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SYNOPSIS 

The ultraviolet spectra of pure and lead salt-poly(viny1 alcohol) (PVA) composite films 
were studied at  room temperature. Blending of PVA with lead acetate and lead nitrate 
cause a considerable change in the UV spectrum, indicating electronic structure modifi- 
cations. The complex permittivity (c*) and the complex electric modulus ( M * )  of the pure 
PVA and the PVA-based composite films were investigated between 300 and 400 K in the 
100 Hz-100 kHz frequency range. The frequency dependence of the permittivity is influenced 
by the space-charge polarization. The interfacial polarization is manifested a t  high tem- 
perature and becomes important only above the PVA glass transition temperature and 
below 1 kHz. Dielectric properties of PVA-lead nitrate composite revealed that the salt is 
complexed with PVA through hydrogen bonding. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

One of the main uses of a dielectric properties study 
of polymeric materials is to obtain information on 
molecular motion and structural transitions. The di- 
electric behavior of a polymer is determined by the 
charge distribution and also by the statistical thermal 
motions of its polar groups. The study of relaxation 
behavior constitutes a powerful approach for obtaining 
information about the nature and types of molecular 
motions and the manner in which they are affected 
by chemical compositions, molecular structure, mor- 
phology, etc.' For polymers in the solid or in the vis- 
coelastic state, the physical structure is of great im- 
portance in determining the dielectric b e h a v i ~ r . ~ , ~  

Dynamic and dielectric measurements, for 
studying molecular mobility in poly (vinyl alcohol) 
( P V A )  , have been done by several  author^.^-^ Ac- 
cording to dynamic mechanical s t ~ d y , ~  PVA exhibits 
three relaxations in the same manner as do other 
semi-crystalline polymers: crystalline, primary, and 
local mode relaxations in the order of descending 
temperature. These three relaxation transitions have 
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been reported for atactic, syndiotactic, and isotactic 
PVA samples 5,8 using a dielectric technique. 

Recently, both basic and applied studies in polymer- 
admixtured salts have been intensified since this new 
class of materials, which ranges from insulator to ionic 
solid conductors, may be tailored for a wide variety of 
applications. The solid-state properties of ion-contain- 
ing polymers are determined largely by the association 
in a thermally reversible network of ionic groups in 
multiples and clusters? To obtain information about 
the structure-properties of these materials, dielectric 
loss measurements are currently used.'@" 

Therefore, the purpose of this article was to inves- 
tigate the dielectric behavior of pure and some lead 
salt-PVA composite systems aimed at describing the 
extent to which the dielectric information may be used 
for a better understanding of the polymer-salt inter- 
actions in such composites. The results are correlated 
with those of the UV-absorption investigation. 

EXPE R I ME N TA 1 

Materials 

The atactic poly (vinyl alcohol) (PVA) used in this 
study was a commercial product, purchased from 
Polyscience, Inc.; the nominal molecular weight was 
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78,000, and the saponification value was 99.7 mol 
%. Lead acetate and lead nitrate were supplied by 
BDH Chemicals, Poole, England. 

Film Preparation 

The composites were prepared by the mixed 
method, l3 i.e., by dissolving the predetermined salt 
percentage and the PVA percentage (by weight) in 
distilled water. The mixture was stirred a t  room 
temperature for 24 h. The resulting solution was 
cast onto glass plates and dried under an air at- 
mosphere a t  ambient temperature for 1 week and 
dried further in an oven regulated at  80°C for 24 h. 
Films containing up to 20 wt 5% lead salt and having 
a thickness ranging from 50 to 100 pm were obtained. 
The surfaces of the film were coated with a silver 
layer of about 150 i% thickness. No crystallization 
could be observed in any of the samples, as revealed 
by the polarizing optical microscope. 

Measuring Techniques 

The experimental techniques have been described 
el~ewhere.~. '~  Visible and ultraviolet (UV ) absorp- 
tion spectra of pure and PVA-lead salt composite 
films were measured a t  room temperature using a 
Perkin-Elmer-Lamda spectrophotometer. Dielectric 
permittivities were measured using a phase detector 
technique (look-in-amplifier Stanford-type SR 510 
research system). The measurements were carried 
out in the frequency range from 100 Hz to 100 kHz 
under a controlled temperature that varied from 300 
to  400 K. All measurements were carried out under 
a vacuum ( -  lop3  Torr) to avoid humidity effects 
in a cell designed especially to prevent stray capac- 
itance. 

RESULTS AND DISCUSSION 

UV-Absorption Investigations 

The UV absorption spectra of pure and the blend 
of PVA with Pb(CH3C00)2  and P b ( N 0 3 h  are 
shown in Figure 1. As is clear for pure PVA spectra, 
four remarkable bands are observed, two sharp 
bands a t  195 and 222 nm and broadening bands a t  
280 and 340 nm. On the other hand, blending 
of PVA with Pb(N03)2  led to the disappearance 
of 195 and 222 nm bands with a sharp absorption 
edge at  265 nm, while on blending of PVA with 
Pb( CH3COO)2, the formation of a sharp absorption 

2 00 300 400 500 

Figure 1 UV-visible absorption spectrum of (A) pure 
PVA, (B) 5 wt '% Pb(CH3C00)2-PVA, and (C) Pb(NO,),- 
PVA: (1) 1 wt %, ( 2 )  5 w t  %, (3) 10 w t  %, (4) 15 w t  %, 
and ( 5 )  20 wt % of Pb(N0&. 

Wavelength ( n m  I 

edge a t  280 nm, without any absorption bands, re- 
sulted. 

In the case of the P b  ( N03),-PVA system, the 
absorption at  280 nm increases as the lead nitrate 
concentration increases up to  5 wt % and then de- 
creases with increasing the lead nitrate content to 
20 wt %, as compared to  the pure PVA ( see Fig. 1 ) . 
On the other hand, the absorption band intensity 
a t  280 nm decreases, with a slightly shift toward a 
lower energy side, as  the lead nitrate concentration 
increases. These results mean that on increasing lead 
salts more than 5 wt % led to increasing the aggre- 
gation of the nonreacted lead salts which acts as  a 
defect center and reduces the absorption. Further, 
the disappearance of both 195 and 222 nm bands on 
treated PVA with both lead acetate and lead nitrate 
provides evidence for the formation of lead salt 
polymer complexes. 

Dielectric Investigations 

The complex dielectric constant, 

is often used to describe relaxation processes in in- 
sulators. The dielectric permittivity &' and the di- 
electric loss e'' data measured a t  different fixed tem- 
peratures on pure PVA, PVA films doped with 5 wt 
% lead acetate, and lead nitrate salts are plotted 
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against frequency in Figure 2. The values of the di- 
electric constant c‘ [Fig. 2 ( a )  - ( c )  ] and the dielectric 
loss c” [Fig. 2 (a’)  - (c’) ] seem to decrease as the fre- 
quency increases and increase as  the temperature 
increases. On the other hand, E’ and c” values depend 
on the salt type; they are lower in the case of the 
PVA-Pb ( N03)2 composite than in the case of the 
PVA-Pb ( CH3C00)2 composite in comparing to the 
values of pure PVA. Further, c‘ values seem to be 
large specifically a t  higher temperatures and fre- 
quencies. This is, of course, not the bulk dielectric 
constant but rather is due to the “free” charge mo- 
tion within the material and is sometimes known as 
“space-charge polarization.” l5 As shown in Figure 
2, no definite relaxation modes could be clearly ob- 
served in salt-containing PVA. 

Therefore, the complex electric modulus, 

M* = M’ + iM”, ( 2 )  

which is defined as  the reciprocal of the dielectric 
constant ( M *  = 1/&*), has most frequently been 
employed in studies to investigate the relaxation 
processes in ionic conductors. 

Hence, to resolve the dipolar and ionic natures 
of the relaxation processes, the real component of 
the complex electric modulus, 

and the imaginary component 

were calculated from the E ‘  and c” data.16’17 These 
values (MI, M”)  are plotted vs. temperature for fixed 
measuring frequencies in Figure 3. On the other 
hand, Figure 4 shows the variation of M’ and M” 
with frequencies for fixed measuring temperatures. 
The M‘ vs. T and M“ vs. T curves of pure PVA and 
its composites show clearly relaxation peaks, but 
their structure features, peak positions, and peak 
intensities depend on the lead salt types, tempera- 
ture, and frequency. In general, three relaxations 
can be characterized: These relaxations can be re- 
ferred to low-, intermediate-, and high-temperature 
relaxations. 

PVA has a polar side groups in its chain and di- 
electric primary relaxation and local mode relaxa- 
tions have been r e p ~ r t e d . ~ , ~  The lower and the in- 
termediate relaxations are ascribed to torsional and 
segmental motion of the amorphous chains” and 
will be designated as p- and ag-relaxations, respec- 
tively. The higher-temperature relaxation is a non- 

dipolar process due to the interfacial polarization or 
space charge polarization effects and will designated 
as a,-relaxation. 

As Figures 3 and 4 illustrate, the relaxation 
processes become more clearly resolved on repre- 
senting the data by the electric modulus. Investi- 
gation of M”-T or MI‘-log(F) curves of pure and 
Pb ( CH3COO),-PVA composite reveals that differ- 
ent positions of ag and ap peaks are observed at dif- 
ferent temperatures and frequencies, i.e., a peak 
moves through the frequency “window” or temper- 
ature “window’) as both the temperature and the 
frequency changes. On the other hand, the P-relax- 
ation of PVA is located a t  about 320 K in MI’-T 
curves. It is seen, generally, that the composite of 
lead nitrate-PVA behaves somewhat differently. 

These observations clearly suggest the persistence 
of the higher dipole moment segmental mobility ( ag- 
relaxation) in the crosslinked network, through H 
bonding of the lead nitrate-PVA composite. The 
occurrence of such localized motions seems to  be 
common to all types of amorphous s01ids.l~ The fea- 
tures of these localized motions are remarkably sim- 
ilar to those of the ,&relaxation of pure PVA (as 
seen in the M”-T curve), namely, that there is an  
increase in the height of the M peak with decreasing 
frequency ( a  decrease in the half-width) . Hence, a 
second noncovalently bonded network structure, in 
addition to the covalent crosslinked network struc- 
ture, of the polymer molecules must be considered. 
This second structure is attributed to  the H bonding 
between the OH groups of PVA and the 0 atom of 
lead nitrate. 

A more significant comparison is that of the data 
for the a,-relaxation in pure and lead acetate-con- 
taining PVA. It is apparent from the plots (M“-T ) 
[see Fig. 3 (b’ ) ]  that the peak shape for salt-con- 
taining PVA is different from that of pure PVA [see 
Fig. 3 (a’) ] and shifts over a wide temperature range. 
Further, as is clear in the M“-T curve of pure PVA, 
the growth of a t  least one new peak, closely spaced 
to  the original, is responsible for the shift. This ap- 
relaxation has been associated mainly with aligned 
configuration of chain segments formed in the poly- 
mer during deformation treatment (complex for- 
mation). 

I t  is believed that the loss peaks seen in the tem- 
perature domain are not true loss peaks; they are 
simply the result of two opposing effects; the in- 
creasing mobility of charge carries or dipoles and 
the breakage of the hydrogen bond, and, hence, the 
decrease of the water content a t  the PVA-Pb ( 
interfaces with increasing temperature. Only this 
interpretation can explain why the peaks do not 
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Figure 5 
ature (1/T) for pure and blended PVA films. 

Plots of T against reciprocal absolute temper- 

change their position but only their height with 
varying frequency. This behavior may reflect the 
strong hydrogen bonding existing in the PVA-lead 
nitrate complex. It might be expected that hydrogen 
bonding in the film, involving the PVA chain, will 
determine the symmetry of the orientation distri- 
bution of the dopant. Further, hydrogen bond for- 
mation between the dopant and the polymer chains 
may influence the dielectric behavior of PVA-lead 
nitrate composite films. 

c-Relaxation Characteristics 

The transformation of the data to the electric mod- 
ulus led to the resolving of the relaxation processes 
and enables one to evaluate the relaxation param- 
eters, namely, the preexponential factor ( 7 ' )  and 
the activation energy (E,) . The position of each peak 
indicates a characteristic rate of relaxation of that 

particular structure and the height of its dielectric 
strength (or the magnitude of dipole moment and 
the number of molecules). Hence, it is of interest 
to evaluate the temperature dependence of the av- 
erage relaxation times, 7 ,  for M" at various relaxa- 
tion processes. The average relaxation time has been 
calculated using the formula 

where f m  is the frequency of the peak maximum. 
Arrhenius plots for the transition of pure and 

doped PVA are shown in Figure 5. It is clear that 
the relaxation peaks (see Fig. 4) are non-Debye- 
like, being both broadened and of symmetry. The 
average activation energy, E,, and the characteristic 
time, T ~ ,  were evaluated from the plot In T (  T)  vs. 
1 /T  (see Fig. 5)  using the Arrhenius equation2': 

T ( T )  = exp(E,/KT) ( 6 )  

where K is the Boltzmann's constant. The preex- 
ponential factors ( 7 ' )  and the activation energies 
(E,) together with f m  for pure and PVA composites 
are listed in Table 1. A higher activation energy was 
obtained for the lead nitrate/PVA blend, indicating 
the formation of the Pb ( N03),-PVA complex. Fur- 
ther, as seen in Figure 5, relaxation times are rela- 
tively high; the Maxwell-Wagner effect is expected. 
A mixture of two materials with different conduc- 
tivities and permittivities always exhibits an addi- 
tional dielectric polarization mechanism, the so- 
called interfacial or Maxwell-Wagner relaxation.21 
In the present study, in the case of Pb ( N03),-PVA 
complexes (Fig. 4), the Maxwell-Wagner effect has 
been observed. The loss modulus increases from 333 
to 353 K and decreases rapidly from 353 to 373 K, 
which is attributed to the charge buildup at  the in- 
terface between the salt particles and the polymer 
matrix. 

Table I Relaxation Parameters for Pure and Lead Salt-doped PVA 

Relaxation Parameters 

Material 393 K 373 K 353 K E,  (eV) 7 0  ( s )  

Pure PVA 1.6 x lo3 80.0 32.0 0.63 5.4 x 10-13 
5 wt % Pb(CH3C00)2-PVA 1.6 x lo4 7.9 x lo2 2 x 102 0.69 1.8 x 10-13 
5 wt % Pb(NO&-PVA 2.5 x 103 1.3 X 10' 1 x 103 1.03 3.0 x 10-17 
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CONCLUSION 

The UV-absorption study revealed that blending of 
PVA with both lead acetate and lead nitrate causes 
a remarkable change in its UV-spectrum, depending 
on both the concentration and the nature of the 
metal salt used, providing the formation of the lead 
salt-PVA complex. 

A detailed dielectric relaxation study of pure and 
PVA composite films revealed the existence of three 
transitions: local, primary, and polarization relax- 
ations. The nature of the salt, the temperature, and 
the frequency all influence the position and the in- 
tensity of the loss maxima. The high-temperature 
relaxation peak observed in the dielectric modulus 
loss curves of the composites has been assigned to 
the interfacial polarization ( Maxwell-Wagner ef- 
fect) in the low-frequency region. 

It should be stated that the representation of the 
dielectric properties in terms of the electric modulus, 
M*,  is very sensitive, and the structure features of 
the relaxation peaks depend on whether the data 
are given in MIf-T or M"-log F plots. The low-fre- 
quency dielectric absorption of PVA-lead nitrate 
composites is most interesting and calls for a further 
detailed investigation. 

The authors wish to thank Prof. Dr. M. Kamal for his 
encouragement during the preparation of this manuscript. 

REFERENCES 

1. G. S. Rellick and J. Runt, J.  Polym. Sci. Polym. Phys. 
Ed., 24, 279 ( 1986). 

2. L. ArasandB. M. Baysal, J.  Polym. Sci. Polym. Phys. 
Ed., 22,1453 (1984). 

3. M. D. Migahed, F. M. Reicha, M. Ishra, and M. El- 
Nimer, J.  Muter. Sci. Muter. Electron., 2 ,  146 ( 1991 ).  

4. A. Nagai and M. Takayanagi, Rep. Progr. Polym. Phys. 

5. Y. Ishida, Y. Takeda, and M. Takayanagi, Kouoid-Z., 

6. S. Nohara, Kobunshi Kuguku, 15, 105 (1958) .  
7. T. Kajiyama, S. Togami, Y. Ishida, and M. Takaya- 

nagi, J.  Polym. Sci. B, 3,  103 (1965) .  
8. P. D. Garrett and D. T. Grubb, J.  Polym. Sci. Part B 

Polym. Phys., 2 6 ,  2509 (1988). 
9. A. Eisenberg and M. King, Ion-Containing Polymers, 

Academic Press, New York, 1977. 
10. K. Krai and A. Eisenberg, J. Macromol. Sci. Phys. B, 

1 7 , 8 0 3  (1980). 
11. S. Yano, Y. Fujiwara, F. Kato, K. Aoki, and N. Ko- 

izumi, Polym. J., 13, 383 (1981). 
12. M. Laleg, Y. Camberlin, G. Boiteux-Steffen, G. Seytre, 

and J. Pascault, J.  Macromol. Sci. Phys. B, 23, 233 
(1984). 

13. N. A. Bakr, M. I. Abdel-Hamid, and 0. El-Hanafy, J. 
Appl. Polym. Sci.,55, 415 (1995). 

14. M. D. Migahed and N. A. Bakr, J .  Polym. Muter., 11, 
129 (1994). 

15. J. J. Fontanella, J. J. Wilson, M. K. Smith, M. C. 
Wintersgill, C. S. Coughlin, P. Mazoud, S. G. Green- 
baum, and R. L. Siddon, Solid State Ionics, 50, 259 
(1992). 

16. C. J. Huang, C. C. Yen, and T. C. Chang, J.  Appl. 
Polym. Sci., 42,2237 (1991). 

17. K. Pathmonathan and G. P. Johari, J. Polym. Sci. 
Part B Polym. Phys., 2 8 ,  675 (1990). 

18. K. Okano, Rep. Inst. Phys. Chem. Res. (Tokyo), 40, 
273 (1964). 

19. G. P. Johari, T. Dorfmuller, and G. Williams, Lecture 
Notes in Physics No. 277, Springer-Verlag, New York, 
1987. 

20. M. D. Migahed and T. Fahmy, Polymer, 35 (8), 1688 
(1994). 

21. L. K. VanBeek, Prog. Dielect., 7, 69 (1967). 

Jpn., 8, 249 (1964). 

1 6 8 , 1 2 1  (1960). 

Received February 8, 1995 
Accepted July 27, 1995 


