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ABSTRACT: A sample of poly(vinyl chloride) (PVC) and a polar plasticizer consisting
of dioctylphthalate (DOP) and triisopropylphenylphosphate (TIPPP) was prepared and
found to possess some electrical conductivity. Different samples of PVC compositions
were formulated from the PVC-DOP-TIPPP system and also variable proportions of
the conductive materials polyaniline or the Ni salt of ethylene glycol bisadipate ester.
Dibutyltindilaurate as a heat stabilizer, titanium oxide as a filler, and sandorin red 20
pigment were added. The effect of the structure of polyaniline and Ni adipate ester on
the electrical and mechanical properties of the PVC–DOP–TIPPP system was studied
to obtain a semiconductive plasticized PVC with good mechanical properties. q 1998
John Wiley & Sons, Inc. J Appl Polym Sci 69: 685–693, 1998
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INTRODUCTION carbon black (conducting material) to polymers
also produces compounds with different degrees
of conductivity. Polymers such as polyaniline,Polymers in their pure state are excellent electri-
polythiophene, and polypyrrole have attractedcal insulators (õ10012 V01 cm01) , but they can be
considerable attention because of their high elec-modified to be relatively good electrical conduc-
trical conductivity. For example, conducting poly-tors (ú1001 V01 cm01) . Conductive polymers offer
thiophene and polypyrrole blends with polysty-many advantages compared to classic materials
rene were prepared and studied by Fernandez et(metals, wood, etc.) such as facilities of pro-
al.1 Moreover, Seanor2 found that when polysty-cessing, low density compared to metals, preser-
rene is nitrated or sulfonated, its conductivityvation from corrosion, low hardness, and varied
rises from 10019 to 1005 V01 cm01 .mechanical properties.

Conjugated polymers have also been studiedElectrical conductivity in polymers can be pro-
with the idea that p electrons that are delocalizedvided by incorporation of conductive materials along the chains of these polymers could give con-such as metals, metal oxides, and metal salts. ductive properties to these systems similar to

Naturally, the introduction of metallic materials those of semiconductors. The first conductive poly-
allows them to envisage the elaboration of poly- mer was thus realized3 after the success of the
mers possessing the conductive properties of met- doping of polyacetylene. Since this discovery,
als and the varied properties of polymers. The many conductive polymers have been developed
addition of a suitable type and concentration of from several monomers that produce conjugated

systems after polymerization. Conductive poly-
mers are mainly synthesized by chemical or elec-Correspondence to: A. L. G. Saad.
trochemical oxidation of monomers in solutionsJournal of Applied Polymer Science, Vol. 69, 685–693 (1998)

q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/040685-09 containing a supporting electrolyte.
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The aim of this study was to systematically in- Preparation of Ni Salt of Ethylene Glycol
Bisadipate Estervestigate the effect of adding increasing quanti-

ties of polyaniline or the Ni salt of ethylene glycol
Ethylene glycol bisadipate ester (10 g) was mixedbisadipate ester on the electrical and mechanical
with a concentrated solution of sodium carbonate.properties of a plasticized poly(vinyl chloride)
A concentrated solution of nickel sulfate was then(PVC) in an attempt to improve these properties
added to the mixture that was maintained for 24and obtain a good electrical conducting sample for
h until a precipitate was formed. The precipitateelectronic and microwave device fabrications and
was then purified by washing (3 times in water,battery electrode applications.
benzene, and ethyl alcohol) and dried to produce
the Ni salt of ethylene glycol bisadipate ester. The
IR spectrum of the Ni adipate ester, measured byEXPERIMENTAL an FTIR spectrometer at wave numbers from
4000 to 500 cm01 and transmittance from 20 to

Preparation of Ethylene Glycol Bisadipate Ester 80% (Fig. 1), shows two peaks at 1705 and 1740
cm01 that correspond to COOH and COO0 groups,Ethylene glycol bisadipate ester was synthesized
respectively, indicating that only partial replace-by reacting adipic acid (2 mol) with ethylene gly-
ment of the H by Ni in the two carboxylic groupscol (1 mol) in the presence of 1% Al(OH)3 as the
of the ethylene glycol bisadipate ester occurred.catalyst. The reaction mixture was refluxed for 7
This was confirmed by the presence of a high pop-h with vigorous stirring at 2107C. At the end of the
ulation of free hydroxyl groups as shown from theesterification process, the product was purified by
absorption peak in the 3400–3350 cm01 region.benzene and dried to produce the ethylene glycol

bisadipate ester. The reaction can be illustrated
in the following scheme:

Formulations of Samples

HOOC{ (CH2)4COOH
Adipic acid

/HOCH2CH2OH
Ethylene glycol

In the present study, several formulations were
obtained by mixing the components in the propor-
tions shown in Table I. The general procedure for/ HOOC(CH2)4COOH

Adipic acid
r

02H2O

the formulation is described as follows. Homoge-
neous samples were prepared by adding variable

HOOC{ (CH2)4COO(CH2)2COO(CH2)4COOH
Ethylene glycol bisadipate ester proportions of the prepared Ni salt of ethylene

glycol bisadipate ester or polyaniline (average
MW 600,000, highly soluble in organic solvents,The structure of the ethylene glycol bisadipate
and has good thermal stability) portionwise atester was confirmed by elemental analysis and
room temperature to a composition containingmolecular weight (MW) determination.
PVC (K value 70, apparent bulk density 0.3 g/mL,
and viscosity number 125 mL/g) and a mixture ofElemental Analysis
dioctylphthalate (DOP) and triisopropylphenyl-

Theoretical (%) Found (%) phosphate (TIPPP; Refox 95) plasticizers under
stirring. The mixtures were then mixed with dibu-

C 52.83 53.46 tyltindilaurate as a heat stabilizer, followed by
H 6.92 7.22 the addition of TiO2 as a filler and sandorin red

20 pigment to give the required samples (gelation
temperature at 1757C for 100 s). The obtainedThe average MW was determined by using the
samples are denoted by C0 , C1 , C2 , . . . , C8 . Thesevapor pressure osmometer (VPO) method. The
formulations are shown in Table I.equipment was a Corona Co. VPO (model VPO-

117, Japan). The number average MW was found
to be 520, which indicates that the structure of

Mechanical Measurementsethylene glycol bisadipate ester (calc MW, Å 318)
is Tensile strength and ultimate elongation were de-

termined on an Instron testing machine (model
[HOOC{(CH2)4COO(CH2)2COO(CH2)4COOH]n 1026) at 23 { 27C with a crosshead speed of 100

mm/min and a load cell range of 0.500 N full scale
according to ASTM D 638.77a.4 The dimensionswhere n Å 1.64.
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Figure 1 IR spectrum of Ni salt of ethylene glycol bisadipate ester.

of the sample were 3-mm thickness, 4-mm width, dard samples (Trolitul, glass, and air) of 3-mm
thickness; the accuracy for 1 * was {1% and for 1 9and 20-mm length. The mean value of five mea-

surements for each sample was taken. The results was {2%. The measurements were carried out at
temperatures of 20, 30, and 407C using an ultra-are given in Table II.
thermostat.

Dielectric Measurements

Permittivity (1 *) and dielectric loss (1 9) for the Conductivity Measurements
denoted samples were measured at different fre-
quencies ranging from 100 Hz to 100 kHz. An LCR The electrical conductivity (s ) of the investigated

samples was measured by the application ofmeter (type AG-4311B) Ando electric LTD with a
test cell NFM/5T was used. The capacitance C Ohm’s law using the NFM/5T test cell. A power

supply unit (GM 45161/01) from Philips (Theand the loss tangent (tan d ) were obtained di-
rectly from the bridge from which 1 * and 1 9 were Netherlands) was used. The potential difference

V between the plates holding the sample and thecalculated. The samples were in the form of disks
of 58-mm diameter and 3-mm thickness. Calibra- current I flowing through it was measured by a

multimeter (type URI 1050) from Rohde andtion of the apparatus was carried out using stan-

Table I Formulations of Samples

Sample Notation

Constituents, Parts by Weight (g) C0 C1 C2 C3 C4 C5 C6 C7 C8

Poly(vinyl chloride) 100 100 100 100 100 100 100 100 100
Dioctylphthalate 60 60 60 60 60 60 60 60 60
Triisopropylphenylphosphate 60 60 60 60 60 60 60 60 60
Polyaniline — 10 20 30 40 — — — —
Ni salt of ethylene glycol bisadipate ester — — — — — 10 20 30 40
Dibutyltindilaurate 6 6 6 6 6 6 6 6 6
TiO2 20 20 20 20 20 20 20 20 20
Pigment 4 4 4 4 4 4 4 4 4
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Table II Mechanical Properties of Prepared Samples

Sample Notation

C0 C1 C2 C3 C4 C5 C6 C7 C8

Tensile strength (N/cm2) 255 226 300 155 125 132 94 77 69
Elongation (%) 235 203 305 205 59 158 119 85 55

Schwarz (Germany). The electrical conductivity It is evident from Figure 2, which represents
the variation of 1 * with frequency at different tem-is calculated using the equation
peratures, that the value of 1 * increases with in-
creasing temperature and decreases with increas-

s Å dI
AV

mho m01
ing frequency. Similar behavior was noted before
in the literature.6,7 The increase of 1 * with temper-
ature can be explained by the increase in the mo-where d is the thickness of the sample in meters
bility of polar groups, a decrease in density, and,and A is its surface area in square meters.
hence, a decrease in the effect of the environment
that facilitates the orientation of the mobile
groups. The decrease of 1 * with frequency shows

RESULTS AND DISCUSSION an anomalous dispersion. Moreover, Figure 2, as
well as Figure 3, which represents the relation

Polymers such as PVC are known to have kinet- between 1 * and the content of the investigated
ically rigid chains. On the addition of low molecu- additives at frequencies of 100 Hz and 100 kHz,
lar admixtures, particularly polar plasticizers show that the value of 1 * decreases with an in-
such as DOP, they are effective enough to pene- crease in polyaniline content and decreases to a
trate inside the molecular bundles of PVC and to greater extent with the increase in the content of
separate the polymeric chains. Accordingly, the Ni salt of ethylene glycol bisadipate ester, espe-
mutual interaction between plasticizer and PVC cially at the very low frequency region. This could
becomes appreciable, leading to aggregates or seg- be attributed to steric hindrance due to the pres-
ments having sizes smaller than that of PVC (i.e., ence of large radicals in these additives despite
segments of higher molecular mobility). Because the presence of a number of polar groups that
the appearance of dipole segments and dipole are capable of orientation in an electric field. This
groups in polymers is associated with the mobility restricts the rotation of the large molecules; ac-
of the kinetic units of the macromolecular chain, cordingly, the value of 1 * decreases.
the PVC-DOP system should exhibit higher mo- It is apparent from Figures 4 and 5, which rep-
bilities.5 resent the variation of 1 9 with frequency at differ-

ent temperatures, that the value of 1 9 is greatly
increased at higher temperatures, especially in

Electrical Properties the lower frequency region. Moreover, Figures 4
and 5 reveal that, at each temperature, 1 9 in theIn this investigation, the treatment of PVC with
lower frequency region increases with increasinga polar plasticizer consisting of DOP and TIPPP
polyaniline content and increases to a greater ex-produced a PVC–DOP–TIPPP system (sample C0)
tent with the increase in the content of Ni salt ofthat was found to have some electrical properties.
ethylene glycol bisadipate ester; it is also slightlyIn an attempt to improve the electrical properties
changed at frequencies after 10 kHz, where it be-of sample C0 and make it into a good electrical
comes approximately the same for all samples andsemiconductor, polyaniline or the Ni salt of ethyl-
reaches very small values. This increase in theene glycol bisadipate ester were formulated to-
value of 1 9 is the result of the high electrical con-gether in different concentrations (Table I) . The
ductivity of these samples in the same sequence.permittivity (1 * ) and dielectric loss (1 9 ) for the

The low frequency losses may be due to eitherprepared samples (C0 , C1 , C2 , . . . , C8) were stud-
direct current (dc) conductivity8,9 resulting fromied over the frequency region from 100 Hz to 100

kHz at different temperatures from 20 to 407C. the increase of ion mobility or the Maxwell–
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Figure 2 The permittivity (1 * ) versus frequency at (l ) 20, (1 ) 30, and (s ) 407C for
the PVC–DOP–TIPPP system mixed with variable proportions of polyaniline and Ni
salt of ethylene glycol bisadipate ester (C0 , C1 , C2 , . . . , C8) ; see Table I.

Figure 3 The relation between permittivity (1 * ) and the content of polyaniline or
Ni salt of ethylene glycol bisadipate ester at frequencies of 100 Hz and 100 kHz for
temperatures of 20, 30, and 407C.
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Figure 4 The dielectric loss (1 9 ) and 1 9 0 1 9dc versus frequency at (l ) 20, (1 ) 30,
and (s ) 407C for the PVC–DOP–TIPPP system mixed with variable proportions of
polyaniline (C0 , C1 , C2 , C3 , and C4) ; see Table I.

Wagner effect10 as a result of an alternating cur- tunately, we cannot give further interpretation
rent (ac) in phase with the applied potential, or of this region because we have no measurements
to both. To confirm this, the dc conductivities of below 100 Hz. As the temperature increases, the
the investigated samples were measured by appli- maximum loss peak increases and becomes clear
cation of Ohm’s law to the dc flowing through the and is shifted to higher frequency. The increase
samples at 200 V and at temperatures from 20 to in the maximum loss peak is also noticed with the
507C. All investigated samples showed apprecia- increase of the concentration of polyaniline or Ni
ble dc conductivity. The dielectric losses due to salt of ethylene glycol bisadipate ester. It is clear
the dc conductivity (s ) at the different frequencies from Figures 4 and 5 that the maximum loss peak
(v ) are calculated using the equation11

is higher for sample C0 mixed with polyaniline
than the Ni salt of ethylene glycol bisadipate ester
as could be expected from the higher values of

1 9dc Å
9 1 10114ps

v 1 9dc for sample C0 mixed with the Ni adipate ester.
It may be concluded that the low frequency

losses are not totally dc losses and that they mayand subtracted from the values of 1 9 in the low
comprise Maxwell–Wagner losses because thefrequency region. The data of 1 9 after subtracting
differences between the permittivities of the dif-1 9dc are plotted versus log f and represented in
ferent ingredients in the investigated samples areFigures 4 and 5. From these figures it is clear
relatively large.that at 207C for all samples there is an absorption

On the other hand, the change of the electricalregion extending below 100 Hz that may be due
to rotation of large aggregates of the chain. Unfor- conductivity (s ) of samples C0 , C1 , C2 , C3 , . . . ,
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Figure 5 The dielectric loss (1 9 ) and 1 9 0 1 9dc versus frequency at (l ) 20, (1 ) 30, and
(s ) 407C for the PVC–DOP–TIPPP system mixed with variable proportions of Ni salt
of ethylene glycol bisadipate ester (C0 , C5 , C6 , C7 , and C8) ; see Table I.

C8 with temperature is shown in Figure 6. It is conductivity in these samples, despite the steric
hindrance, due to the presence of phenyl ringsevident from this figure that at lower tempera-

tures the s of these samples was low and in- incorporated into the polymer backbone as repeat
units of aniline that played an important role increased as the temperature was increased. This

may have been due to the increase of the mobility decreasing the mobility of the electric charges.
Also, the increase in the value of s with the in-of the ionic bodies that took place as a result of

the excitation by heat, leading to an increase in creased content of Ni salt of ethylene glycol bisadi-
pate ester may have been due to the high electri-the conductivity of the investigated samples. With

respect to sample C0 mixed with polyaniline (sam- cal conductivity of Ni ions, as well as the presence
of a number of polar groups in the Ni adipate esterples C1 , C2 , C3 , and C4) or the Ni salt of ethylene

glycol bisadipate ester (C5 , C6 , C7 , and C8) , Fig- that are capable of orientation in an electric field.
It is significant that the presence of large radicalsure 6 also shows that the value of s increased

with the increase in polyaniline content and in- in the Ni adipate ester may have caused some
steric hindrance that partially contributed to de-creased to a greater extent with an increase of the

content of Ni salt of ethylene glycol bisadipate creasing the mobility of the electric charges and,
accordingly, the conductivity of these samples de-ester, especially at higher temperatures. The in-

crease in the value of s with the increasing con- creased to some extent so that the measured con-
ductivity became lower than the expected valuetent of polyaniline may be attributed to the pres-

ence of two unshared electrons on the nitrogen when sample C0 was mixed with Ni ions. Figure
7 shows the relation between conductivity (s ) andatom of the amino groups in polyaniline that are

mobile under the influence of an electric field; the content of polyaniline or Ni adipate ester at
temperatures from 20 to 507C.thus, it greatly increased the degree of electrical
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Figure 6 The relation between conductivity (s ) and Figure 8 The variation of tensile strength with the
temperature (t ) for (I) samples C0 , C1 , C2 , C3 , and C4 content of (a) polyaniline or (b) Ni salt of ethylene
and (II) samples C0 , C5 , C6 , C7 , and C8 . glycol bisadipate ester.

Mechanical Properties
cm2 and then it decreased with a further increase

The variation of tensile strength and ultimate in polyaniline content to 40 g. From Figure 8(b) it
elongation versus the concentration of polyaniline is also evident that the tensile strength decreased
or Ni salt of ethylene glycol bisadipate ester at with the increase of the concentration of Ni salt
23 { 27C is given in Table II and is represented of ethylene glycol bisadipate ester. This decrease
graphically in Figures 8 and 9. Figure 8(a) shows of tensile strength may be explained on the basis
that increasing the polyaniline content to 20 g that the increase of the concentration of polyani-
increased the tensile strength from 255 to 300 N/

Figure 7 The relation between conductivity (s ) and
the content of (I * ) polyaniline or (II * ) Ni salt of ethyl- Figure 9 The variation of ultimate elongation with

the content of (a) polyaniline or (b) Ni salt of ethyleneene glycol bisadipate ester at temperatures from 20 to
507C. glycol bisadipate ester.
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line or Ni adipate ester caused an increase in the pate ester (sample C8) possesses the highest elec-
trical conductivity, the best ultimate elongation,free volume of PVC and facilitated internal molec-

ular movement.12 On the other hand, Figure 9(a) and good tensile strength, making it of great in-
terest in the fabrication of electronic and micro-shows that the ultimate elongation increased

from 235 to 305% with increasing the polyaniline wave devices and battery electrode applications.
content to 20 g and then decreased slowly at

The authors wish to thank Prof. Dr. O. I. H. Dimitry,higher polyaniline concentrations. So probably in-
Head of the Petrochemical Technology Laboratory,termolecular and interstructural processes may
Egyptian Petroleum Research Institute (Cairo, Egypt),have been present. At low concentrations the in-
for his continuous support and encouragementtermolecular process was predominant where the
throughout this work. All electrical measurements

polyaniline molecules interacted with the active were done at the National Research Centre by A.L.G.
group of the PVC, leading to the breakage of mo- Saad.
lecular bundles (aggregates), and the chains were
separated. At a polyaniline concentration higher
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