underwent color transition from transparent, to white-
milky, to yellow, and finally, to an obscure brown coloration.
The background noise of the Raman spectra also increased
as the temperature increased. The positions of the bands re-
mained invariant; however, the relative intensities of the cor-
responding peaks changed drastically. In addition, the modes
corresponding to lower wave-numbers tended to disappear,
while modes at 2912 cm−1 remained highly intense. The
excitation of the less energetic modes was energetically unfa-
vorable in the absence of water molecules and as the temper-
ature was increased above 120◦C. This behavior was also ob-
served as the PVOH was held at 120◦C for more than 20 min,
while the Raman spectra were subsequently acquired at room
temperature.

4. Conclusions

PVOH membranes prepared with a fixed water content (i.e.,
pre-treatment temperature) were investigated using, XRD,
thermal analysis (i.e., DSC and TGA), IS and RS experi-
ments. The water molecules absorbed at the surface of the

PVOH membranes, which decreased in amount as the tem-
perature increased, resulted in drastic changes in molecular
conformations on the surface of the membrane. At higher wa-
ter contents (i.e., lower pre-treatment temperatures), the rel-
ative band intensities of the hydroxyl groups and CH2 bonds
to the C−C bonds were less than the ratios determined at
lower water content (i.e., higher pre-treatment temperatures).
However, after surface water was released at temperature
above 60◦C, the relative intensities of the (OH)/(C-H) bands
remained constant as the temperature increased to approxi-
mately 110◦C. The relative band intensities of these groups
with respect to C-C bonds continued to decrease. According
to the TGA results, constitutional water molecules remained
present in the PVOH membranes in the temperature range
60 to 110◦C (see Fig. 3). This observation indicated that
the excitation of the less energetic mode associated to the C-
C bonds was energetically favorable as the temperature in-
creased relative to the modes assigned to the more energetic
bands assigned to the OH groups and C-H bonds. The struc-
tural differences observed by Raman spectra as a function of
temperature in the hydrated PVOH membrane had profound
consequences on the proton transport. The dynamic ionic
transport processes that were inferred from conductivity re-
laxation measurements that occurred at various temperature
regions were different according to the water content of the
membrane. The results were corroborated by DSC and TGA.
This conclusion was also evident from the change observed
in the shape of the relaxation peaks obtained from M′′(ω) as
a function of temperature. For example, the temperature de-
pendence of the conductivity relaxation frequency,ωmax, fol-
lowed different Arrhenius-type thermally activated processes
at low temperatures compared to high temperatures. The
corresponding activation energies in the two regions were
1.42 and 0.23 eV, respectively. Additionally, the selected
fitting temperature regions and activation energies for the
ωmax data were, (within experimental error), equivalent to
the values obtained forσ0(T). This result strongly suggests
that the mechanisms for long range ion displacement (i.e.,
dc conductivity) and ion-ion or ion-polymer chain correla-
tions were identical, (i.e., ion-hoping) [23]. The presence
of water molecules bound to the PVOH membrane at tem-
peratures that favor OH-disorder (i.e., in the absence water
molecule), modified the proton-proton and proton-polymer
chain interactions as determined by the conductivity relax-
ation measurements.
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