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Abstract

Dynamic electrical analysis shows that at high temperatures (above the glass transition temperature), the electrical properties of poly-
methyl methacrylate are strongly influenced by space charge. In this paper we present an study of space charge in this material and its
conductive properties by dynamic electrical analysis, using the electric modulus formalism. The complex part of the electric modulus was

fitted to Coelho’s model, which considers ohmic conductivity and diffusion as the prevailing mechanisms of charge transport.

The complex part of the electric modulus exhibits a peak in the low frequency range that can be associated with space charge and a good
agreement between experimental and calculated data is observed after the fitting process to the Coelho’s model. The data obtained indicate
that the electrode is partially blocked. The conductivity determined is thermally activated and it increases with the temperature due to an

increasing mobility, that is also thermally activate®.2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction Our aim in this paper is to discuss the conduction process
in PMMA at temperatures above the glass transition by
Dielectric electrical analysis (DEA), which consists in the means of the model of Coelho [5,6]. The electrical behavior
measure of a material’'s response to an applied alternatingat these temperatures is strongly conditioned by space
voltage, provides an excellent means of characterizing thecharge, as studies by thermally stimulated depolarization
electrical properties of polymeric materials. DEA allows currents (TSDC) indicate [7—14]. The relaxation of space
one to study the two fundamental electrical characteristics charge in TSDC studies is associated with the geakich
of a material, capacitance and conductance, as a function ofappears at temperatures above the glass transition, and the
temperature, frequency and time. In the case of highly insu- study of this peak mostly reveals the trapping properties of
lating polymers, the capacitive nature of the material domi- materials. The use of the windowing polarization technique
nates their properties below the glass transition temperature[15—21] allows one to study, at least qualitatively, the trap-
and above this temperature the conductive processesing level distribution in the material [12—14].
prevail. In the case of PMMA, this effect was studied by  Inarecent paper [22] a combination of TSDC and a probe
measurements of its conductivity at high temperatures by technique has been used to determine the potential distribu-
different methods [1,2]. The conductive processes in DEA tion below the glass transition. This potential distribution is
measurements are reflected by a sharp increase in the losased to determine the current—voltage characteristics, which
factor of the material, which can be observed at high reveal a sub-ohmic charactéf = gV", wheren < 1 and
temperatures and low frequencies. g = constant
In the literature can be found several papers that describe
the electrical properties of poly(methyl methacrylate) 11 The model of Coelho
(PMMA), and recently most interest in its properties has
arisen due to the use of this material as host polymer in  The model of Coelho [5] assumes that when an electric
guest—host polymeric systems in non-linear optics [3,4]. field is applied to a sample, free charges move through the
sample towards the electrode of opposite sign and finally the
* Corresponding author. Tel+34-3-739-81-39; fax:+ 34-3-739-81-01. accumulation of charges close to the electrodes results in a
E-mail addressmiguel. mudarra@upc.es (M. Mudarra). macrodipole. If the field oscillates, then the macrodipole is
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Fig. 1. Imaginary part of the electric modulus)(and loss factor@®) of
PMMA as a function of the frequency at 1T

forced to oscillate with the frequency of the field, and a
relaxation process appears, similar to dipolar relaxation.
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Fig. 2. Imaginary part of the electric modulus of PMMA versus the
temperature for several frequenci®: 0.1 Hz; A, 1 Hz; B, 5 Hz. In the

inset it can be seen an enlargement corresponding to the temperature range
at which the glass transition is observed.

This model considers two processes for space chargemodulus corresponds to the relaxation of the electric field in

relaxation, ohmic conduction and diffusion. The complex
permittivity in this model is given by:

a1+ in)(l + 'ytan)};(i)
€ =em t%nr(x ) @
ior+ [(L+ iwr)y + 1]X7D
D
where
Xp = Lix/l-i-ian' 2
D

In these equation& is the frequency of the applied field,
T = /o the Maxwell relaxation timeg = nyeu the conduc-
tivity, and

(©)

is the characteristic Debye length. The parametés the
transparency factor that indicates the character of the
electrodes.

In the case of blocking electrodes= 0, otherwise the
electrode is partially blocked. The ratlb= d/Lp, whered
is half the thickness of the sample, is used to determine the
conductive properties of the medium [5]: the cabel 1
corresponds to an extrinsic conducting material, with a
low concentration of carriers of relatively high mobility.
The opposite limit, 6 > 1 is associated with intrinsic
conductors, with high carrier concentration of relatively
low mobility.

1.2. The electric modulus

the material when the electric displacement remains
constant, so that the electric modulus represents the real
dielectric relaxation process [25—-27], as it can be expressed
as:

M*(w) = Moo[l— ro (—@)exp(—iwt) dt] (4)
0 dt

that can be converted to [28]:

MM(“’) —1+ D) = i0d () (5)

whered(t) is the dielectric response function add (w) its
Fourier's transform. In a recent publication, Wagner and
Richter have introduced a method that allows one to evalu-
ate M(t) from voltage measurements in themostimulated
depolarizations [25].

The interest of the electric modulus formalism arises from

0.12 v T T T T T T

0.10} 4 . g
0.08 | 4 4

0.06 B

0.04 I B

0.02 | ]

0.00 L L
10 10

Fig. 3. Imaginary part of the electric modulus of PMMA versus the

The electric modulus is the reciprocal of the permittivity,
P P Y frequency at several temperatur@: 150; @, 160; A, 170; V, 180; #,

* ky—1 . .
M" = () ", and it was introduced F’y MCC_rum et a_l' [2.3] 19C0°C. The symbols are measured values and the continuous curves are the
and Macedo et al. [24] to study interfacial polarization calculated values using the values of Table 1 resulting from the fitting
phenomena. From the physical point of view, the electrical process to the model of Coelho.
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Fig. 5. Arrhenius plot of the relaxation timeof space charge in PMMA at

Fig. 4. Argand diagram of the electric modulus of PMMA at 4G0The temperatures above the glass transition.

labels in the plot are the frequencies in Hz. It must be noted the arc at low

frequencies associated to the conductive processes. . o o .
The maximum likelihood criteria were used to determine

the figure of merit [30].
the fact that in the case of the conductive processes that are
observed at low frequencies, the loss factor exhibits a sharp
monotonic increase whereas the imaginary part of the elec-3 Resylts
tric modulus shows a peak [24], so that this function is

suitable to study the space charge relaxation phenomena, At low frequencies and at temperatures above the glass

as they are reflected by the changes of this peak [6,24,27]. transition temperature, the conductive processes in PMMA
resultin a sharp increase of the imaginary part of the permit-
tivity. These processes are reflected by a peak in the electric

2. Experimental modulus and that forT = 170°C has its maximum at
approximately 20 Hz (Fig. 1)

Samples of PMMA were cut from commercial sheets of  In Fig. 2 we have plotted the imaginary part of the electric
1.5 mm thickness (Altuglas). The samples were coated modulus as a function of temperature at low frequencies. It
with aluminum electrodes of 2 cm diameter on both sides can be noted that the peak originated by conductive
by vaporization in vacuum. DSC measurements indicate processes has its maximum at approximately °C46or
that the glass transition temperatufg, is approximately 0.1 Hz and that this temperature shifts to higher tempera-
115C. tures with the frequency. The peak corresponding to the

The experimental set up for DEA measurements has beenglass transition of the material, that in this material takes
described in a previous paper [29]. The real and imaginary place at approximately 116, is shown in the inset of the
parts of the electrical permittivity were measured at several curve corresponding to 0.1 Hz included in Fig. 2.
frequencies in isothermal steps diCseach. The results obtained in the temperature range studied

The imaginary part of the electric modulus was calculated indicate that the peak arising from the contribution of
from the permittivity and, finallyM”(w) was fitted to the conductive processes shifts to higher frequencies with
imaginary part of the electric modulus given by the model of temperature (Fig. 3). The plot of the electric modulus for
Coelho using software developed by us which is based ona given temperature in Argand’s plane (Fig. 4) shows that
routines described by others authors [30]. Four independentconductive processes are reflected by an arc for low
parameters were used in the fitting processy, 7, ande. frequencies. It must be pointed out that in the corresponding

Table 1
Parameters obtained by means of fitting the data of Fig. 4 to the model of Coelho. From these parameters we have calculated the conthectuaityier
concentratiomy and the carrier mobilityx

T (°C) €m 5 7 () v c(Qtm™ no (M) pwm?s iyt
150 1.01 19.25 0.975 68.22 9.%810 12 7.55x 10* 7.59x 1078
160 1.17 15.23 0.337 17.62 3.x20 5.62x 10* 3.46x 1077
170 1.03 11.71 0.124 32.29 7.890™ 1 2.99x 10* 1.54x107°
180 1.15 6.60 0.043 13.35 2871071 1.08x 10% 1.38x10°°

190 1.17 6.56 0.016 12.94 6.4310° %0 1.11x 10 3.62x107°




1650 M. Mudarra et al. / Polymer 42 (2001) 1647-1651

Table 2 10F ]
Preexponetial factors and activation energies of relaxation timgs (
conductivity ) and mobility () obtained from the corresponding Arrhe- -1 b
nius plots
g2+ 4
Magnitude Preexponential factor Activation energy (eV) 13k |
=
T 7.9x10 Ps 1.98 T 44l 4
o 3.6x10°Q7'm™! 1.98 -
m 42x10%m2s iyt 2.20 15| g
-16 | o
plot of the permittivity, the contribution of the conductivity 17— ! ! ! !
. . . . . 2.15 2.20 2.25 2.30 2.35 2.40
is evidenced by a sharply increasing tail (not shown). These

results agree with the model of Coelho [5,6], which predicts 1000/ (K')
an arc for the contribution of space cha}rge relaxation, t.h?‘t In Fig. 7. Arrhenius plot of PMMA carrier mobility. at temperatures above
the case of blocked electrodes approximates to a semicircle the glass transition.

We have fitted the peaks shown in Fig. 3 to the imaginary
part of the electric modulus given by Coelho’s model. The
parameters that result from the curve fitting can be seen inconductivity of the material (Table 1). Both, the relaxation
Table 1. The curves calculated using these values have beetime and the conductivity are thermally activated, as the
superimposed (continuous line) to the experimental valueslinear behavior observed in the respective Arrhenius plots
(symbols) as an indication of the accuracy of the fitting indicates (Figs. 5 and 6). The activation energies and preex-
processes. ponetial factors of these magnitudes are shown in Table 2.

The values of the transparency factey) pbtained, indi- The values that we have found for the conductivity and its
cate that the electrodes are partially blocked, as it can beactivation energy are in accord with the values obtained by
expected from the shape of the arc shown in Fig. 4, which other authors (reviewed in Ref. [1]).
differs from a semicircle. This result agrees with the conclu-  In the temperature range studied, the conductivity
sion of Adamec [1] on the possible contribution of charge increases by two orders of magnitude. There are two expla-
accumulation close to the electrodes to the conductive prop-nations for this sharp increase: the increase of the carrier
erties of PMMA at temperatures above the glass transition. concentration or the increase of the carrier mobility with
On the other hand, the values obtained for the double of thetemperature. The calculation of these magnitudes (Table
ratio of the sample thickness and Debye’s length do not 1) allows us to say that the carrier concentration does not
correspond to any of the limit cases considered by Coelho vary significantly over the temperature range considered,
is his original work. Nevertheless, as the values obtained arealthough it seems to decrease slightly. Therefore, the rise
significantly greater than unity, specially for< 170°C, we in the conductivity must be attributed to the increasing
think that we must consider the case of an intrinsic conduc- mobility of the carriers, as this magnitude increases more
tion process, with a relatively high concentration of carriers than two orders of magnitude (Fig. 7).
with low mobility.

The relaxation time of space charge in this materiak

; . . 4. Conclusions
ege/o, decreases with temperature due the increasing

At high temperatures the electric behavior of PMMA is
-20 : . . . . . strongly influenced by its conductive properties. The model
1 of Coelho is adequate to explain the conductive properties

of this material at temperatures above the glass transition.

21+ i

.22: ] We have observed a decrease of the relaxation time
- observed for space charge that can be related to a thermally
23 i i activated conductivity. The dependence on the temperature of

In(o)

the conductivity can be associated with a rise of the mobility
with temperature, as the variation of the carrier concentration
25 § does not vary significantly in the temperature range studied.
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