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Abstract

The phase diagram of the binary system poly(3-octylthiophenpdly(ethylene-co-vinylacetate), P30OT EVA was studied by Differ-
ential Scanning Calorimetry (DSC). The blends of low and high content of P30T were found to be homogeneous. The system was also
studied by a dielectric relaxation technique in the frequency range 20 Hz—100 kHz. The complex electric Mddsildiscussed in terms
of the well-known Havriliak—Negami function. We also obtained the spectrum of relaxation times using a regularization technique. The
spectra allowed us to calculate the d.c. conductivity. A low frequency contribution to the dielectric loss found in two-phase samples was
attributed to interface polarisation effec.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction frequency ranges. This has been confirmed later by other
authors [12], who also used the Kohlraush—Williams—Watts
Conducting polymers have attracted much attention (KWW) relaxation curve in order to describe the complex
during the last few years because of potential technological permittivity (electrical modulus) in the range 1 Hz—1 MHz,
applications [1]. From the academic point of view, they are and over broad temperature ranges. In general, a good
examples of disordered electronic conductors [2]. Even description of the experimental data is obtained, and the
though there exists a reasonably good level of understandingresults clearly indicate that the frequently used Jonscher
about the conducting mechanisms in these materials [3], theequation [13] for describing the conductivity in nonconduct-
use of conducting polymers in technological applications ing polymers is not valid for conducting ones.
has been somehow precluded by their poor processability In the case of blends some further complications may be
and high cost. expected. On one side, blending polymers usually tends to
Blending conducting polymers may help overcome both broaden the relaxations, therefore making the description of
problems. Most of the blends containing a conducting poly- their relaxation processes in terms of a single KWW curve,
mer have been found to be immiscible [4—6]. As far as more complicated [14]. However, in the case of immiscible
conductivity is concerned, this is not a problem, as immis- blends, the existence of interfaces between the two coexist-
cibility can lead to multipercolation processes, thereby ing phases may give rise to interface polarization effects
lowering the percolation threshold [7]. From the mechanical [15], thus adding further structure to the relaxation spectra
point of view, good adhesion between coexisting phases isof the systems.
necessary, which is favoured when the composition of each Several conducting blends have been studied in the
phase is not too close to the pure components [8]. In recentmicrowave region (20 MHz—-20 GHz), as reflection and
years, binary blends showing a miscibility window have transmissior§;-parameters in this region are necessary to
been reported [9,10]. characterise the materials for electronic-shielding and radar
Ngai and Rendell [11] showed that conducting polymers absorption applications [16,17]. However, not much has
present strong conductivity relaxations over relatively broad been done in the 10 Hz—1 MHz region where the interfer-
ence between conduction, electrode polarisation, and struc-
* Corresponding author. tural relaxations may be the largest.
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point of P30OT. Moreover, they found that in the mid-
composition range, despite of the system being thermody-
namically unstable, phase separation is precluded below the
melting point of EVA because of the existence of EVA

crystallites.
As already mentioned, the P3OTEVA system has been
studied, for a limited composition range, in the microwave
| region [17], however, there are no detailed dielectric studies
I T. =30 °C at lower frequencies. The aims of the present work are to
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carry out such a study, and to compare the most frequently
used method for describing conductivity relaxation (i.e.
describingM* in the frequency domain by means of the
KWW or the H-N functions), with a method based on the
calculation of the relaxation spectra from the frequency
dependence of the real and the imaginary components of
M*[21].

The rest of the article is organised as follows: Section 2
gives some details of the experimental methods. Section 3
discusses the results and their implications. Finally Section
4 summarises the main conclusions.

2. Experimental section

Both P30T and EVA were obtained from POLY-
SCIENCES (Germany). EVA was used as received, while
P30T was dissolved in chloroform, filtered and reprecipi-
tated with benzene. This step was necessary as some
insoluble particles were found in the original sample. Gel
Permeation Chromatography (GPC) from tetrahydrofuran
solutions gave the following values ft,, and polydisper-
sity index: (2500, 2.6) for P30T and (85 000, 2.4) for EVA.
"MNMR spectra for EVA confirm that the content of vinyl
acetate in EVA was very close to 20%.

The blends were prepared by casting from solutions of the
appropriate amounts of each polymer in chloroform. The
solvent was eliminated in a vacuum oven, keeping the

Fig. 1. (a) Endotherms of EVA in the melting region. Notice that while the temperature at least 20 below the melting point of
high temperature peak is almost insensitive to the crystallization tempera- EVA. The samples for dielectric measurements were
_ture Te, _the low temperature one tends to merge with the first one with maulded under pressure at°sDd
increasingT. (b) Endotherm for pure P3OT. The glass transition temperatured, ), and melting
points were measured with a PERKIN ELMER DSC-4
We have chosen the system poly(3-octylthiophene) calorimeter. A standard 2G /min heating rate was used.
(P30OT) + poly(ethylene-co-vinylacetate) with 20% vinyl- Sample weights ranging from 10 to 15 mg were used, and
acetate units, (EVA). P30T is a soluble conducting polymer, the measurements were carried out under dpyahmo-
and has been extensively studied by Chen et al. [12,18] atsphere. The glass transition temperatures were taken at the
frequencies below 1 MHz. The frequency dependence of themidpoint of the heat capacity transition. The melting point
electrical modulus of P30T is rather well described in terms temperaturesT,, of each endotherm were located at the
of the KWW relaxation function. EVA has also been studied maxima of their respective peaks.
by several authors [19,20], the copolymer shows a rather The following heat treatment was followed in the DSC
low dielectric activity (maxe”(w) < 0.1), which frequency  for the melting point measurements: the samples were kept
dependence is well described by the Havriliak—Negami at 200C for a period of 10 min to ensure the complete
(H-N) function. melting of the components. Then they were rapidly cooled
Levon et al. [9] have described the EVA-rich region of the to the crystallisation temperatur&), and kept aff, for a
phase diagram of the P3OF EVA, and found a noticeable  period of 20 min, before being cooled t610°C. The melt-
region of miscibility for temperatures below the melting ing behaviour was monitored by heating at@Omin.
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Fig. 2. Temperatures corresponding to the two melting peaks of EVA as a 0 02 O'Lw 08 08 !
function of T, for pure EVA and for a blend with 50% of P30T. EVA

Fig. 3. Phase diagram of the EVA P30T system. (0), melting points of

the P30T in the P30T-rich phas&:)and (J), melting points of the EVA
A POLYMER SCIENCE (UK) DETA system was used  from this work and from Ref. [9], respectivelyO] melting points of

for the dielectric relaxation experiments in the 20 Hz— immiscible blends. The dash-dotted line is the binodal curve reported in

100 kHz frequency range, using a parallel plate capacitor. Ref. [9] by visual observation.

Circular samples, 33 mm in diameter and 0.2 mm thick were

used. In order to check whether the interface electrode- stability parameter, which depends on the thickness of the

sample had a significant effect in the measurements, thecrystal.¢p = 0 corresponds to the most stable crystals, and

results using raw and silver-plated samples were compared.¢p = 1 to the less stable ones. The melting endotherms at
lower temperatures correspond dovalues close to 0.92,
thus indicating low stability of the structures formed. More-

3. Results over, the melting temperature of these samples is relatively
_ independent of the blend composition. However, values of
3.1. Calorimetry ¢ close to 0.01 were obtained for the high temperature

] melting process, which indicates that the crystals formed
Vg/e have obtained th&; values —26°C for EVA and are fairly stable. These endotherms show a noticeable melt-
—9°C for P30T, which are in good agreement with the g depression with the increase of P30T content. This is in

values reported in the literature [12,19]. The broad glass gccordance with Levon's results [9], and suggests the misci-
transitions and the proximity of thgs do not allow discus- bility of blends rich in EVA.

sion of the miscibility of the system in terms of the existence gy results forT,, can be combined with the data of
of one or twoTs. However, the melting point may be a | eyon et al. [9] to complete the phase diagram shown in
usc_aful tool. While P3OT gives a relatively weak melting Fig. 3. It points out that fowpsor = 0.75 there is a decrease
point, EVA leads to two peaks, one strongly dependent on i the melting point of P30T that also suggests miscibility
the crystallisation temperaturg, while the other is nearly i this composition range. Unfortunately, in this composi-
mdepend_ent offc. A similar situation was found for the o range the melting point of EVA is affected by a rela-
bl_ends. Fig. 1 shows the thermograms for tr_le pure ponmers.tive|y large uncertainty, and ranges betweef7&nd 78C.

Fig. 2 summarises the results of the melting temperaturesit spould be noted that while P30T crystallises from a melt,
from the two endotherms of EVA as a function of the crys- gya does it from a matrix containing P30T crystallites.
tallisation temperature for pure EVA and for the blend with However, for 0.5= Wpsor = 0.75 theT,, of P30T takes

50% P:)_'OT- . ] values higher than those expected from a simple extrapola-
The increase offy, with T, is a consequence of the oy of the melting point line fowpsor = 0.25, thus suggest-

more perfect crystals grown at lower supercooling. The ing phase separation. Fapsor= 0.4 the trace of melting of

Hoffman—-Weeks equation: P30T is too weak to be detected.

TO T = T2 - T, o _ Aplot of Tolvs (1- qbz)z_ (¢ being the volume frac-

tion of P30OT) leads to straight lines, as predicted by the
describes the melting of isothermally crystallized samples, Nishy—Wang equation for blends that form miscible amor-
T2 being the equilibrium melting temperature, agdthe phous phases [22]. It has not been possible to calculate the
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Fig. 4. Imaginary component of the dielectric permittivity of pure EVA as a (a) o/kHz
function of temperature and frequency. 285 : : . :
2.80
polymer—polymer interaction parameter because of the lack 2.75
of the enthalpy of fusion of pure P3OT. However, the slope 270

of the Nishy—Wang equation for EVA is several times lower
than that for P30T, thus suggesting that the enthalpy of
fusion for pure P30T is also much lower than that of EVA.

~ 265
2.60
2.55

3.2. Dielectric relaxation 2307
245

3.2.1. Pure polymers
As already mentioned, the dielectric responses of EVA
and P30T are rather different. Fig. 4 shows the imaginary (b) o/ kHz

component ok* for EVA. The €”(w) vs. w curves follow _ _ _
Fig. 5. Comparison of the experimental data6{a) ande’ (b) for EVA at

the time-Temperature Superposition Pr|n0|ple (tTSP) for a three temperatures, with the predictions of the Havriliak—Negami equation
reduced frequency range of 16-10° kHz. As shown by using the parameters of Table 1.

Buerger and Boyd [19], and by Hozer and Strobl [20],

2.40 L

£*(w) can be well described by the H-N equation [22] The temperature dependencergfhas been fitted to the
* Williams—Landel—-Ferry equation [24]
floa [1+ donp) ] ©)
Ae HN ’ ~ C(T =Ty

-
logay = lg™m = — U~ 10} 5
gar QTO AT =T, ()

Ae=¢€ — ¢, 0=Q-w, y=1, (©)] . . .
wherear is called the shift factorC, andC, are adjustable

whereeg, refers to the zero frequency permittivity, aagto parameters, characteristic of each system, apnds the
its infinite frequency limit.«a, v and 7y are adjustable  relaxation time at a reference temperattigeFig. 6 shows
parameters, that may depend @n o takes care of the the shift factor, and Table 2 collects the constants of Eq. (5).

symmetric broadening of the”(w) vs. Igw curves while As the €”(») vs. Igw do not show maxima within our
v allows Eq. (2) to describe asymmetric broadening [22]. frequency range for P30T, the data are better discussed in
Under certain restrictive conditions for the and y para- terms of the electrical modulid* = 1/e*. Fig. 7 shows the

meters, the H-N function leads to equivalent results experimental data fdvl”, as well as the master curve. It also
compared to the KWW relaxation function [23]. The results shows that the KWW relaxation function gives a good
obtained in this work foe” w ande’w can be well described ~ description of the master curve, except for the high
by settingy = 1, as can be observed in Fig. 5. The tempera- frequency range. The value of the paramgeicharacter-
ture dependence o& and Ae, €, and €, can be well istic of the KWW function takes values 0.62 8 =< 0.64
described by a straight line for the temperature range between—28C and—4°C, very close to the values reported
studied. Table 1 shows the results of the fits of each of the by Chen and Liao [12] for the same temperature range.
above parameters to straight lines. The present values are in As will be shown later, the KWW function does not
good agreement with those of Refs. [19,20]. From the correlate correctly thi”(w) vs. Ig w curves for the blends,
frequency of the maximum of the”(w) vs. lIgw curves hence we have describédl’(w) using
wm, We have calculated the relaxation time (o)
w

W= P+ )

Tm = (27Twm)_l. 4% (6)
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Fig. 6. Shift factors for the EVA- P30T blend through the whole compo-
sition range of weight fractiongspzor. The lines represent the fits to the
WLF equation with the parameters of Table 2.

with €" ande” given by Eq. (2). Fig. 8 shows the results for
three of the isotherms. The quality of the fits is similar to the
one obtained with the KWW relaxation function. As can be
observed, in the high frequency range the H—N function
underestimates the experimental data. Table 1 collects the
fits of the H—N parameters for the temperature range studied
in this work. It is worth noting that contrary to the results for
EVA, for P30T,a = 0, andy > 1. Fig. 6 shows that the
temperature dependence of the shift factor is much smaller
than for pure EVA. The present results allow the calculation
of the zero-frequency limit of the conductivityy ..

€
(o = —,
d.c. Mu<Tp>

)

wheree, is the vacuum permittivityM, = /e,, and(,) is

the mean relaxation time. The calculation®f., from the
H—N function was done through the following steps. From
Eq. (2) we have calculated the relaxation spectHay(7)
using the parameters of Table 1, and then the relaxation
curve ¢(t) [21]. Finally (,) was obtained as

() j ({ gt ®

Although for P30T theg(t)s were well described by a
KWW function, this will not be in the case of blends, were

Table 2

WLF parameters for the EVA- P30T system at different compositions
Wp30T To/S C C, K! ToK

0.0 0.17690 17 7.0 72+ 33 249+ 0.2
0.10 9.30000 6.4- 0.6 76+ 11 289+ 0.2
0.20 3.94000 10: 0.2 255+ 7 243+ 0.1
0.30 0.02570 1.6-05 89+ 47 250+ 2.0
0.50 0.02492 2.1+ 04 71+ 24 237t 1.0
0.70 0.02316 47 1.0 164+ 53 226+ 1.0
1.0 0.10795 2.8 0.2 57+ 6 218+ 0.4
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0.2
3.2.2. Blends
0.0 In the case of blends containing less than 30% of P30T,
ul ul ul ul auul ul al d ol d . . . . .
10° 10° 10° 10% 107 10 10" AP 10 0% 10° 10° €” () continuously decreases with increasingwhile for
(b) oo blends richer in P30Te” (w) presents maxima at frequen-

cies below 1 kHz. Fig. 10 shows the results for the blends at
10°C. For the sake of uniformity we will discuss the results
in terms ofM*.

Fig. 11 showsaV” for five different blends, with weight
fraction of P30T ranging from 0.1 to 0.7, and for tempera-
tures well below the melting temperature of EVA. The first
aspect to mention is that the curves are broader than for pure
P30T. We have tried to describe tNe(w) vs. Igw curves
Esing a KWW function, however the results have been quite
unsatisfactory as neither the width nor the asymmetry of
S the curves can be described. It was even impossible to

follow Moynihan’s suggestion [25], of fitting the data for

Fig. 7. (a) Experimental results of the imaginary component of the elec-
trical modulusM”(w) for pure P30T. (b) Master curve ®fl” for pure
P30OT. The curves represent predictions of the KWW function for the
values of the stretching paramef@rshown.

significant differences were found in the long time (i.e. low
w) region. Fig. 9 shows the values of;. obtained by the
method just described. As it can be observed, the agreemen
with the values reported by Chen and Liao [12] is satisfac-
tory, through all of our temperature range, which mean
that, for this polymer, the KWW and the H-N fits are

equivalent. 1072 = w(7) = 10%, as the KWW function either the high
0.10 i - T ,\| ———rry
el T T=10°C T

0.08 e >< \ -

. 208, ——002 T
0.06 %\ AN \ \ ——0.10

: 1.5 v, ——0.20 1

= e I\ AN \ \

004} N
0.02 -
0.00 -

Fig. 8. Best fits for the imaginary component of the electrical modulus of Fig. 10. Imaginary component of the dielectric permittivity of the EWA
pure P30T from the H—N equation at three temperatures. The parametersP30T blend at 1T and for different blend compositions. The curves are
used are given in Table 1.
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Fig. 12. Comparison of the experimental valuevSfand the best fits of
the H—N equation for the blend withipsor= 0.70. The parameters used are
given in Table 1. Similar results were obtained for other compositions.
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of situation. In a previous work [27] we have found that this
may lead to good correlation of the data, but it is always at
the expense of introducing further adjustable parameters,
which affects the calculation ofry. and are difficult to
control.

The H-N function does a better job than a single KWW,
however, as can be observed in Fig. 12 for one of the blends,
only the central part of the relaxation curves is described.
Table 1 gives the constants that describe the linear fits of the
parameters of the H—N equation, and the constants of the
WLF equation.

Following the work on pure conducting polymers, one
might be tempted to assign the central peak of NHgw)
vs. lgw curves to the conductivity relaxation [11,12]. As
already seen, this leads to satisfactory results for pure P30T,
where the H-N function leads to a good fit of the data.
However, this is a less safe method for the blends, and
hence an alternate procedure, based on the calculation of

frequency or the low frequency sides of the curve were not the relaxation spectrum H) from the experimentall” (w)
accounted for. This is not a completely surprising result, as andM’(w) data, was followed and is described later.

one may expect that in this blend concentration fluctuations

will play a significant role, thus broadening the relaxation 3 5 3 Relaxation spectra
curves. Roland and Ngai [26] have suggested the use of The real and imaginary parts bf* () can be related to

distribution of KWW functions for dealing with this kind
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Fig. 13. Temperature dependence of the relaxation spectra for two blends
with Wp3or= 0.10 (homogeneous sample) (a) andor= 0.70 (nonhomo-
geneous sample) (b).

the spectrum of relaxation times by [28]

M'(w) — M, I w’T?

T - J,oo H(InT)md InT, (9a)
M () —r Hinn—2"__dIn 9b
A ), D e dinT o)

where M, = Ve, and AM = M, — M,. Calculating H(7)
from noisy experimental data over a limited frequency
range can be done using constrained regularisation methods
[29]. In the present work we have made use of the method
proposed by Weese et al. [30] to describe simultaneously
M'(w) and M”(w) within their experimental uncertainties.
The algorithm also provides the value bf. A similar
method based on the CONTIN algorithm has been used
recently by Alvarez et al. [31], and Rizos et al. [32].
When used for analysing dynamic light-scattering data,
both algorithms lead to indistinguishable results.

Fig. 13 shows the relaxation spectra for two of the blends
at different temperatures. It can be observed that for the
blend with 10% of P30T, which is in the one-phase region
of the phase diagram shows only one well-defined peak.
However, for blends rich in P30T more complex shapes
appear with a well-defined peak at low frequency (long
relaxation times), which intensity increases wilth A
small high-frequency shoulder appears at the highest
temperatures. These effects become more evident in Fig.
14, where the effect of composition at constfint- T| is
shown.

Once the components of the relaxation spectrumMpd
are available, the calculation ¢f,) and of o is straight-
forward. The results are shown in Fig. 9. The first point to
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remark is that the results obtained for pure P30T are coin- it 01 1 10 100
cident with those obtained from the fits to the H—N function o/ kHz

and again they are in good agreement with the results ofF. S . : - o
. - . . ig. 15. Conductivity, interfacial and dipolar contributions to the imaginary

Chen and Liao [12] obtained from fits to the KWW function. - component of the dielectric permitivity for the blend withsor = 0.70.

In the case of blends rich in P30T we have assigned the comparable results have been obtained for other nonhomogeneous
main peak of Hf) to the conductivity of the sample, as it samples.
can be continuously followed from blends with 10% of
P30T to the ones with high content of conducting polymer. range the interfacial polarisation contribution accounts for
The peak that appears at high values wfas assigned tothe  half the value ofe” at o =100 Hz. These interfacial
interfacial polarisation effects that may be expected in effects are known to be very important in inhomogeneous
inhomogeneous systems. Although the low frequency systems [15,33]. Fitting”(w) vs. log w to models such as
limit of our experiments is too high to explore in detail the H-—N or the KWW functions, may allow the separation
the polarisation contributions, the raw experimental data, of conductive, structural and interfacial contributions if
represented as complex admittance is consistent with thebroad-band dielectric data are available. Otherwise, the
present interpretation. The small shoulder at low values of parameter characteristic of each of the contributions is
T may be because of structural (dipolar) relaxation. Fig. 9 highly correlated, and the separation may be difficult [34].
shows the values af . for the P3OT+ EVA blend. As can Although, of course, the use of regularization methods to
be observed, the effect @ is much higher for the homo-  analyse thevl’ andM” data does not add any new physical
geneous blendsvg;or < 0.30) than for the inhomogeneous information, we have found that the method is rather robust,
ones. We have calculated the shift facterfrom (7,), and and gives consistent estimations«f. even if the experi-
the results are shown in Fig. 6. The values obtained for pure mental data cover a limited frequency range.
P30T from fits to the H—N equation and from the present
method are coincident within their uncertainties. Fig. 6 also
shows the fits to the WLF equation. The comparison of Figs. 4. Conclusions
6 and 9 suggests that, for the temperature range studied,
there is a close qualitative correlation between the d.c. The DSC analysis of the melting points of the P3@T
conductivity and the fragility of the samples. It must also EVA blend has allowed us to complete the phase diagram of
be remarked that the difference in conductivity among the the system. At low temperature the blend is homogeneous
different samples tends to decrease as the temperature igor weight fractions of P30Tpsor < 0.3 andwpsor > 0.7.
raised. The complex electric modulus data were analysed in terms

The relaxation spectrum allows estimation of the different of the Havriliak—Negami function. An algorithm based on
contributions in the dielectric permittivity. This may be regularization methods was used to obtain the spectrum of
better done for samples rich in P30T, where a maximum relaxation times. From the spectrum we have calculated the
is observed in thes”(w) vs. w curves. As an example, d.c. conductivity, and the contributions from interfacial
Fig. 15 shows the three contributions for the blend with polarisation processes and from structural relaxation. It
70% of P30T at 227 K. As can be observed, the structural was found that for two-phase samples, the conductive
contribution is rather small over the whole frequency range, contribution accounts for most of the dielectric loss above
in agreement with the conclusions of Ngai and Rendell [11]. 1 kHz, and that the interfacial contribution is very signifi-
The conductive contribution accounts for most of the dielec- cant below that frequency. The effect of temperature-gp
tric dispersion above 1 kHz. However, in the low frequency and on the fragility is much larger for the one-phase samples
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(Wp3ot < 0.3). Abovewr;or= 0.3 the effect of composition
on oy is much smaller than belowpzor= 0.3, especially
at low temperatures.
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