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Abstract The complex relative dielectric function
e*(w) = ¢ — je, loss tangent tan d = ¢’ /¢/, complex elec-
tric modulus M*(w) = M' + jM" and alternating current
electrical conductivity dispersion behaviour of liquid poly
(vinyl pyrrolidone)-poly(ethylene glycol) (PVP-PEG)
blends in water, ethyl alcohol and 1,4-dioxane solvent
over the entire volume mixture concentration range has
been investigated in the frequency range of 20 Hz to 1 MHz
at 25 °C. The PVP-PEG blends show the dielectric
dispersion corresponding to the micro-Brownian motion
of the PVP chain in the upper frequency region, whereas in
the lower frequency region, dielectric dispersion is due to
ionic conduction and electrode polarization phenomena.
Results show that the conductivity values of these blends in
water and dioxane can be monitored with the change in the
solvent concentration, whereas it has a small variation with
ethyl alcohol concentration. The comparative dielectric
dispersion shape study confirms that the chain dynamics
of polymers blend is influenced by heterogeneous inter-
actions and solvent polar strength.
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Introduction

The poly(vinyl pyrrolidone)-poly(ethylene glycol) (PVP—
PEG) blends have extensive applications in pharmaceutical,
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cosmetic and technological industries. The solubility of PVP
in low molecular weight liquid PEG is due to the formation
of hydrogen bonds between the carbonyl groups of PVP
monomer units and the chain ends hydroxyl groups of PEG
molecules, which results in the complex structure of PVP—
PEG blends. In pharmaceuticals, these blends are widely
used as a transdermal drug delivery system [1, 2]. Besides
the other parameters, in general, the rate of drug release in
polymer matrix depends on the polymer chain dynamics
and ionic conduction relaxation. Therefore, the study of
polymer chain dynamics and conductivity relaxation in
polymers blend, under varying conditions of composition
and environment, attracts a considerable interest to explore
different properties not inherent in the parent polymers.

Dielectric relaxation measurement of polymers blend
provides the information about the molecular heteroge-
neous interactions and their dynamics [3, 4]. In the past,
several attempts have been made to study the dynamics of
polar solvents regarding the confirmation of their structural
behaviour in PVP matrix by microwave dielectric relaxa-
tion measurements [4—11]. However, not much has been
done in the frequency region of 20 Hz to 1 MHz, where the
interference between ionic conduction, electrode polariza-
tion and polymer structural relaxation may be the largest,
owing to the fact that in complex systems atomic, ionic or
molecular units have non-trivial interactions between them
[12—15]. The electrical/dielectric properties of a material are
represented in terms of intensive quantities, namely,
complex relative dielectric function £*(®), electrical mod-
ulus M*(w), and electrical conductivity ¢*(w) and exten-
sive quantities, i.e. complex admittance Y*(®) or complex
impedance Z*(w). In the present study, all of these
presentations are used to explore various processes contrib-
uted in the electrical/dielectric properties of coexisting
phases of solvent polymeric three-phase system.
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The effect of the solvent environment on the dielectric
dispersion and relaxation of polymers blend is, indeed,
important because the inter-molecular interactions by the
addition of a solvent can systematically be altered [4]. In
this paper, dielectric study is employed to study the
comparative results of the dielectric dispersion of coexist-
ing phases of solvent polymeric three-phase systems, i.e.
liquid state of PVP—PEG blends in water, ethyl alcohol
(EA) and 1,4—dioxane (Dx) over the entire volume
concentration range in the frequency region 20 Hz-
1 MHz at 25 °C. The objective of the present paper has
twofold. Firstly, to confirm the dispersion process
corresponding to PVP local chain motion in PVP-PEG
blend and the interactions effect of the polar solvent
environment on this process. Secondly, to investigate the
frequency range in which the ionic conduction and
electrode surface polarization contributes to the low
frequency dielectric data and their dependence on the
solvent environment and concentration.

Experimental
Materials

The PVP of the average molecular weight 40,000 g mol ' and
the PEG of the average molecular weight 200 g mol ™' of the
laboratory grade were obtained from Loba Chemie, India.
EA and 1,4-Dx of AR grade were obtained from E. Merck,
India. The PVP-PEG blends were prepared by adding 10, 20
and 30 wt% PVP in the weight of PEG. These blends were
mixed in water (double distilled), EA and 1,4-Dx over six
volume concentration ratios of the blend to the polar solvent,
i.e. 14:86, 29:71; 43:57; 57:43; 71:29 and 86:14, respective-
ly, for their dielectric characterisation.

Dielectric measurements

An Agilent 4284A Precision LCR meter and a four-
terminal nickel-plated cobal (an alloy of 17% Cobalt+
29% Nickel+54% Iron) electrode dielectric cell Agilent
16452A Liquid Test Fixture were used for the capacitance
and resistance measurement in the frequency range of
20 Hz—1 MHz. The capacitance and parallel resistance of
the liquid dielectric test fixture, without and with samples,
were measured to compensate for a short. The test fixture
correction coefficient was also considered to cancel the
effect of stray capacitance during the evaluation of the
values of complex relative dielectric function. All measure-
ments were made at 25 °C, and the temperature was
controlled by the Thermo-Haake DC10 controller with a
precision of £0.01 °C.
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The complex relative dielectric function &*(w) is
determined from the relation [16]

Cp 1
% R ~P . 1
e*(w) =& —je a<co ijoRp)’ (1)

where =2/ is the angular frequency, C, and Cp are the
capacitances of the free space and with sample, respective-
ly; Rp is the equivalent parallel resistance of the cell with
the sample, and « is the correction coefficient of the cell.

Data analysis and results

Figures 1, 2 and 3 show the spectra of the real part of the
relative dielectric function ¢, the dielectric loss £” and loss
tangent tand=¢"/¢' of the PVP-PEG blend with 30 wt%
PVP concentration and its volume mixtures in water, EA
and Dx at 25 °C.

The broadband values of &*(w) =¢ —j¢” for the
solutions of polymer blends, in the 20 Hz—20 GHz
frequency range, can be well described by a sum of the
three relaxation processes with the contribution of direct
current (dc) conductivity o, by the equation [5]:
e5(0) = £ + At (0) + At (w) + A% (0) — j(0,/0g,),

(2)
where g, is the dielectric permittivity in vacuum, g4, is the
high-frequency limiting dielectric permittivity, Ae is the
dielectric relaxation strength and the subscripts /, m and
h denote the low-, middle- and high-frequency processes,
respectively.

The low-frequency process for polymer blends is caused
by the electrode polarization. When an electric field is
applied to the materials, then the long-range drift of ions and
barrier layer formation on the electrode surface result in large
values of the relative dielectric function [12-15, 17, 18].

The dielectric loss &” spectra peak of the /-process of the
PVP-PEG blend is outside the lower-frequency limit of our
experimental frequency range (it is below 20 Hz), only its
high-frequency tail is observed (Figs. 1, 2 and 3). The
observed m-process in the upper frequency range of the
present study corresponds to the micro-Brownian motion
(local chain motion) of the PVP chain, which is highlighted
in the insets of Figs. 1, 2 and 3. The A-process corresponds
to the re-orientation motion of small-sized polar molecules,
which occurs in the microwave frequency region. We are
concerned only in the /- and m-processes in the present
study of the complex systems.

The real part o' and the imaginary part o” of the
alternating current (ac) complex conductivity, o*(w) of the
polymers blend, were obtained from the relation
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Fig. 1 Frequency dependence of the real part of the relative dielectric
function ¢, dielectric loss " and loss tangent tand of water (W), poly
(ethylene glycol) (PEG200) and poly(vinyl pyrrolidone)-poly(ethylene
glycol) (PVP-PEG) blend with 30 wt% PVP and that of the PVP—
PEG blend in water at volume percentage ratios [PVP—PEG blend:W]
(1) 14:86, (2) 29:71, (3) 43:57, (4) 57:43, (5) 71:29 and (6) 86:14.
Inset shows that the gradual shift of the m-process corresponds to the
local chain motion of PVP towards higher frequencies with the
increase in water concentration in the blend. For clarity, error bars are
not indicated. Error bars are smaller than the size of the symbols

o*(w) = 0 +jo"" = joe,e*(0) = we,g’ + joe,& . (3)

Figures 4, 5 and 6 show the variation of the ¢’ values of the
solutions of PVP-PEG blends against frequency in water, EA
and Dx. At low frequencies, o'(®) is a constant at the dc
value o, For a fixed temperature, o' increases at high
frequencies according to a power law o'~w®, where 0<s<1.
It is usual to express o'(w) as the empirical relation [19]

o'(@) = o) + 40° (4)

where 4 is a constant dependent on temperature 7 and
0l = 0,. The s values of the PVP-PEG blends were
observed in the range =~ 0.77 to 1.0.
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Fig. 2 Frequency dependence of the real part of the relative dielectric
function €', dielectric loss €” and loss tangent fand of ethyl alcohol (EA),
poly(ethylene glycol) (PEG200) and poly(vinyl pyrrolidone)-poly
(ethylene glycol) (PVP-PEG) blend with 30 wt% PVP and that of the
PVP-PEG blend in ethyl alcohol at volume percentage ratios [PVP-PEG
blend:EA] (1) 14:86, (2) 29:71, (3) 43:57, (4) 57:43, (5) 71:29 and (6)
86:14. Inset shows that the gradual shift of the m-process corresponds to
the local chain motion of PVP towards higher frequencies with the
increase in ethyl alcohol concentration in the blend. For clarity, error bars
are not indicated. Error bars are smaller than the size of the symbols
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Considering the charges as the independent variable,
conductivity relaxation effects can be suitably analysed within
the modulus formalism in terms of a dimensionless quantity,
M*(®). Analogous to mechanical relaxation, the electric
modulus M* is obtained from the relation [17, 18, 20]

1
M*(0) = (o) MM
8/ ) 8”
R + g2 ¢’ (5)

The main advantage of this formulation is that the space
charge effects often do not mask the features of the
spectra, owing to the suppression of high capacitance
phenomena in M"(f) plots. The variation of the evaluated
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Fig. 3 Frequency dependence of the real part of the relative dielectric
function €', dielectric loss &¢” and loss tangent fand of poly(ethylene
glycol) (PEG200) and poly(vinyl pyrrolidone)-poly(ethylene glycol)
(PVP-PEG) blend with 30 wt% PVP and that of the PVP-PEG blend
in dioxane (Dx) at volume percentage ratios [PVP—PEG blend:Dx] (1)
14:86, (2) 29:71, (3) 43:57, (4) 57:43, (5) 71:29 and (6) 86:14. Inset
shows that the gradual shift of the m-process corresponds to the local
chain motion of PVP towards higher frequencies with the increase in
dioxane concentration in the blend. For clarity, error bars are not
indicated. Error bars are smaller than the size of the symbols

-
S

values of M’ and M" vs f of the PVP-PEG blend along with
its different volume ratio mixture in water, EA and Dx are
shown in Figs. 4, 5 and 6. The M"(f) spectra of these
materials have a peak, and the frequency (f;) corresponding
to it is related to the ionic conductivity relaxation (the change
from dc to ac transport), where both charge carrier transport
and polymer local chain motion may contribute to the
electric field relaxation. Finally, the electrical modulus can
be written as [21]:

JwTo 1 (wro)? (wTy)
M”‘(w):MOol - =— 5+ 5

+jwTs € |1+ (wT,) 1+ (wry)

(6)
where 7, is the most probable ionic conductivity relaxation

time, and €, is the relaxed (high frequency) dielectric
permittivity of the matrix. In Eq. 6 of the electrical modulus
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conductivity relaxation, at w, = 27f, = 1 /7, it is M'=M",
where M" also has a local maximum. Therefore, the 7,
values were obtained directly from the value of frequency f;
corresponding to the peak of M" spectrum [21]. The M" data
were fit using the Origin® non-linear curve fitting tool to
find the correct value of £;. In the case of water solvent, the

fo values were determined up to ~0.4 volume fraction of

water in the PVP-PEG blend. For higher water concentra-
tion, the fit data did not show the peak in M" because it
shifted much above the upper frequency limit of our
experimental range, i.e. | MHz.

To investigate the most probable ionic conductivity
relaxation time 7, and electrode polarization relaxation
time 7gp, the frequency-dependent master curves of real and
imaginary parts of €*, M* and o* and tand for the PVP—
PEG blend with 30 wt% PVP concentration are plotted in
Fig. 7. In Fig. 7, the strong upturn of €' at low frequency
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Fig. 4 Frequency dependence of the real part of the electric modulus
M, modulus loss M" and the real part of the ac conductivity o’ of
water (W), poly(ethylene glycol) (PEG200) and poly(vinyl pyrroli-
done)-poly(ethylene glycol) (PVP—PEG) blend in water at volume
percentage ratios [PVP—PEG blend:W] (1) 14:86, (2) 29:71, (3) 43:57,
(4) 57:43, (5) 71:29 and (6) 86:14. For clarity, error bars are not
indicated. Error bars are smaller than the size of the symbols
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Fig. 5 Frequency dependence of the real part of the electric modulus
M, modulus loss M" and real part of the ac conductivity ¢’ of ethyl
alcohol (EA), poly(ethylene glycol) (PEG200) and poly(vinyl pyrro-
lidone)-poly(ethylene glycol) (PVP—PEG) blend in ethyl alcohol at
volume percentage ratios [PVP-PEG blend:EA] (1) 14:86, (2) 29:71,
(3) 43:57, (4) 57:43, (5) 71:29 and (6) 86:14. For clarity, error bars
are not indicated. Error bars are smaller than the size of the symbols

arises from the accumulation of ions at the electrode
interface, i.e. the so-called electrode polarization (EP)
effect. From the master curves, it is observed that the tand
peak frequency fgp is closely related to the strong upturn
frequency of ¢, and the electrode polarization relaxation
time 7gp was determined from the relation 7gp = 1/27fgp,
which involves the charging/discharging of double layer
capacitance [15]. In the case of the PVP-PEG blend with
30 wt% PVP, the fp is ~300 Hz.

The complex impedance formalism Z*(®) is commonly
used to separate the bulk and the surface phenomena [12—
14, 20]. A common feature of dielectrics with dc
conductivity is a discontinuity at the electrode/dielectric
interface, which has different polarization properties than
the bulk of the dielectric. The complex impedance of the
polymers blends were evaluated by the relation
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Fig. 6 Frequency dependence of the real part of the electric modulus
M, modulus loss M" and real part of the ac conductivity o' of poly
(ethylene glycol) (PEG200) and poly(vinyl pyrrolidone)-poly(ethylene
glycol) (PVP-PEG) blend in dioxane at volume percentage ratios
[PVP-PEG blend:Dx] (1) 14:86, (2) 29:71, (3) 43:57, (4) 57:43, (5)
71:29 and (6) 86:14. For clarity, error bars are not indicated. Error
bars are smaller than the size of the symbols

1
Z* (@) = Y*(O)) =7 _qu

RP . (,OCPR123
= —J .
1+ (0CpRp)* 1+ (@CpRp)*

(7)

The complex impedance plane plot (Z” vs Z') is plotted
in Fig. 8 for the PVP-PEG blend to confirm the electrode
polarization frequency fgp, Which separates the bulk and
electrode polarization phenomena. The inset of Fig. 8
shows that the fgp value, which separates the bulk and
electrode surface phenomena, is exactly equal to the tand
peak frequency. Therefore, we use the tand(f) plots to
evaluate the tgp values of the PVP-PEG blend in different
solvents. The exact value of fgp is determined by fitting the
data to the Origin® non-linear curve fitting tool. The
evaluated values of the 7,, 1gp and o, for the PVP-PEG
blend in solutions of water, EA and Dx are plotted against
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Fig. 7 Simultaneous superpositions of the real and imaginary parts of
the complex relative dielectric function &*, the electric modulus M*,
the complex conductivity o* and the loss tangent zané for poly(vinyl
pyrrolidone)-poly(ethylene glycol) (PVP-PEG) blend with 30 wt%
PVP concentration at 25 °C. The superposition is observed at the M"
maximum frequency. For clarity, error bars are not indicated. Error

the volume fraction of the solvent in Fig. 9. These values
were fitted to a fourth order polynomial equation

Y = A+BLX' + B2X? + B3X?® + B4x* (8)

using the Origin® non-linear curve fitting tool. The values
for the coefficients of Eq. 8, i.e. A, B1, B2, B3 and B4 are
listed in Table 1 along with the standard deviation, SD, of
the fit for the PVP-PEG blend in different solvents.

Discussion
Complex dielectric behaviour
Figures 1, 2 and 3 show that the PVP-PEG blend with

30 wt% PVP concentration has the dielectric dispersion in
the upper frequency region of our experimental frequency
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range, which is corresponding to the micro-Brownian
motion (local chain segmental motion) of the PVP chain
(m-process) [5]. The m-process dispersion suggests that the
complex structure of PVP-PEG blend is in dynamic
equilibrium, which is due to the breaking and reforming
of heterogeneous hydrogen bonds between the carbonyl
groups of PVP monomer units and the chain ends hydroxyl
groups of PEG molecules. Identical to this, the dielectric
dispersion curves of the m-process were also found for the
PVP-PEG blends of 10 and 20 wt% PVP concentration
(not shown in this paper). However, the dielectric disper-
sion range, i.e. dielectric strength of the m-process,
increases as the concentration of PVP increases in the
PVP-PEG blends.

The comparative shapes of the m-process dielectric
dispersion (insets of Figs. 1, 2 and 3) of the PVP-PEG
blend in water, EA and Dx solvent have the gradual shift
towards higher frequencies with the increase of solvent
concentration and it shifts above 1 MHz for the solvent-
rich solutions of the blends. Further, insets of figures also
confirm that there is no dielectric dispersion
corresponding to the chain segmental motion (m-process)
of the PEG molecules, and it has only molecular re-
orientational dynamics in the microwave frequency region
[22]. When the PVP-PEG blend is added into the solvent,
the small-sized molecules of the solvent penetrate into the
heterogeneous complex structure of the blend because of
which the PVP-PEG structure gets elongated [9, 23]. As
the solvent concentration increases, the PVP-PEG struc-
ture gets more elongated and hence, hindrance is reduced
to the PVP chain segmental motion, and correspondingly,
there is a gradual shift of their m-process dielectric
dispersion towards more higher frequency region [9, 10,

2.5

N
S
T

7' (kQ)
Fig. 8 Complex impedance plane plot (Z" vs Z') for poly(vinyl
pyrrolidone)-poly(ethylene glycol) (PVP—PEG) blend with 30 wt%
PVP concentration at 25 °C. Inset shows the frequency of Z”
minimum, which separates the bulk and electrode polarization
phenomena. For clarity, error bars are not indicated. Error bars are
smaller than the size of the symbols
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Fig. 9 Solvent concentration dependence of the most probable ionic
conductivity relaxation time 7, the electrode polarization relaxation
time tgp, and the dc conductivity o, of the poly(vinyl pyrrolidone)-
poly(ethylene glycol) (PVP—PEG) blend in water (W), ethyl alcohol
(EA) and dioxane (Dx) solvent at 25 °C. The lines are non-linear fits
with the fit parameters indicated in Table 1. For clarity, error bars are
indicated only on one plot of a. These error bars are according to the
size of the symbols

23, 24]. Although the molecules of water, EA and Dx
form complexes with the PVP and PEG molecules [6-38,
10, 11, 25] through hydrogen bonds, the shape of the
dispersion curves suggests that the PVP-PEG blend
structure elongation masks the hindrance effect produced
by the formation of solvent complexes with the blend
structure in regards to the micro-Brownian motion of the
PVP chain. The decrease in the viscosity with the increase
in solvent concentration in the PVP-PEG blend cannot be
ruled out in the shift of the m-process in the higher
frequency region for solvent-rich solutions of the PVP-
PEG blend.

The PVP-PEG blends and their solutions in water, EA
and Dx have a large increase in the values of complex
dielectric constant with the decrease in frequency in the
lower frequency region (Figs. 1, 2 and 3), which is mainly
due to ionic conduction and electrode polarization [5, 12—
15]. Further, the low frequency &' values monotonously
increases with the increase in water concentration, which
may be due to the high static permittivity of water
molecules and their large contribution in electrode polari-
zation effect; whereas the €’ values in Dx solvent of the low
static permittivity decreases monotonously with the in-
crease in Dx concentration in the PVP-PEG blends. It
seems that because of nearly equal values of static
permittivity of PEG and EA molecules, the PVP-PEG
blends in EA solvent have anomalous variation in €' values
with the change in EA concentration. Recently [25],
authors have investigated the heterogeneous interaction
behaviour of PEG-water, PEG-EA and PEG-Dx over the
entire concentration range by a static dielectric permittivity
measurement and by determination of the Kirkwood
correlation factor, which confirms the entirely different
heterogeneous interaction behaviour of water, EA and Dx
with PEG molecules. The different interaction behaviour
of PEG with these solvent molecules is also reflected in

Table 1 Coefficients A, B1, B2, B3 and B4 of the nonlinear equation with its standard deviation (SD) for the values of ionic conduction
relaxation time (7,), electrode polarization relaxation time (tgp) and dc conductivity o, of the PVP-PEG blend in different solvents at 25 °C

shown in Fig. 9

System A BI B2 B3 B4 SD
Non-linear fit parameters of 7, values
PVP-PEG blend in water —6.087 -2.314 2.069 -3.461 0.000
PVP-PEG blend in ethyl alcohol —6.074 —3.689 11.313 —16.705 8.453 0.087
PVP-PEG blend in dioxane —6.108 —0.885 —0.592 8.522 —4.350 0.138
Non-linear fit parameters of tgp values
PVP-PEG blend in water —3.286 —0.833 —8.651 16.518 —8.839 0.047
PVP-PEG blend in ethyl alcohol —3.282 -3.580 7.960 —11.182 5.882 0.071
PVP-PEG blend in dioxane -3.282 —2.061 5.588 -1.331 0.064
Non-linear fit parameters of o, values
PVP-PEG blend in water -3.776 2.592 3.445 —8.804 4.697 0.022
PVP-PEG blend in ethyl alcohol -3.782 3.182 -5.917 7.880 —4.376 0.020
PVP-PEG blend in dioxane -3.775 —0.236 5.072 —17.468 9.447 0.054
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the €' spectra of the PVP-PEG blend over the frequency
range of 20 Hz—1 MHz. The comparative study of the m-
process dispersion of the PVP-PEG blends confirm that the
PVP chain segmental dielectric relaxation is very sensitive
to the solvent environment.

The ¢" values of the PVP-PEG blends in water, EA and
Dx solvent decrease with the increase in frequency (Figs. 1,
2 and 3). In the case of pure blend and also at low
concentration of the solvent, these spectra indicate the
dielectric loss dispersion corresponding to the m-process in
the upper frequency region. Figures 1, 2 and 3 also include
a variation of the values of loss tangent (tand = €’ /¢") of
these complex systems against frequency. It is found that
all the solutions of the blends have a tand peak magnitude
of about 100. The large tand peak value of the PVP-polar
solvent blends may be due to the presence of some
common ionic impurity traces in the polar solvents.
Further, the tand(f) peak shows the gradual shift towards
higher frequencies as the concentration of water and EA
increases in the solutions of the PVP-PEG blends,
whereas reverse behaviour is found in the Dx solvent.
The observed tand peak frequency values are corres-
ponding to the frequency that separates the bulk and
surface phenomena (dielectric/electrode interface) contrib-
uted in the values of low frequency complex relative
dielectric function [15].

From tané plots, the upper frequency limit of the
electrode polarization effect for water is found to be
~20 kHz, which decreases with the increase of PVP-PEG
blend concentration in water solutions, and for pure PVP—
PEG blend, it is ~300 Hz. These findings confirm that the
thickness of electrode surface barrier layers arises because
of the adsorption of the PVP-PEG blends on the electrode
surfaces, which increases in presence of a water solvent
[26]. Similar behaviour is also found in the case of the
PVP-PEG blends in EA solutions. However, for EA, the
upper frequency range value of the electrode polarization is
~3 kHz, which is much lower than the corresponding
frequency limit value of water. In the case of the PVP-PEG
blend in Dx solution, the electrode polarization frequency
range has a gradual decrease from 300 Hz with an increase
in Dx concentration in PVP-PEG blend, and in the Dx-rich
solutions of the blend, this range is lower than 20 Hz. The
decrease in the electrode polarization frequency range of
the PVP—PEG blends in Dx solutions is expected because
of its weak polar behaviour, which resists the formation of
the PVP-PEG blend layers on the surfaces of nickel-plated
cobal electrodes of the dielectric cell.

Electric modulus behaviour

Figures 4 and 5 show that the PVP—PEG blend solutions in
water and EA solvent have the peak in M"(f) spectra for
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higher concentrations of the blend in the frequency range of
10°-10° Hz. Further, frequency corresponding to the M”
peak value has gradually shifted towards higher frequencies
with the increase in these solvent concentrations in the
blend. However, in the case of the PVP-PEG blend
solutions in the Dx solvent, the frequency corresponding
to the M" peak value has shifted towards the lower
frequency region as the concentration of Dx increases in
the solutions (Fig. 6). These observations indicate that the
shift in M" peak on the frequency scale of PVP-PEG
blends have comparative opposite behaviour in the solu-
tions of strong polar solvents as compared to weak or non-
polar solvents. The M" peak frequency (f5) of the solutions
of the PVP-PEG blends is related to the ionic conductivity
relaxation time (t, = 1/27f;), i.e. the change from dc to ac
transport, in which both charge carrier transport and
polymer local chain motion contribute to the electric field
relaxation, which is discussed in detail in the section of
‘master curve representation’ [12, 15, 27].

AC conductivity behaviour

The real part of the ac conductivity ¢’ of the PVP-PEG
blends in water solutions increases with the increase in
water concentration (Fig. 4), which is because of the higher
conductivity value of water. Further, PVP-PEG blend in
water solution shows the conductivity relaxation at a higher
concentration of the blend, which indicates the change from
dc to ac transport in the frequency range of 10*-10° Hz,
where the peak in M"(f) spectra were also observed.
Figure 4 shows that all the PVP-PEG blends in water
solutions have the plateaus of ¢’ in the lower frequency
region, i.e. frequency independent values of conductivity,
which corresponds to dc conductivity o,. Although all the
solutions of the PVP-PEG blends in EA have the plateaus
of ¢' in the lower frequency region, the values vary
anomalously with small magnitude for the increase in EA
concentration (Fig. 5). The PVP-PEG blend-rich solutions
in EA have a slight lower conductivity, whereas the EA-
rich PVP-PEG solutions have slight higher conductivity as
compared to the conductivity of pure EA. The conductivity
values of PVP-PEG blends in EA confirms that there is a
negligible variation in the overall conductive structure of
the PVP-PEG blend in the EA solutions. This may be due
to the polymeric chain type self-associated structure of EA
molecules [6—8] and its heterogeneous interactions with the
super molecular structure of the PVP-PEG blend [28],
which form an identical conductive structure to the PVP—
PEG blend itself [6-8].

The o' value of the PVP-PEG blends in Dx solutions
decreases with the increase of the Dx concentration (Fig. 6),
which is expected because of the weak polar behaviour of
the Dx. Further, these solutions have the plateaus of ¢’ in
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the lower frequency region and also show the conductivity
relaxation in the upper frequency region. The conductivity
spectra of the PVP-PEG blend in water and Dx solvent
clearly indicates that their conductivity values can be
monitored by changing the solvent concentration in the
solutions of the PVP-PEG blends. Further, it is observed
that the frequency values corresponding to the tand peak
and the M" peak have approximately three order scale
differences in all the blend solutions despite the large
difference in the polar behaviour of the solvents.

At the upper frequency region, the real part of the ac
conductivity ¢’ of the PVP-PEG blend and the blend-rich
solutions in polar solvents follows a power law o'(®) = ®’.
The PVP-PEG blend with 30 wt% PVP concentration has
the s value of 0.77, whereas the solutions of the blend in
water and EA shows the s values = 0.8-0.98. In the case of
the solutions of the blend in the Dx solvent, s values are
close to unity.

Master curves representation

It can be clearly seen from the master curves (Fig. 7) that
the intersection of the real and imaginary parts of all
intensive quantities of PVP—PEG blend occurs at the same
frequency, below which dc conduction dominates. The
superpositions were observed exactly at the M” maximum
frequency. Similar results were also found for solutions at
higher blend concentration of PVP-PEG blends in water,
EA and Dx solvent. Recently Runt et al. [15, 21, 29, 30]
extensively investigated the ionic conduction and electrode
polarization and their modeling in polymer electrolytes
using dielectric relaxation spectroscopy over the frequency
range of 0.01 Hz—10 MHz and applied the master curves
representation to evaluate the values of 7, and tgp. It was
found that the 7, values decreases for PVP-PEG blends in
water and EA solvent with the increase in solvent
concentration, which confirms the increase in the local
segmental mobility of the PVP chain; whereas in the case
of the Dx solvent, 7, increases with the increase in Dx
concentration in the PVP—PEG blend. From these observa-
tions, it can be concluded that the segmental motion of the
PVP-PEG blend is facilitated by a strong H-bond forming
solvent because of the dynamic equilibrium of the H-bonded
structure as compared to the weakly and non-polar solvent.

As can be clearly seen from Fig. 9a, b, the trend of the
variation of 7gp is identical to the 7, with the increase of the
solvent concentration, but conductivity relaxation is much
faster than the electrode polarization relaxation.

Figure 9c shows the dc ionic conductivity o, variation
with the solvent concentration of the PVP-PEG blend. It
was found that the o, value of the PVP-PEG blend
increases in water and EA solvent, whereas it decreases
significantly in the Dx solvent at a higher concentration.

Conclusions

This paper presents the measured electrical/dielectric data
in terms of (1) complex relative dielectric function, (2) loss
tangent, (3) electric modulus, (4) ac conductivity and (5)
complex impedance of the PVP-PEG blend and its
solutions in weak and strong polar solvents in the frequency
range of 20 Hz—1 MHz for the confirmation of electrode
polarization relaxation, ionic conduction relaxation and
segmental motion behaviour. These blends have lower
frequency range dielectric dispersion, which is governed
by ionic conduction and electrode polarization. The upper
frequency range dielectric dispersion is corresponding to
the PVP chain segmental motion in the dynamic equilibri-
um of the PVP-PEG complex structure, which is signifi-
cantly influenced by the polar strength of the solvent. The
conductivity values of the solutions of the PVP-PEG
blends in the strong polar solvent (water) and in the weak
polar solvent (Dx) can be monitored by changing the
solvent concentration, whereas the PVP-PEG blends in the
EA solvent show small change in conductivity value with
concentration, which is because of the linear polymeric
structure of EA molecules. From this study, interesting
results on ionic conduction relaxation and electrode
polarization relaxation have been obtained for the PVP-—
PEG blend in coexisting phases of solvent polymeric three
phase system at only 25 °C, which may be a starting point
for further studies on these complex systems by varying
temperature over a wide frequency range.
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