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ABSTRACT

The miscibility of chlorinated poly vinyl chloride (CPVC) and poly ethylene glycol (PEG) or poly ethylene succinate
(PES) had been investigated using dielectric relaxation spectroscopy (DRS) over frequency and temperature ranges; 10
kHz - 4 MHz and 300 - 450 K, respectively. Three relaxation processes namely p-, a’-, and a-relaxation processes were
observed for tan(d) and the electric modulus M" of pure components and blends. The first one was attributed to the
space charge polarization or the Maxwell-Wagner polarization. The second one was related to the amorphous regions
located between the lamellar crystal stacks. The third one was due to the micro-Brownian motion of CPVC main chains.
This process was found to be dependent in respect of temperature and frequency. The molecular dynamics of
o-relaxation process were influenced by blending, i.e., the dielectric strength (Ag), the peak broadness, and the peak
maximum of tan(d) were found to be compositional dependent. Electric modulus analysis reveals that there is a role of

electrode polarization for the dielectric relaxation.
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1. Introduction

Biodegradable polymers have recently received more
attention from the view point of environment protection
and resource. Biodegradable polymers can usually be
classified into two categories. One is the biosynthetic
polymers, such as bacterial Poly(3-hydroxybutyrate) (PHB)
[1]. The other is the chemosynthetic polymers such as
poly ethylene glycol (PEG) and the poly ethylene succi-
nate (PES) as aliphatic biodegradable polyester. The
crystal structure, morphology and melting behavior of
PES have been reported [2-4]. The chemical structure of
PEG and PES are

HO-CH,-(CH,-O-CH,) - and

(-O-CH,-CH,-0—C )
, respectively.
=0-CH,-CH,-CH,-C=0-),
PEG is used in most of the applications of aqueous
phase partitioning. PEG is biocompatible and biode-

gradable polymer and has adhesive and flocculent prop-
erties [5]. Blend of PEG or PES with other polymers has
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been studied in order to modify the physical properties
and extend its practical applications. Till now, less work
has been done on blending PEG or PES with other poly-
mers such as PVC or CPVC.

It is well known that miscibility and crystallization
behaviors play crucial roles in physical properties of
polymer blends. The most common and particularly im-
portant miscible polymer owes hydrogen bonding and
electrostatic interactions between the different groups on
the polymeric structure of the components. The weak
hydrogen bond is postulated between halogen-containing
polymers, such as PVC or CPVC, and the oxygen con-
taining polymers [6]. This type of interaction is responsi-
ble for the miscibility of various polymers [7-9]. CPVC
contains a higher content of chlorine groups and a higher
a-hydrogen than PVC. Consequently, CPVC may have a
wider miscibility window than PVC when blending with
other polymers [10-12]. The compatibility of many PVC-
based blends has been reported by the detected of glass
rubber transition, Tg, which involves solid-state analysis.
In the amorphous phase of polymers, there are two main
chain motion; micro-Brownian motion, which occurs at
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Tg, and a more local type of motion, which occurs in the
glassy state. The study of the amorphous loss (a) pro-
vides the most reliable means of assessing miscibility in
polymer blends. In binary blend, relaxation process is
based on the occurrence of either one or multiple loss
peaks [7]. A single o-relaxation peak correspond a mis-
cible blend.

It is possible to identify low cost and rapid techniques
to study the miscibility of polymer blends. The main
method to find out the number of the amorphous phases
in polymer blends is the determination of the number of

Tg because each Tg corresponds to one amorphous phase.

Different experimental techniques including different
scanning calorimetry (DSC), dynamical mechanical ther-
mal analysis (DMTA) and dielectric relaxation spectros-
copy (DRS) are used for the determination of Tg [13].

DRS is used to probe long and short range motions of
macromolecular motions of mobile charges as a function
of both frequency and temperature. Several researchers
have been used DRS to examine the degree of miscibility
in polymer blends [14-16]. Peak shifts and broadening
are commonly observed for miscible or partially miscible
polymer blends. It has been found that miscible polymer
blends exhibit single 7g and one loss curve in dielectric
or mechanical measurements. However, Alegria et al.
[17] found that miscible blends of cis-polyisoprene (PI)
and poly vinyl ethylene (PVE) exhibit biomodal dielec-
tric loss curves for a-relaxation process. Biomodal means
that a loss curve exhibits two peaks or a main peak and
shoulder.

This study was aimed at exploring the miscibility and
phase behavior of CPVC-PEG and CPVC-PES blends by
using DRS technique. Because C-Cl, OH, C=0 and ether
groups have a strong dipole moment, relaxation processes
of these blends can be examined with dielectric meas-
urements. Subsequently, the dielectric data can also give
hints about the molecular interaction in such blends.

2. Experimental
2.1. Materials

CPVC used in this work was obtained from Goodrich
Chemical Division with M,, = 119,000, Tg =352 K and it
contains 67.2 wt% chlorine, PEG (M,, = 5400 and Tg =
208 K) was supplied from British Drug Houses Ltd.
(BDH) and PES was obtained from Aldrich Chemical Co
with M,, =22,000 and Tg =225 K.

2.2. Method

Blend of CPVC and PEG or PES was prepared by slowly
casting film from tetrahydrofuran (THF, Aldrich) solu-
tions as follows: An aqueous solution was obtained by
adding 1 g of PVC to 20 mL of THF and the heating of
the mixture to 40°C with continuous stirring. PEG or
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PES of 10 wt% was dissolved in 5 ml of THF at 40°C.
The mixture was added to the CPVC solution at 40°C
with continuous stirring of the final mixture for 8 h. The
aqueous solution of the mixture was cast into a Petri dish
placed on a leveled plate at room temperature (30°C) for
7 days until the solvent was completely evaporated. The
obtained polymer film, 0.08 mm thick, was cut into
square pieces and coated with silver paste to achieve oh-
mic contacts.

2.3. Dielectric M easurements

The dielectric measurements were carried out with a Hi-
oki (Ueda, Nagano, Japan) model 3532 High Tester LCR,
the accuracy of which for measuring the capacitance was
of the order of +0.08%. The dielectric constant (€£), and
dielectric loss index (€") were recorded at frequency and
temperature ranges 10 kHz - 4 MHz and 300 - 450 K, re-
spectively. Both £ and €' were calculated as follows:

cd
&=—and " =¢"tan(o 1
i an an(J) (1)

o

where c is the capacitance of the sample filled capacitor,
d is the sample thickness, &, is the vacuum permittivity,
and A is the electrode area. The temperature was meas-
ured with a T-type thermocouple with its junction just in
contact with the sample with accuracy better than = 1 K.

3. Results and Discussion
3.1. Dielectric Relaxation of CPVC

Figure 1(a) shows the frequency dependence of dielec-
tric loss tan(d) for Pure CPVC sample at some fixed tem-
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Figure 1. (a) The frequency dependence of dielectric loss
tan(o) for pure CPVC at some fixed temperatures. (b) The
temperature dependence of dielectric loss tan(d) for pure;
CPVC at somefixed frequencies.
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peratures. The variation of tan(d) with frequency gives
evidence for a very distinct dipolar peak whose position
depends on the ambient temperature. Obviously, three
relaxation processes can be observed for tan(d). The high
frequency side process, at 560 kHz, is related to the main
o-relaxation process. The origin of this process is the
micro-Brownian cooperative motion of the CPVC main
chain. This behavior is connected with the onset of large-
scale motion of the main chain segments in the vicinity
of Tg of CPVC. The loss maximum peak of this process
shifts to a higher frequency with increasing in tempera-
ture. This indicates that the dielectric process for peak is
dipolar in nature [7]. The middle frequency side, at 80
kHz, is a’-process. This effect can be assigned to the
cooperative motions of CPVC end groups [7] or the seg-
mental motion of the branching that occurs between
CPVC main chains. This will form a rigid amorphous
phase between adjacent lamellae within the lamellar
stacks of CPVC. The low frequency side, at 10 kHz, is
the ionic conductivity or p-relaxation process. This pro-
cess appears at higher temperature as a rapid increase in
tan(o). This effect attributes to the existence of space
charge polarization and the free charge motion within the
material and also related to so called conductivity current
relaxation process [18,19].

Figure 1(b) depicts the temperature dependence of
tan(d) for pure CPVC sample at some selected frequen-
cies. It is clear that, tan(d) for CPVC sample undergoes
only o-relaxation process at 405 K. This process is re-
lated to Tg of CPVC. The peak maximum of a-process
shows an increase in its magnitude with the increase of
temperature as a result of the micro-Brownian motion of
CPVC main chains. Moreover, a-relaxation process peak
can be ascribed to the release of the frozen-in dipolar
C-Cl groups and their cooperative motion with adjoining
segments of the main chain [20].

3.2. Miscibility Study Based on Tg Analysis

The study of miscibility in polymer blends by DRS in-
volves principally the assessment of the presence of one
or more a-relaxation peaks and the accurate locations of
the temperature and frequency. The temperature de-
pendence of tan(d) for CPVC blends with 10 wt% of
PEG at some selected frequencies is illustrated in Figure
2(a). It is seen that, tan(d) exhibits o’- and a-relaxation
processes at 366 K and 389 K, respectively. a’-relaxation
process has been reported for PVC [7,21,22] but this ef-
fect is weak and is not always observed in compassion
with the main a-relaxation process. a’-peak always ob-
served for methyl ester form polymer. It reflects the co-
operative dipole motion of C-O-CF,-CF-(CF;) for per-
fluoro carboxylate polymer [7]. For poly hyroxyburate
(PHB), this process was assigned to the rigid amorphous
phase located between adjacent lamellae within the la-
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Figure 2. The temperature dependence of dielectric loss

tan(o) for (a) CPVC-PEG blend (b) CPVC-PES blend at
some fixed fregquencies.

mellar stacks [23]. Both a’- and a-peaks for PHB are
attributed to the existence amorphous fraction in two
distinct morphological environments. For CPVC-PEG
blend the appearance of o’-process can be discussed as
follows: the blend of CPVC with 10 wt% of PEG in-
creases the amorphous phases between the crystalline
phases of CPVC via the crosslinking formation [24]. This
crosslinking comes from the hydrogen bonds that formed
between the oxygen of PEG and the a-hydrogen of the
chlorine groups of CPVC structure. Therefore, a’-proc-
ess for CPVC-PEG blend can be attributed to the rigid
amorphous phases that located between adjacent lamella
inside the lamellar stacks of CPVC [25,26].

The dielectric results for CPVC-PEG blend show that
the location of the main a-relaxation peak is altered by
the existence of PEG content. According to these results,
CPVC and PEG are compatible because the value of 7g
for CPVC-PEG is 394 K at 50 kHz. Furthermore, the
glass temperature of the blend can be calculated by the
Gordon-Taylor equation [27]:

_ wTg, +yw,Tg,

Tg 2

W, +w,
where wy and w, are the weight fraction of two compo-
nents, Tg; and Tg, are respective Tg of the neat compo-
nent. y is a parameter related to the strength of the
interaction between the two polymers. The value of )
for CPVC is one [28]. The calculated value of Tg for
CPVC-PEG blend using Equation (2) is 388 K. It is ob-
vious that, CPVC-PEG blend shows a single composition
dependent Tg between those of the two neat components.
This indicates that CPVC and PEG are miscible over the
entire composition range. It is clear that, 7g of CPVC-
PEG blend decreases after blending with the low Tg
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component of PEG, resulting in the increase of mobility
of CPVC main chain in the blend. So, one can suggest
that, PEG act as a plasticizer for CPVC. The plasticiza-
tion effect of PEG results from the hydrogen bond for-
mation between its oxygen and the a-hydrogen of the
C-CI groups of CPVC. Then, PEG molecules make a
widely spacing between the CPVC main chains and re-
ducing Tg of the pure components. The reduction of Tg
of CPVC-PEG blend can also assign to weaken of the
intermolecular interaction, which makes the macromole-
cules of CPVC take mainly flexible conformation.

The miscibility of CPVC-PES blend was studied by
measuring of Tg from the temperature dependence of
tan(o). Figure 2(b) illustrates the temperature depend-
ence of tan(d) for CPVC blends with 10 wt% of PES at
some fixed frequencies. Two a’- and a-relaxation proc-
esses are observed at 330 K and 393 K, respectively. The
calculating Tg of CPVC-PES blend, using Equation (2),
is 390 K. This indicates that CPVC and PES are com-
patible. The miscibility between CPVC and PES has
been reported [29]. where the thermally stimulated depo-
larization current (TSDC) of CPVC-PES blend exhibits
only a-relaxation process. Also, PVC/ethylene vinyl ace-
tate carbon monoxide polymer blends have been re-
ported to be miscible [22] on the basis of the specific
interaction between C=0 and a-hydrogen of C-Cl groups
for PVC structure. It is well known that, for a highly
miscible blend, tan(d) curve shows only a single peak in
between the glass transition temperatures of the compo-
nent polymers, whereas broadening of the transition oc-
curs in the case of partially miscible system. So, one can
suggest that, CPVC and PES are compatible as a mani-
fested by a single a-relaxation process over the studied
ranges of temperature and frequency.

Figure 3 depicts the temperature dependence of & for
pure CPVC and that blend with 10 wt% of PEG or PES
at 50 kHz. It is clear that, £ increases gradually with the
increase of temperature and then, it reach to a maximum
value. The initial increase in &£ is attributed to the reori-
entation of the dipoles such as C-Cl, CH,, and C=0. Also,
CPVC-PEG or CPVC-PES blend samples exhibit &
higher value than that obtained in the case of pure com-
ponents. This can be attributed to the dipolar reorienta-
tion of CH,, -O-, and OH groups for CPVC-PEG blend
and CH,, -O-, C=0 groups for CPVC-PES blend.

The frequency dependence of tan(d) for CPVC blends
with 10 wt% of PEG or PES at some fixed temperatures
is shown in Figures 4(a) and (b). Three relaxation proc-
esses p, o’, and « are observed at low, middle and higher
frequency side respectively. The two a and a’-relaxation
processes for pure and blend CPVC samples can be de-
scribed by the Havrillak Negami (HN) equation [20]:

erop 4 DE 3)

) [1 +(io7) ™ T
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Figure 3. The temperature dependence of dielectric con-
stant € for pure CPVC and that blends with 10 wt% of
PEG or PESat 50 kHz.
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Figure 4. The frequency dependence of dielectric loss tan(d)
for (a) CPVC-PEG blend (b) CPVC-PES blend at some
fixed temperatures.

where w is the angular frequency, a and b are parameters,
which describe the shape of the relaxation time distribu-
tion function. 7 is the relaxation time, £* is the complex
dielectric permittivity, and Ag = (g, — &,) is the dielectric
strength. &, and &, are unrelaxed and relaxed dielectric
constant, respectively. When b = 1 the last equation re-
duced to the Cole-Cole relationship. An abrupt increase
in tan(d) values was observed at low frequency. This
investigates that the existence of space charges polariza-
tion or conduction current relaxation process. For previ-
ous study [20] HN equation has been fitted to the ex-
perimental of £"(w) witha=0.35-0.3 and 5=0.45 - 0.4.
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.. 4mio,,
Also, the conductivity term ——% was added to the
®

fitting function to account for the drift charge carrier.
Then the Equation (3) becomes:

Ae 4nio,
+
. l-a b [0
[1 +(ior) ]

where oy, is dc conductivity.

The temperature dependence of the dielectric strength
(A¢) for pure CPVC and that blend with 10 wt% of PEG
or PES is shown in Figure 5. It is obvious that, the val-
ues of A¢ increase with the increase of temperature. This
can be attributed to the cooperation which exists between
thermal energy and the electric field effects of the dipole
alignments. Increasing of thermal energy of C-Cl, C=0,
CH,, and OH groups will tend to enhance the alignment
of themselves with the direction of the applied field. So,
the increase of Ag with the increase of temperature is
expected.

The cooperative relaxation behavior of a-relaxation
process for pure components and blends can be described
by the Arrhenius relation [30]:

f =, exp(~ Ea/kT) )

where Ea is the activation energy for the o-relaxation
process, f, is constant, & is the Boltzmann constant and T’
is the absolute temperature. The relation between In(f,.x)
versus 1000/T is shown in Figure 6. The calculated acti-
vation energy for Pure CPVC, CPVC-PEG blend, and
CPVC-PES blend are 326 kJ/mol, 240 kJ/mol, and 311
kJ/mol, respectively. The values of Ea are higher than
that reported [31-33]. This may refer to the existence of
micro-homogeneities within the polymeric materials [1].
Figure 7 shows the normalized dielectric relaxation
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Figure 5. Thetemperature dependence of dielectric strength
Acg for pure CPVC and that blend with 10 wt% of PEG or
PES.
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Figure 7. Normalized dielectric relaxation spectra of the
a-relaxation process for pure CPVC and that blends with
10 wt% of PEG or PESat 344 K.

peaks, £°/€ nax Versus f/fmax, of the a-relaxation process
for pure CPVC and CPVC-PEG blend and CPVC-PES
blend. It is noticed that, the relaxation peak is broader in
the blend samples. The distribution of relaxation time of
the glass relaxation process for many blends was strongly
influenced by blending [34]. Blending leads to broader
o-relax ation peak than that achieved in the pure compo-
nents. This behavior does not mean the existence of two
micro-phases in the blend sample but rather the existence
of concentration fluctuations which persist for a suffi-
cient length [31].

From another point of view, we used the complex
electric modulus M* to interpret the diclectric spectra.
The main advantage of M* is that the electrode polariza-
tion can be supported. Since the electrode polarization
affect the relaxation process for the polymeric system, it
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is important to analyze the dielectric spectra by M* for-
malism. M* can be described by the following [35]:

M*=M"-iM" (6)
M= (e'zig’”) @
W e ®

where M’ and M" are the real and the imaginary parts of
the electric modulus, respectively.

The temperature dependence of M' for pure CPVC and
that blend with 10 wt% of PEG or PES at 50 kHz is il-
lustrated in Figure 8. The behavior of M’ exhibits satura-
tion region at temperature ranges 306 - 360 K, 306 - 350
K, and 306 - 333 K for pure CPVC, CPVC-PEG, and
CPVC-PES, respectively. So, blend sample exhibits
saturation region wider than that obtained for pure one.
This indicates that the thermal stability of CPVC is de-
creased with blending. This is another evidence for the
plasticization effect of PEG or PES. At higher tempera-
ture M’ for pure components and blends tends to reach a
constant value. This indicates that the dielectric constant
is thermally activated [30]. Consequently, M’ data reveal
that there is a role of electrode polarization for the re-
laxation process of pure component and blends.

Figures 9(a) and (b) show the frequency dependence
of M" for CPVC-PEG blend and CPVC-PES blend at
some fixed frequencies. Same behavior of M” for both
blend samples was obtained. M" for blends exhibits p-,
o’-, and a-relaxation process, respectively. So, the space
charge, p-process, or conductivity current relaxation
process is still found in the relaxation process of the
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Figure 8. The temperature dependence of real part of the
dielectric modulus M' for pure CPVC and that blends
with10 wt% of PEG or PES at 50 kHz.
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blends. This process originates from the motion of space
charges that are accumulated on the polymer close to
electrodes. The nature of this process for crystalline re-
gions is due to the chain trapping or interfaces or Max-
well-Wagener polarization. However, in the amorphous
phases, p-process is related to conductive impurities,
injected space charges and electrode polarization. In
semi-crystalline polymers chain trapping or Maxwell
Wagner polarization can be expected [29]. For CPVC-
PEG blend or CPVC-PES blend, this effect can be as-
signed to the multiple phases within the blend sample.
These phases come from the hydrogen bond formation
between the oxygen containing PEG or PES and the a-
hydrogen of the halogen groups within the CPVC struc-
ture. Consequently, these phases may have different
conductivities and the Maxwell Wagner polarization is
predominant for the blend samples.

4. Conclusion

The miscibility of CPVC-PEG or CPVC-PES blend has
been studied using dielectric relaxation spectroscopy.
The dielectric spectra of the blends reveal that, both PEG
and PES are compatible with CPVC as a manifested by a
single a-relaxation process. The frequency dependence of
tan(d) and M" allows us to detect three relaxation proc-
esses in pure components and blends. The first one oc-
curs at low frequency, p, and the second, a’, which is
attributed to the existence of amorphous fractions in two
distinct morphological environments during the blend
process. The third one is the main a-relaxation process
which occurs at 7g. This process is found to be greatly
influenced by blending. Electric modulus relaxation for
the blends provides that there is a role of electrode
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polarization for the dielectric relaxation.
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