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ABSTRACT: The dielectric constant, dielectric loss factor,
and alternating-current conductivity of Gd-doped poly(vinyl
alcohol) (PVA) samples have been studied in the temperature
and frequency ranges of 290–450 K and 50–53 106 Hz, respec-
tively. Three relaxation processes—aa, ac, and q—have been
obtained. The first one is due to the rotation of OH and C¼¼O
groups inside the amorphous part of PVA. The second pro-
cess is due to the dipole relaxation in the crystalline phase of
the sample. The changes in the peak position and height of aa

and ac have been interpreted in light of the formation of com-
plexes between GdCl3 and OH and C¼¼O groups of the PVA
structure. On the other hand, the q-relaxation process is due
to the space-charge formation between the different phases

inside the PVA samples. Alternating-current conductivity
measurements of the investigated samples have revealed that
the hopping conduction mechanism is predominant. The
maximum barrier height and the activation energy have been
calculated and reported. In the low temperature range (306–
333 K), the responsible conduction mechanisms of PVA
doped with 2 or 4 wt % GdCl3 have been found to be small
polaron tunneling and quantum mechanical tunneling,
respectively. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108:
2540–2549, 2008
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INTRODUCTION

The incorporation of metal salts into polar organic
polymers can induce pronounced changes in various
properties of the polymers.1–3 Frequency shifts and
intensity changes in the infrared vibrations of poly-
amide (nylon 6) containing added metal halides4

and the changes in the spectra of several polymers
doped with inorganic nitrates5 have been interpreted
in terms of complex formation between the metal
salts and specific functional groups of the polymers.
The incorporation of metal chlorides (CoCl2, CuCl2,
and FeCl3) into poly(vinyl chloride) (PVC) and poly-
(vinyl alcohol) (PVA) produced intensity changes in
infrared absorption bands of the polymers and
resulted in a 106-fold increase in the electrical con-
ductivity of the films.6–8

These effects resulted in a new, specific metal–
polymer interaction, for which a model based on
strong electrical coupling between the metal atoms
and polar C��Cl and C��OH bonds of PVC and
PVA, respectively, was presented.7,8 Recently, it was
reported that the incorporation of rare-earth salts
and their complexes into solution-grown thin polymer
films produced a metastable state lifetime, which
should be maximized for laser properties, giving rise

to very strong luminescence.9–12 Rare-earth cations
are often characterized by a reduced affinity to com-
plex formation in comparison with trivalent cations
of other metals (Fe31, Cr31, Al31, etc.). This is due to
the relatively large size of the rare-earth cations,
weak electrostatic interactions between such cations
and negatively charged ligands, and the low
capacity for covalent-bond formation. This results
from the features of the electronic structure of lan-
thanides13,14 As a result, rare-earth cations form
complexes with bonds of a mainly ionic (electro-
static) nature.13,14

Rare-earth complexes such as europium and sa-
marium are suitable candidates for applications such
as light-emitting diodes, optical fibers, laser materi-
als, and optical signal amplifications.13–15 Moreover,
rare-earth salts have a considerable effect on the
structure and optical and electrical properties of
polymers.7–12

The aim of this work was to investigate the effect
of the Gd cation concentration on the dielectric con-
stant (e0) values and alternating-current (ac) conduc-
tion mechanisms of PVA to improve the properties
of PVA to make it more applicable.

EXPERIMENTAL

PVA, obtained from Avondale Laboratories (Ban-
bury Oxon, England), had an average molecular
weight of 17,000 GRG. Gadolinium chloride hydrate
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(GdCl3; 99.99%) was obtained from Sigma–Aldrich
(Steinheim, Germany). PVA powder was dissolved
in triply distilled water at 808C with continuous stir-
ring. The mixture was kept at 808C for 30 min until
a clear solution was obtained. The solution was
cooled slowly with continuous stirring at 508C.
GdCl3 was dissolved in 0.5–1 mL of concentrated
HCl, and the mixture was diluted by the addition of
10 mL of triply distilled water at 508C with continu-
ous stirring. The mixture was added to the PVA so-
lution at 508C with continuous stirring of the final
mixture for 12 h.

The aqueous solution of the mixture was cast into
a Petri dish placed on a leveled plate at room tem-
perature (358C) for 7 days until the solvent was com-
pletely evaporated. The obtained polymer film, 0.08
mm thick, was cut into square pieces and coated
with silver paste to achieve ohmic contacts. The e0

measurements were carried out with a Hioki (Ueda,
Nagano, Japan) model 3532 High Tester LCR, the ac-
curacy of which for measuring the capacitance was
of the order of 0.0001 pF.

The temperature was measured with a T-type
thermocouple with its junctions just in contact with
the sample with accuracy better than 618C. PVA
films filled with mass fraction (W) values of 0, 2, 4,
6, and 8 wt % GdCl3 were prepared. W was calcu-
lated as follows:

Wðwt %Þ ¼ wf=ðwp þ wf Þ 3 100 (1)

where wf and wp represent the weights of the filler
and polymer, respectively.

RESULTS AND DISCUSSION

The temperature dependence of e0 and the dielectric
loss factor (e00) of pure PVA, in the frequency range
of 10 kHz to 1 MHz, is shown in Figure 1(a,b),
respectively. The figure shows the existence of two
relaxation peaks, designated aa and ac, at 336 and
383 K for e0(T) and at 330 and 373 K for e00(T),
respectively. The sharp aa peak centered at 330 K for
e00(T) is accompanied by a sharp peak for e0(T) at 333
K. This process corresponds to the segmental relaxa-
tion associated with the glass transition, at which the
micro-Brownian motion of long chain segments in
the amorphous regions of PVA takes place.

Moreover, the ac peak, which is located at 370 K
for e00(T) and at 383 K for e0(T), is related to the seg-
mental motion in the crystalline phase of PVA.16

This process is probably due to the dipole relaxation
in the crystalline phase or in the region intermediate
between the amorphous and crystalline phases of
the PVA structure. Also, the high-temperature ac is
broad and therefore involves a distributed polariza-
tion.

Figure 2(a–d) shows the temperature dependence
of e0 for PVA doped with 2, 4, 6, or 8 wt % GdCl3 in
the frequency range of 10 kHz to 1 MHz, respec-
tively. From the figure, it can be seen that e0(T)
exhibits the same trend as e0(T) for pure PVA. At
10 kHz, the peak position of aa of PVA doped with
2 wt % GdCl3 has shifted to a higher temperature at
340 K, whereas the broad ac peak has become more
intense, and its peak position has shifted to a lower
temperature at 360 K. In addition, the peak height of
aa and ac has increased to 107 and 93, respectively.

When the Gd concentration increases to 4 wt %
inside the backbone structure of PVA, the ac-relaxa-
tion process completely vanishes. Also, the peak
position of aa indicates that the glass-transition tem-
perature (Tg) of PVA has shifted to a higher temper-
ature at 347 K, and its peak height has become 71.
Figure 2(c,d) shows that the introduction of GdCl3 at
6 wt % within a PVA film increases the values of e0

and shifts Tg of the polymer toward lower values at

Figure 1 Temperature (T) dependence of (a) e0 and (b) e00
for pure PVA at constant frequencies.
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330 K. Moreover, PVA that contains 8 wt % GdCl3
undergoes a decrease in the peak height of aa at
20.5, and its peak position shifts to a lower tempera-
ture at 333 K.

There are several factors17 that influence Tg for
polymers, such as main-chain rigidity, crosslinking
density, and the chemical structure of the dopant
materials. The PVA hydroxyl groups contribute, by
hydrogen bonding, to the stiffness of the linear poly-
mer. By the introduction of lanthanides as crosslink-
ing agents, the number of hydroxyl groups may di-
minish, and hydrogen-bonding interaction decreases;
this produces a diminution in the stiffness. This can
be ascribed to the higher coordination number of lan-
thanides, such as Gd. Also, there are many possibil-

ities for the formation of varieties of topologies inside
the polymers.18–20 On the other hand, crosslinking
increases the rigidity, and the new moieties that are
produced can affect Tg in different ways, depending
on crosslinking formation inside the amorphous and
crystalline regions inside the PVA structure.

The trend of Taa, (peak position of a-relaxation
due to the amorphous parts of the PVA samples),
corresponding to Tg, for PVA samples as a function
of the Gd concentration is shown in Figure 3. The
increase in the Gd content within the PVA sample
from 2 to 4 wt % increases Tg of the sample from
333 to 347 K. This may be due to the formation of
complexes between Gd31 and hydroxyl (OH) and
carbonyl (C¼¼O) groups of the main chain. More-

Figure 2 Temperature (T) dependence of e0 for PVA doped with (a) 2, (b) 4, (c) 6, or (d) 8 wt % GdCl3 at constant
frequencies.
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over, hydrogen-bonding formation may play an im-
portant role in this process. As a result, Gd31 ions
can form metal–ligand complexes within the PVA
structure. These complexes can be bound via coordi-
nation and ionic bonds with OH groups of the next
layer of polyanion molecules accompanying the com-
pletion of metal complexes and creation of a new
film substrate. In this approach, multivalent Gd31

ions act intrinsically as structure-forming linking
components for the resulting material, and the multi-
ple salt bridges and coordination bonds result in the
formation of a condensed structure.

Consequently, Gd–PVA crosslinking within the
amorphous regions acts as a PVA stabilizer that
increases Tg of PVA. However, the crosslinking forma-
tion in the crystalline regions acts as a PVA plasticizer,
with respect to Tac (peak position of a-relaxation due
to the crystalline parts of the PVA samples), leading to
wide spacing between polymer chains; as a result, the
disorder degree and the free volume are increased in
this region. Therefore, the formation of Gd–PVA com-
plexes increases the free volume21 in the crystalline
regions and lowers Tac. Growth in the free volume also
lowers the interaction between molecules. In addition,
the crosslinking formation may screen the polar groups
of PVA and prevent the formation of polymer–polymer
bonds, lowering Tac. Then, a more ordered arrange-
ment of the polymer chains is obtained, which
increases the polarization and e0 of the sample.

Figure 4(a,b) presents the temperature dependence
of e0 and e00 of pure and doped PVA samples, respec-
tively, at 10 kHz. All the doped samples exhibit

another relaxation process q peak around 445 K. The
peak height of this process was found to increase
with the Gd31 concentration. This process may be
assigned to the formation of more than one phase
inside the PVA structure via the formation of Gd–
PVA complexes. The nature of the q-relaxation pro-
cess for semicrystalline polymers is due to chain
trapping of interfaces or Maxwell–Wagner polariza-
tion phenomena within the samples.22

However, in the amorphous parts of the investi-
gated sample, the q process is related to conductive
impurities, injected space charges, and electrode ef-
fects. The q peak clearly originates from the motion
of space charges, which have accumulated in the
polymer close to the electrodes. Therefore, this pro-
cess depends on the nature of the electrode and the
presence of impurities such as water molecules.23

Moreover, the q peak is always appearing above the
dipolar a peak; the latter arises from the displace-
ment of charges, whereas the former arises from the
gross motion of charges over macroscopic distances.

Figure 4 Temperature (T) dependence of (a) e0 and (b) e00
for the investigated samples at 10 kHz.

Figure 3 Peak position and peak height of the aa-relaxa-
tion process for pure PVA and doped samples.
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Figure 5 shows the dielectric loss (tan d) of PVA
doped with 4 wt % GdCl3 as a function of frequency
at 303, 333, 363, and 393 K. In the isothermal fre-
quency scans of tan d, the two relaxation processes,
called q and a, are detected around 200 Hz to 3 kHz
and 100 kHz to 3 MHz, respectively. The a-loss peak
is shifted to higher frequencies with the temperature
increasing from 303 to 393 K. The peak broadening
of this process may be assigned to the diminution of
the crystallinity of the system, which is caused by
the increase in the crosslinking density.24,25 How-
ever, there is a competitive action of at least three
factors during the crosslinking:

1. Diminution of the existing physical network
due to the hydrogen bonding.

2. Formation of a chemical network.
3. Crosslinking formation inside the amorphous

regions.

The q-loss peak is shifted to a lower frequency with
increasing temperature; this may attributed to the
space charge in the interface between the oriented
regions. On the other hand, this transition in the
Gd–PVA structure may be related to multiphases
coming from the conformation of the structure of
complexes between Gd31 and OH and C¼¼O groups
of the PVA main chain. In addition, the interactions
of a number of rare-earth metal cations (Gd31, Nd31,
Er31, etc.) with other polymers have been studied,

and the formation of complexes between the metal
cations and the ligand groups of the polymers has
been investigated.1–3,14

Figure 6(a–c) illustrates the frequency dependence
of tan d for a pure PVA sample and samples con-
taining 2, 4, 6, or 8 wt % GdCl3 at constant tempera-
tures of 303, 333, and 363 K, respectively. The data
show that all PVA samples undergo two relaxation
processes (a and q), except for pure PVA at 363 K,
which exhibits a relaxation only. The maximum
broadening and peak position (2 kHz at 303 K) for
the q peak were obtained for PVA doped with 4 wt %
GdCl3. The height of the a peak was found to
increase with the Gd salt content from 2 to 4 wt %
and then decrease with a further increase of Gd salt
in the sample. This may be due to the competitive
rotation of OH and C¼¼O groups of the main chains.
In addition, the plasticization effect of the Gd–PVA
crosslinking plays a significant role in increasing the
free volume between the PVA main chains. This
leads to an increase in both tan d and e0. The higher
the GdCl3 concentration (6 and 8 wt %) is, the higher
the crosslinking density is; this screens the polar
groups of the polymer and decreases the peak height
of the a-relaxation process.

The increment of Tg is probably a result of the
PVA–GdCl3 interaction and high crosslinking den-
sity, which restrict the polymer chain mobility. This
leads to the formation of an immobilized polymer
shell around Gd31 ions,13 and thereat, the rigidity of
chains increases within the polymer matrix, as con-
firmed by the mechanical properties.26,27 It has been
found that chemical crosslinking of a linear polymer,
such as PVA, may provide feasible routes for
improvement of the mechanical properties and ther-
mal stability.28,29 Several crosslinking methods have
been published for different uses and applica-
tions.30,31 Crosslinking PVA has found a very prom-
ising application in the preparation of biomedical
materials32 and magnetic-field-sensitive gels.33 Fur-
thermore, lanthanide metals such as Gd(III) have
higher sensitivities for magnetic resonance imaging
examinations.13

Figure 7(a,b) shows the measured ac conductivity
as a function of the reciprocal temperature [r(T)] at
different frequencies for pure PVA and PVA contain-
ing 2, 4, 6, or 8 wt % GdCl3 at 100 kHz, respectively.
This figure reveals that the r(T) values of all the
samples exhibit two regions at low and high temper-
atures (I and II, respectively). These regions obey the
Arrhenius equation:

rðTÞ ¼ r0 expð�Ea=kTÞ (2)

where r0 is a constant, k is Boltzmann’s constant, Ea

is the activation energy, and T is the absolute temper-
ature. The Ea values were calculated for all samples

Figure 5 Frequency (f) dependence of tan d of PVA
doped with 4 wt % GdCl3 at constant temperatures.
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at 100 kHz and are reported in Table I. The ac con-
ductivity (rac) of pure PVA was found to increase
with the ambient temperature and field frequency
increasing. This reveals that the mechanism responsi-
ble for the conduction mechanism could be a hop-
ping one.7 Also, the variation of the conductance
with temperature is due to a combined effect of a
change in the conductance with temperature and the
nature of trap distribution in the sample. This indi-
cates that the conductance takes place via hopping of
carriers between randomly distributed trapping cen-
ters in amorphous and crystalline regions. The

increase in the values of r(T) at higher temperatures
suggests that the variable range of hopping conduc-
tion mechanisms of charge carriers is operative.

Moreover, rac of the PVA samples increased with
the Gd content. This result can be investigated by
consideration of the following three effects:

1. The Gd ion has an ionic radius of 1.02 Å,34 so
the average metallic particle to particle separa-
tion decreases as the Gd31 content increases.
This tends to increase the electrostatic fields
between Gd31 ions.

Figure 6 Frequency (f) dependence of tan d of pure PVA and doped samples at (a) 303, (b) 333, and (c) 363 K.
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2. The formation of Gd–PVA complexes may in-
crease the nature of the trap centers and lower
the potential barrier to detrapping.35 The traps
may be a result of disorder, contributing to the
observed hopping conduction mechanism.

3. Transition metals may reside at the amor-
phous–crystalline boundaries and diffuse pref-
erentially, via heating, through the amorphous

regions and thus form a charge transfer with
the polymeric chains.36

The behavior of the ac conductivity as a function of
frequency x [rac(x)] for the amorphous semiconduc-
tors is given by37

racðxÞ ¼ AxS (3)

where A is constant and exponent S is a function of
x. Several theoretical models have been proposed to
interpret the ac conduction mechanism for amorphous
semiconductors. It is assumed that the dielectric loss
occurs because of the localized motion of the charge
carriers within a pair of sites. Two distinct mecha-
nisms have been proposed for relaxation phenomena:
quantum mechanical tunneling (QMT) of electrons or
polarons through the barrier separating localized
states and classical hopping over the same barrier.

Small polaron tunneling (SPT) may be formed in a
covalent solid if the addition of a charge carrier to a
site causes a large degree of local lattice distortion.
In this case, the activation energy for polaron trans-
fer or the maximum barrier height, WH � 1/2Wp

(where Wp is the polaron energy), is independent
of the intersite separation, and the temperature
dependence of S should follow this equation:37

S ¼ 1� 4½lnð1=xsÞ �WH=kT��1 (4)

where s is the characteristic relaxation time. For
QMT, it is assumed that there is no lattice distortion
associated with the carrier movements and that S is
temperature-independent. Frequency exponent S in
this model is reduced to

S ¼ 1� 4½lnð1=xsÞ��1 (5)

This indicates that S values are temperature-inde-
pendent.

The correlated barrier hopping (CBH) model was
first proposed by Picke38 to account for ac conduc-
tion in amorphous scandium oxide films. It is
assumed that single electron motion is responsible,
and then rac(x) in this model is expressed by

Figure 7 Relation between rac and 1000/T of pure PVA
and doped samples at 100 kHz.

TABLE I
Values of Ea and WH Corresponding to the CBH Model for All the PVA Samples

Sample

Ea (eV) WH (eV)

I II In the aa-relaxation process In the q-relaxation process

Pure PVA 0.83 0.78 0.54 0.35
PVA 1 2 wt % GdCl3 0.20 0.69 0.31
PVA 1 4 wt % GdCl3 0.51 0.74 0.30
PVA 1 6 wt % GdCl3 0.54 0.65 0.35 0.31
PVA 1 8 wt % GdCl3 0.61 0.76 0.42 0.32
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racðxÞ ¼ p3=24½N2e0e0xR6
x� (6)

where e0 is the dielectric permittivity of the free
space and N is the density of a pair of sites. The
hopping length (Rx) is given by

Rx ¼ e2=pe0e0½WH � kT lnð1=xsÞ��1 (7)

where e is the electronic charge. Frequency exponent
S in the electron CBH model is evaluated as follows:

S ¼ 1� 6kT½WH � kT lnð1=ðxsÞ��1 (8)

For large values of WH/kT, S becomes39

S ¼ 1� 6kT=WH (9)

To specify the dominant ac conduction mechanism
for all PVA samples, the frequency dependence of
rac at a constant temperature corresponding to the
lower temperature side of both aa- and q-relaxation
processes has been considered. The log rac–log x
plots of pure PVA for aa at 308–333 K and for q at
383–418 K are shown in Figure 8(a,b), respectively.
Also, the frequency dependence of rac for PVA
doped with 2 or 4 wt % GdCl3 for the aa-relaxation

Figure 8 Relation between log rac and the logarithm of the frequency (log f): (a) pure PVA in the aa-relaxation process,
(b) pure PVA in the q-relaxation process, (c) PVA doped with 2 wt % GdCl3 in the aa-relaxation process, and (d) PVA
doped with 4 wt % GdCl3 in the aa-relaxation process.
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process at 306–328 K is shown in Figure 8(c,d),
respectively. The measured data show that rac

increases linearly for all PVA samples with the field
frequency.

The temperature dependence of exponent S for all
PVA samples for the aa-relaxation and q-relaxation
processes is shown in Figure 9. It is evident from
this figure that the S values decreased with increas-
ing temperature for PVA for both aa-relaxation and
q-relaxation processes. This suggests that the varia-
tion follows eq. (9), indicating the predominance of
the CBH mechanism. The calculated values of WH

are listed in Table I. These values are nearly equal to
half the values calculated for Ea of the samples. This
may be attributed to the existence of the microinho-
mogeneity of the investigated samples.

The increase in S values with increasing tempera-
ture for PVA doped with 2 wt % GdCl3 indicates
that the conduction mechanism could be an SPT
one.29 This may be due to the local lattice distortion,
which resulted from Gd–PVA crosslinking forma-
tion. Therefore, the total energy (electron 1 distor-
tion) of the system is lowered by Wp.

29 This may be
responsible for the existence of the higher values of
rac of this sample in comparison with other PVA
samples.

In addition, the behavior of S components for
PVA doped with 4 wt % GdCl3 is temperature-inde-

pendent. This reveals that a QMT mechanism is pre-
dominant in this system. Thus, with increasing Gd
content inside the PVA structure, the Gd–PVA cross-
linking density increases. Overlap on the cloud
charges, which results from the large degree of local
lattice distortion, is obtained. Therefore, the uniform
distribution of these clouds may be attained within
the PVA structure, and the conduction mechanism
could be a QMT one.

It can be expected that higher complex formation
density inside the PVA structure will be obtained
with 6 and 8 wt % GdCl3 as the doping materials.
This leads to the formation of multiple domains or
phases within the investigated samples. Thus, the
electron transfer by thermal activation over the bar-
rier between two sites may be suggested to be the
related conduction mechanism in these systems. In
addition, the values of exponent S in aa- and q-relax-
ation processes have been found to decrease with
increasing temperature, as shown in Figure 9. This
indicates that the conduction mechanism of PVA
doped with 6 or 8 wt % GdCl3 is CBH.

CONCLUSIONS

The temperature and frequency dependence of e0

allows us to detect three relaxation transitions in
PVA samples. The first one occurs at Tg (aa), and the
second (ac), which is attributed to the dipole relaxation
inside the crystalline regions, is located near 388 K
for pure PVA. The third one is the space-charge
transition (q), which is due to the chain trapping of
the interfaces or the Maxwell–Wagner polarization
within the sample. The disappearance of the ac-
relaxation peak for PVA doped with 6 or 8 wt %
GdCl3 is attributed to the formation of complexes
and the distortion process within the crystalline
phase of the PVA structure. rac of the investigated
samples reveals that CBH is the most probable con-
duction mechanism at lower and higher temperature
regions. However, at 306–333 K, the conduction
mechanisms of PVA samples doped with 2 and 4 wt %
GdCl3 could be SPT and QMT, respectively.
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