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Abstract

The electrical properties: DC-electrical conductivity (apc), AC-electrical conductivity (oac), dielectric permittivity (¢’) and dielectric loss
(&) for pure polymethylmethacrylate (PMMA) and mixed with phthalocyanine, Ni-phthalocyanine and hematoporphyrin IX chloride laser dyes
have been investigated. The conductivity values for all polymer—dye samples are higher than that of the pure PMMA. For all investigated sam-
ples, at the constant temperature, the frequency dependence of (g4¢c) was found to obey the relation (o oc) = Aw’. The results are discussed ac-
cording to the correlated barrier hopping CBH mechanism from which the Coulomb well barrier of charge carriers (W)) was calculated. For the
dye-doped samples, the hematoporphyrin IX chloride mixed sample showed the larger value of (Wy;) compared with the others. At all frequen-
cies, ¢’ values for doped samples are higher than that of pure one. This is due to a free volume enhancement offered by the large size of the dye
molecule. Also, the addition of dyes to PMMA causes an increase in the intensity of the loss peak (¢”) accompanied by a shift in its position. The

effect of chemical structure of investigated dyes on the electrical properties is discussed.

© 2006 Published by Elsevier Ltd.
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1. Introduction

Organic dye—polymer composites have received consider-
able attentions from many researchers [1] and have been con-
sidered as candidates for new photodetectors [2] and solar
concentrators [3]. An approach to overcome the cost of solar
electrical energy is to concentrate as much light as possible
on high efficiency solar cells. Compared with other concen-
trators, polymethylmethacrylate (PMMA) is a transparent,
polar, highly strong amorphous polymer [4]. Therefore, it
can be used as a substrate for the fluorescent species of or-
ganic laser dyes [5]. Phthalocyanines and metallophthalocya-
nines are organic materials which have many applications in
several fields, such as green and blue dyes and pigments,
sensing elements in chemical sensors and photovoltaic cells
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elements [6]. In this work we use a group of these dyes as
luminescent spices in solar concentrator’s devices. In these
devices solar energy is absorbed and concentrated by total in-
ternal reflection to the edge of the device, where it is con-
verted into electricity using a solar cell facing the edge [7].
One of the most important requirements for LSC is a large
Stokes shift, which is known to be a function of the dielectric
constant (¢’) and the refractive index (n) of the substrate
[8,9]. So, we concentrate to study the electrical and dielectric
properties of PMMA free and mixed with three laser dyes:
phthalocyanine, nickel-phthalocyanine and hematoporphyrin
IX chloride.

2. Experimental

Polymethylmethacrylate (PMMA) was prepared by poly-
merizing methylmethacrylate (MMA) in the presence of ben-
zoylperoxide as initiator at 443 K for 7h. The formed
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polymer was left for several hours at room temperature to
evaporate the solvent off. Phthalocyanine and Ni-phthalocya-
nine were supplied by Stren chemicals company (U.S.A.),
whereas hematoporphyrin IX chloride was obtained from
Ciba-Giegy. Plate samples of thickness =0.02 cm and dye
concentration of 10 *molL™' were prepared by casting
method where the dye was homogeneously diffused in the
precast polymer. The chemical structure of dyes investigated
is shown in Fig. 1. In the text the three dyes were abbrevi-
ated as PTH, Ni-PTH and HEM, respectively.

The AC-conductivity, dielectric constant ¢’ and dielectric
loss ¢’ as a function of temperature and frequency were mea-
sured. This is carried out using programmable automatic LCR
meter (PM636 Philips) at frequencies of 1—10° kHz and tem-
perature range of 298—403 K.
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Fig. 1. The structure of dyes under investigation.

3. Results and discussion
3.1. Electrical conductivity

The DC-electrical conductivity (opc) of pure PMMA and
PMMA —dye samples are shown in Fig. 2. Generally, for all in-
vestigated samples the conductivity was found to increase with
temperature. According to Lewis concept the presence of car-
bonyl group (C=0) in PMMA may be acted as an electron donor
group [10]. So the electrical conduction in pure PMMA may oc-
cur by the electron jumping (hopping or tunneling) between
filled and empty sites localized in the energy band gap. As shown
in Fig. 2 the PMMA has low conductivity values and behaves as
an insulator material, the conductivity values for all polymer—
dye samples are higher than that of the pure PMMA. This indi-
cates that the introducing dye in the polymer matrix may act as
localized centers affecting the conduction process [7] in PMMA.

The activation energy, E,, under DC-field was calculated
using the equation:

—Ea

0 = 0y e¥sT (])

where £ is the Boltzmann’s constant and o, is the conductivity
at infinity temperature. The data obtained are listed in Table 1.
From which it can be seen that E, values for doped samples are
lower than that of pure one. This refers to the facilitating of the
conduction process through the presence of dye molecules,
which either lie in the energy gap or act as donor and acceptor
sites. These sites facilitate the hopping of electrons between
valence and conduction bands.

The total measured AC-conductivity (0.) can be ex-
pressed according to [11]:

Ooal = Tac(w) + opc (2)

where opc is the DC-conductivity and gac(w) is the polariza-
tion conductivity which depends on the measuring frequency
according to [11]:

oac(w) = A’ (3)
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Fig. 2. Effect of temperature on DC-electrical conductivity for all investigated
samples.
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Table 1
DC- and AC-conductivity data for all investigated samples
Samples E, Temp. opc’ Wam  oac’

(eV) Range (K) (Ohm 'cm™') (eV) (Ohm 'cm™')
PMMA 0.79 343-383 1.1x1078 029 44x10°%
PM—PTH 037 343-363  7.6x107° 062 22x107°°
PM—Ni-PTH 023 363-383 23 x 107 005 22x10°°
PM—HEM 049 313-333 1.1x1077 025 28x10°°

a opc at 363 K.
® gac at 363 K and frequency of 50 kHz.
¢ Temperature range at which the activation energy, E,, was calculated.

where A is a constant, w is the angular frequency and s is an
exponential power of frequency. For all investigated samples
g ac increases with increasing temperature and frequency, typ-
ical plot is given in Fig. 3. The values of the exponent s were
obtained from the slopes of the straight lines for all investi-
gated samples at different temperatures using the logarithmic
form of Eq. (3). Fig. 4 shows that, s values are decreased
with increasing temperature. This indicates that hopping
mechanism is dominated in these samples [12,13]. For pure
PMMA, PTH and HEM-mixed samples, at lower temperature,
the exponent s is close to unity and is slightly dependent on
temperature. It seems that these samples behave as insulting
materials [1]. This is attributed to that PMMA exhibits an
amorphous structure which contains imperfections such as im-
purities or dangling bonds at point defects. This may lead to
create levels within the band gap (localized states) [14]. Elec-
trons created in PMMA are trapped in pairs at defect sites. The
Coulomb repulsion energy between electrons being out
weighed by an energy gain associated with lattice distortion
[1]. Moreover, in our samples, the Van der Waal’s bonds be-
tween neighbouring molecules give rise to very narrow al-
lowed bands with corresponding high effective masses in the
energy gap. The charge carriers of this band together with
the presence of disorder contribute further to the process of lo-
calization. These localized centers can give rise to hopping

-4.7

log G ac(ohm™.cm™)

2.6 3.6 4.6 5.6
logf

Fig. 3. Effect of frequency on AC-electrical conductivity for PM—Ni-PTH.
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Fig. 4. Effect of temperature on s value for all investigated samples.

transport. At higher temperature, in addition to hopping trans-
port, the reduced internal viscosity of the material allows the
dipoles to rotate freely and dielectric polarization seems to
have taken place. The total charge then includes the homo-
charge and heterocharge produced due to the rotation of the
permanent dipoles [1].

According to the correlated barrier hopping model [15],
CBH, the Coulomb well barrier of charge carriers (W), which
are separated by interstice R can be calculated by equating
[15]:

s=1- {6V';BMT} (4)

From Table 1 it can be seen that the highest values of Wy
are assigned to PTH dye mixed sample compared with the
other dyes. The high potential barrier exhibited in this sample
acts to hinder charge carrier transport and this is responsible
for its lower conductivity.

The temperature dependence of AC-conductivity for pure
PMMA and polymer—dye sample at different frequencies
are shown in Fig. 5. For pure PMMA the o4c values increase
with frequency and temperature till 7= 373 K before starting
to decrease with further heating. This can be explained ac-
cording to the fact that AC-conductivity arises from the rapid
transitions between localized states of charged species such as
electrons or dipoles. The drop in oac at 383 K is attributed to
either a phase transition in the sample or due to thermal en-
ergy distributing the dipoles formed in the sample. This agrees
with that reported by others [7]. The results also showed that
its conductivity values are comparatively low. This could be
interpreted on the basis that the dipole in long chain polymer
is not quite free to rotate. But it is constrained to assume dis-
crete orientations with respect to its nearest-neighbours. As
the side acrylate group of PMMA is strongly disordered struc-
turally in the amorphous state, comparatively weak polariza-
tion may result from hopping of charge carriers. This
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Fig. 5. Effect of temperature on AC-electrical conductivity (at different frequencies) for PMMA (a), PM—PTH (b), PM—Ni-PTH (c) and PM—HEM (d).

perhaps accounts for the low value of AC-conductivity of this
polymer [16].

The plot of In g 5c vs. 1/T for all polymer—dye samples ex-
hibits the same trend as that of the pure PMMA. o ¢ increases
slowly with temperature in the range (298—333 K), while the
increase becomes very high at higher temperatures. Generally,
for all doped samples oac was found to be higher than that of
opc referring to the presence of polarization effect, Table 1.
The ogac values of dye—polymer samples are higher than
those obtained for pure PMMA; this can be attributed to the
large dipole of dye content. The drop in oac value at
T =333 K for PTH and at T =393 K for Ni-PTH-mixed sam-
ple indicates that at these temperatures, thermal energy disturb
the dipole arrangement occurred in the samples or a phase
transition has occurred to a phase of lower conductivity value
[7]. Also the increase in the oscillation field accompanied with
increasing frequency will lead to an increase in the polariza-
tion of the samples appearing in that the form of conductivity
increases.

3.2. Effect of temperature on dielectric permittivity

The temperature dependence of permittivity (¢') for pure
PMMA and doped samples at different frequencies are shown
in Fig. 6. For our polymer, ¢’ shows a maximum at T = 373 K.
This is because, by increasing the temperature the orientation
of the molecule is facilitated and thereby increases the permit-
tivity up to a maximum value. Further increase in the temper-
ature is accompanied by a decease in ¢’. This can be attributed
to the intensified thermal oscillations of the polymer mole-
cules which disturb the orderliness of their orientations. The
results show also a decrease in ¢’ with increasing frequency.
This can be attributed to the lag of dipole oscillations behind
those of the field at high frequencies. On the other hand,
higher the frequency of the applied field, the more the thermal
energy needed to disturb the ordered dipoles [7]. For all poly-
mer—dye samples ¢’ values increase, at all frequencies, by
adding dye. This can be attributed to either the enhanced mo-
bility of the motion of polymer molecule or due to the rotation
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Fig. 6. Effect of temperature on dielectric constant for PMMA (a), PM—PTH (b), PM—Ni-PTH (c) and PM—HEM (d).

of the side acrylate group of the host polymer. This is casued
due to a free volume enhancement offered by the large size of
the dye molecule [17].

3.3. Temperature dependence of dielectric loss

Two types of dielectric relaxations have been established
for ester polymer [5]: (1) glass—rubber transition (o-relaxa-
tion) due to micro-Brownian motion of the main chain
segments; (2) glass—glass transition of amorphous polymer
(B-relaxation), which is attributed to the rotation of the ester
side group —COOR about the C—C bond which links the es-
ter group to the main chain of the polymer. The variation of
the dielectric loss (¢”) as a function of temperature at differ-
ent frequencies for all investigated samples are shown in
Fig. 7. For pure PMMA, Fig. 7a, only a single peak in
e"—T curves at T=373 K is observed. This could be as-
signed to aff process where the side groups cooperate with
the backbone motions in micro-Brownian [17]. Fig. 7 shows

that the addition of dyes to PMMA causes an increase in the
intensity of the loss peak accompanied by a shift in its posi-
tion to lower temperature values, (333 K) for PTH-mixed
sample, compared with that of the pure PMMA. This can
be attributed to an increase in the dipole concentration by
the addition of dye molecules, which causes such effect
not only via its own polarity but also by changing the nature
of the relaxation process (enhancement of its a-character).
The existence of hydrogen-bonding interaction between
the ester side group and the acidic hydrogen atoms of
hydroxylic group in the case of HEM-mixed sample hinders
the B-relaxation (the internal rotation of the side group) [18].
This causes the disappearance of the maximum in this sam-
ple. Moreover, the addition of Ni-PTH dye to PMMA shifts
the position of this peak to higher temperature (383 K). Also
the addition of this dye hinders the movement of polymer
molecules as they orient themselves following the applied
field [17]. Therefore, it can be said that the predominate
mechanism of polarization is a deformational one caused
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Fig. 7. Effect of temperature on dielectric loss for PMMA (a), PM—PTH (b), PM—Ni-PTH (c) and PM—HEM (d).

by the displacement of charges with respect to each other in
the direction of the electric field in which, the relaxation phe-
nomena in amorphous materials are divided into four types
of losses: conduction losses, dipole relaxation loss, deforma-
tional loss and vibrational loss. At the higher temperature
range, deformational loss and vibrational loss are more
pronounced.

4. Conclusions

Studying electric and dielectric properties of some lumines-
cent solar collectors using phthalocyanine, Ni-phthalocyanine
and hematoporphyrin IX chloride laser dyes shows that the
conductivity values for all polymer—dye samples are higher
than that of the pure PMMA. The correlated barrier hopping
CBH mechanism was found to be the dominating conduction
mechanism in these samples. The hematoporphyrin IX chlo-
ride mixed sample showed higher value for potential barrier
(Wy) compared with the others. The ¢’ values for doped sam-
ples are higher than that of pure PMMA. This is due to a free

volume enhancement offered by the large size of the dye mol-
ecule. The addition of dyes to PMMA causes also an increase
in the intensity of the loss peak (¢”) accompanied by a shift in
its position.
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