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SYNOPSIS 

An investigation was made into the dielectric spectroscopic characteristics of p-toluene 
sulfonate (PTS) doped polypyrrole (PPY) films in the presence and absence of immobilized 
glucose oxidase (GOX) in three different configurations: A1-PTS-PPY-A1, A1-PTS-PPY/ 
GOX- Al, and Al-PTS-PPY/GOX/@-D-glucose-Al, respectively. Measurement of dielectric 
loss and capacitance yielded valuable information about the dielectric properties of GOX 
immobilized in PTS doped PPY films. The effect of both the temperature and varying @- 
D-glucose concentrations on the mobility of the charge carriers in these films was also 
systematically studied. 0 1996 John Wiley & Sons. Inc. 

INTRODUCTION 

Recently, there has been increased interest in the 
development of techniques, such as those based on 
electrical conductivity and impedance measure- 
ments of biological systems, for quantitation and 
monitoring of specific chemical analyte~. '-~ Enzyme 
redox reactions operating in biosensors are partic- 
ularly amenable to interfacing with electrochemical 
transducers because electron exchange is a key step 
in the catalytic process.'-"' In the recent past di- 
electric measurements contributed to  the under- 
standing of the physicochemical processes in- 
volved in determining the critical hydration of 
proteins and The electrical con- 
ductivity changes corresponding to enzyme catal- 
ysis reaction in situ were also Pe- 
thig et  al. exploited this concept for the enzyme 
urease immobilized by crosslinking with glutar- 
a1deh~de.I~ The technique has real-time applica- 
tion value in the development of solid-state bio- 
sensors used to monitor stored food stuffs, tissues, 
and ~ e e d s . ' ' ~ ' ~  The dielectric or impedance mea- 
surements are field-dependent phenomena, an 
important tool for the measurement and evalua- 
tion of biomedical/cardiovascular functions. 

* To whom correspondence should be addressed. 
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Several conducting polymers such as polypyrrole 
(PPY), polycarbazole, and polyaniline are now used 
for the immobilization of  enzyme^.^'-^^ PPY is well 
characterized and is probably one of the most suit- 
able polymers for biosensor applications. In the case 
of third generation biosensors, steady-state amper- 
ometric response has been monitored using glucose 
oxidase (GOX) immobilized onto PPY films. How- 
ever, the efficiency of the current response obtained 
from such electrodes due to successful reaction of 
P-D-glucose with GOX is lower than the expected 
values. The reduced efficiency of PPY-GOX elec- 
trodes can perhaps be attributed to the entrapment 
of the electronic charges in the various defect levels 
arising due to the amorphous structure of PPY films. 

Motion of a charge carrier in an organic semi- 
conductor under the influence of an electric field 
results in the formation of an interfacial polarization 
near the electrodes.26 The measurements of both the 
spatial dependence of potential and the space-charge 
capacitance as a function of applied external poten- 
tial are likely to reveal valuable information con- 
cerning the nature and concentration of charge car- 
riers in a given material. A1 with work function of 
3.74 eV forms a rectifying contact with PPY having 
a work function of 4.12 eV.26--g8 

In the present research a systematic investigation 
was made into space charge polarization studies to 
monitor the response of a PPY-GOX electrode as 
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a function of @-D-glucose concentration. The PPY 
thin films following the entrapment of GOX, and 
their subsequent treatment with various P-D-glucose 
concentrations were also studied in the Al-PPY/ 
GOX-P-D-glucose treated A1 configuration. The di- 
electric relaxation studies carried out on Al-PPY/ 
GOX-A1 reveal important information about the 
entrapped charges a t  various levels in the semicon- 
ducting PPY films upon their treatment with various 
P-D-glucose concentrations. 

sure of torr in the PPY films, was used for the 
fabrication of the desired configuration.26 

The capacitance and loss measurements a t  dif- 
ferent frequencies were carried out on A1-PTS- 
PPY-Al, AI-PTS-PPY /GOX-A1, and A1-PTS- 
PPY / GOX-P-D-glucose treated A1 configurations, 
respectively, using an H P  4192A impedance analyzer 
operating within a frequency range from 5 Hz to 13 
MHz. The dielectric measurements were performed 
a t  a signal voltage of 0.1 V on a 0, 50, 100, and 200 
mV dc bias. The measurements were carried out 
from 1 kHz to 10 MHz. 

EXPERIMENTAL 

THEORY 
PPY films were grown from aqueous media in a two 
compartment cell comprising of an indium tin oxide 
(ITO) coated glass plate as the working electrode 
and a counterelectrode of platinum (Pt ) , containing 
0.1M pyrrole as monomer and 0.1M sodium salt of 
p -toluene sulfonate ( PTS) . The self supporting 
films were grown with the current density of 0.3 mA 
cm-' for 30-45 min under isothermal conditions in 
an inert atmosphere. The temperature of the cell 
was maintained at 4OC. Freestanding films of vary- 
ing thicknesses from 5-20 pm were carefully de- 
tached from I T 0  glass plates; and the conductivity 
of the doped PTS-PPY films measured using a 4- 
point probe method was found to be 1-5 S cm-'. 
The thickness of the films was kept between 10 and 
15 pm and the size of the electrode was 1 cm'. 

The immobilization of GOX on PTS doped PPY 
was carried out by the physisorption technique. PPY 
films were in their oxidized state prior to GOX load- 
ing. The immobilization was done for varying times 
extending to about 24 h. Those PPY films containing 
GOX were subsequently washed with 0.1M phos- 
phate buffer at pH 7.2. It was confirmed that the 
leaching of GOX adsorbed on the surface of PPY 
was minimal and the PPY/GOX films could be 
safely used for further measurements. The activity 
of GOX physisorbed in the PPY films was estimated 
by the o-dianisidine p r o c e d ~ r e . ' ~ * ~ ~  The current re- 
sponse generated by the oxidation of Hz02 a t  0.7 V 
versus the Ag/ AgCl reference electrode was moni- 
tored after every 100 s using a Keithley electrometer 
(model 617).  The change in response current was 
monitored as a function of varying @-D-glucose con- 
centration. After the current response measure- 
ments, the PPY films were washed several times 
with deionized water and dried under dynamic vac- 
uum to remove any adsorbed electrolyte from the 
solution. A1 (99.99% pure) contact on either side of 
PPY films, made by thermal evaporation a t  a pres- 

Figure 1 ( a )  depicts the resulting Al-PTS-PPY-A1 
capacitor. In the presence of a strong bias across the 
sample, the ions in the sample align toward their 
respective electrodes. Because the electrodes are 
blocked, no injection or extraction of charges into 
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Figure 1 (a) The space charge polarization in PPY films 
in the Al-PTS-PPY-A1 configuration. (b) The charge 
distribution of the electric field in the Al-PTS-PPY-A1 
capacitor with the dc bias of 100 mV and ac signal of 0.1 
V. (c) Space charge polarization in Al-PTS-PPY/GOX- 
P-D-glucose treated A1 configuration. (d) The field distri- 
bution in the A1-PTS-PPYIGOX-P-D-glucose treated A1 
configuration. 
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and from PPY films occurs. Thus a space charge is 
created near the electrodes, resulting in a field gra- 
dient across the sample. A depletion region is also 
created inside the sample. The resulting electric field 
and charge distribution inside the sample are shown 
in Figure 1 (a-d) . 

Owing to the blocking nature of our electrodes 
and an external bias, we were justified in assuming 
a well defined space-charge region as shown in Fig- 
ure 1. The equations of motion for the space-charge 
boundary when an alternating voltage is superposed 
on the existing bias follow. 

As a simplifying assumption, we consider the 
movement of the space-charge boundary at the ca- 
thodic region (this choice is arbitrary). Further, the 
width of the anodic space-charge region is also ig- 
nored as an approximation. The analysis and deri- 
vation of polarization based on such an approxi- 
mation can be found in the l i t e r a t ~ r e . ~ ~  

Let the space-charge region be limited to 0 < x 
< 5 as shown in Figure 1. The electric intensity E ,  
in the region 5 < x < L ,  is approximately given by32 

where co is the permittivity in free space, e is the 
magnitude of the electronic charge, t is the high- 
frequency permittivity, V, is the static bias across 
the sample, and n is the concentration of charge 
carriers. 

In a situation where a steady bias is superposed 
by a small ac component u = u,exp ( i w t ) ,  the ca- 
pacitance C is given by 

where C ,  = €€,A / L  andA is the area of the electrode. 
The dielectric loss tangent, tan 6, is given by 

where a and p are dimensionless variables defined 
as 

a = wL2/2pVs ( 4 )  

and 

From eq. ( 3 )  it is clear that tan 6 has a maximum 
when 

Finally, from eq. ( 6 ) ,  the mobility p of the charge 
carriers can be written as 

p = ( ~ 4 , t ~ t , 3 ~ ~ / n ~ e ~ ~ ~ ) ” ~  (7 )  

where w, is the frequency at  which the dielectric 
loss is maximum and V, is the static bias across the 
film. 

The treatment of PTS doped PPY-GOX struc- 
ture with a given fl-D-glucose concentration results 
into the following biochemical reaction: 

@-D-glucose + GOX,, --* 

gluconolactone + GOX,,d ( 8 )  

GOX,,d + PPY,, + PPY,,d + GOX,, 

PPYIed + PPY,, + 2e-  

( 9  ) 

(10) 

As mentioned earlier, all the free charges (i.e., 
electrons ) resulting from the above biochemical re- 
action are not found, because some of these fall into 
the various trap levels of the semiconducting PPY 
matrix. 

Assuming Figure 1 ( c )  is the schematic of the 
space-charge distribution in an A1-PTS-PPY / 
GOX-P-D-glucose treated A1 capacitor, Figure 1 (d )  
shows the resulting distribution of electric field in 
an Al-PTS-PPY / GOX- 0-D-glucose-A1 structure 
obtained under similar conditions. It can be seen 
that the formation of a well-defined parallel plate 
condenser [Fig. 1 (c)  ] occurs following the treatment 
of PPY-GOX films with p-D-glucose solution. This 
results in an increase in the electronic charge near 
the electrode. 

RESULTS AND DISCUSSION 

Figure 2 ( a )  gives the variation of capacitance as a 
function of frequency at  100-mV dc bias in the Al- 
PTS-PPY-A1 configuration at  room temperature 
(298 K )  . The decrease of capacitance with increase 
in the frequency indicates the presence of interfacial 
polarization near the electrodes. The resonance be- 
havior observed at nearly 1 MHz for the A1-PTS- 
PPY-A1 structure shows the phenomenon of dipole 
relaxation in thin PPY films when blocking elec- 
trodes are used on either side of the film with an 
external static bias of 0.1 V. Initially the dielectric 
loss decreases followed by an increase from 10 kHz 
to 1 MHz. The presence of dielectric loss peak [Fig. 
2 ( b ) ]  can be attributed to both dipole relaxation 
and the movement of charge carriers inside the PPY 
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Figure 2 (a) Variation of capacitance as a function of 
frequency at 100-mV dc bias in the Al-PTS-PPY-A1 con- 
figuration at  298 K. (b) Variation of loss as a function of 
frequency at 100-mV dc bias in the Al-PTS-PPY-A1 con- 
figuration at 298 K. 

film. Interestingly, the dipole relaxation is also ob- 
served nearly at the same frequency (1 MHz) at 
which the capacitance curve [Fig. 2 ( a )  ] shows the 
resonance behavior. Because the various configu- 
rations were measured at the intermediate frequency 
region, the Maxwell-Wagner polarization effect does 
not come into effect. 

Figure 3 ( a )  exhibits the variation of capacitance 
as a function of frequency for the A1-PTS-PPY- 
GOX-A1 configuration and A1-PTS-PPY-GOX-P- 
D-glucose treated A1 configurations. It can be seen 
in Figure 3 ( a )  (curve 1 ) that the immobilization of 
GOX in PPY films results in the increased value of 
the capacitance. Figure 3 ( a )  (curve 2 )  shows the 
variation of the capacitance as a function of fre- 
quency in the Al-PTS-PPY /GOX-P-D-glucose 
treated (10 mM) A1 structure. The value of the ca- 
pacitance shows an increase due to the availability 
of a larger number of free charges in the PPY matrix 
following the treatment of the PTS-PPY /GOX 
structure with @-D-glucose solution ( 10 mM) . Figure 
3 ( b )  (curve 1) depicts the shift of the loss peak 

observed at 1 MHz. This shift of the dielectric loss 
peak includes the capacitance resonance that can 
be due perhaps to the increased number of induced 
dipoles in the Al-PTS-PPY / GOX-A1 configura- 
tion. The emergence of an additional loss peak at 
100 kHz can be attributed to the existence of the 
intrinsic dipoles of GOX present in the PPY matrix. 
The electronic charges liberated due to the treatment 
of PTS-PPY/GOX structure with a given p-D-glu- 
cose solution are not likely to be sensed because of 
the trapping of some of the charges at the various 
defect levels of the PPY matrix. These electronic 
charges are well separated from the conjugational 
defects under the influence of both static bias and 
the applied ac signal, resulting in the formation of 
a well-defined parallel plate condenser as shown in 
Figure 1 (c)  . The shift from 1 to 2 MHz in Figure 
3 ( b )  (curve 2 ) ,  the dielectric loss peak, can be as- 
cribed to the presence of an increased number of 
induced dipoles after its treatment with P-D-glucose 
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Figure 3 (a) Variation of capacitance as a function of 
frequency at 100-mV dc bias in the A1-PTS-PPY/GOX- 
A1 structure (curve 1) and the AI-PTS-PPY-GOX-@-D- 
glucose treated (10 mM) A1 structure (curve 2). (b) Vari- 
ation of dielectric loss as a function of frequency at a 100- 
mV dc bias in the Al-PTS-PPY-GOX- 8-D-glucose 
treated (10 mM) A1 structure (curve 2). 
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concentration (10 mM)  in the above configuration. 
The observed gradual decrease of the dielectric loss 
at  100 kHz arises due to the presence of a large 
number of free charges that are responsible for the 
decrease in the number of intrinsic dipoles of the 
GOX in the above configuration. 

The variation of capacitance as a function of fre- 
quency observed for the Al-PPY/GOX-0-D-glucose 
treated (10 mM) A1 configuration at  bias voltages 
of 0,50,100, and 200 mV dc bias was systematically 
measured and are shown in Figure 4(a) (curves 1- 
4). The observed increase in the value of capacitance 
[Fig. 4(a)] with the increase in bias voltage from 0 
to 200 mV is due to the increase in the density of 
charge carriers in the space-charge region in the 
above configuration. The shift (1.2 MHz) of the loss 

peak as seen in Figure 4(b) (curves 1-4) indicates 
the increased number of the induced dipoles arising 
as a result of polarization of PPY molecules con- 
taining the immobilized GOX. 

Figure 5(a) shows the variation of capacitance as 
a function of frequency for varying concentrations 
of ,&D-glucose, viz., 10, 20, 40, and 80 mM, on PPY 
containing physisorbed GOX. There is a marked in- 
crease in the value of capacitance brought about as 
a result of the reaction with 0-D-glucose of the GOX 
immobilized in PPY films. Figure 5(b) is the vari- 
ation of dielectric loss obtained as a function of fre- 
quency for varying concentrations of fi-D-glucose, 
viz., 10, 20, 40, and 80 mM, on PPY/GOX films. It 
is interesting to see [Fig. 5(b)] that the intensity of 
the observed dielectric loss peak increases in the 
A1-PTS-PPY/GOX- 0-D-glucose treated A1 struc- 
ture. The increase in the magnitude of the dielectric 
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Figure 5 (a) Variation of capacitance (IF) with fre- 
quency as a function of P-D-glucose concentration in the 
Al-PTS-PPYIGOX-P-D-glucose treated A1 configuration: 
curve 1, 10 mM; curve 2, 20 mM; curve 3 ,40  mM; curve 
4,80 mM, respectively. (b) Variation of loss with frequency 
as a function of 8-D-glucose concentration in the A1-PTS- 
PPY/GOX-glucose treated A1 configuration: curve 1, 10 
mM; curve 2, 20 mM; curve 3, 40 mM; and curve 4, 80 
mM, respectively. 
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Figure 6 (a) Cole-Cole plot for the Al-PTS-PPY/ 
GOX-P-D-glucose treated (80 mM) A1 configuration. (b) 
Variation of loss with frequency as a function of temper- 
ature: curve 1, 3OoC; curve 2, 4OoC; curve 3, 50°C; and 
curve 4, 60"C, respectively. 

loss peak at 100 kHz can be understood to arise from 
the increased number of induced dipoles formed due 
to polarization of GOX molecules. Figure 6(a) is the 
Cole-Cole plot obtained as a result of capacitance 
measurements on the A~-PTS-PPY/GOX-P-D- 
glucose (10 mM) treated A1 configuration. The 
marked deviation from semicircular arc to scew type 
as shown in Figure 5(a) points out the presence of 
complex relaxation behavior in this system arising 
from the presence of charge carriers and their con- 
ductivity behavior. We can express the complex 
permittivity E* by the following equation: 

E* = cCc + [(E, - €&)/I + ~ W T ]  - iuw (11) 

where to is the static dielectric constant, T is the 
relaxation time, E~ is the instantaneous dielectric 
permittivity, u is the conductivity of the medium, 
and w is the angular frequency. The observed scew- 
type behavior came from the conduction of various 
charge carriers. The presence of two relaxation times 

T~ and T~ can be clearly seen in the Cole-Cole plot. 
The values of relaxation times r1 and T~ were cal- 
culated to be 2.6 and 0.14 ps, respectively. Figure 
6(b) exhibits the variation of dielectric loss as a 
function of frequency at  different temperatures, viz., 
30,40,50, and 60°C. The relaxation phenomena ob- 
served in the loss curve is possibly due to the damp- 
ing of the dipole oscillators at  2 MHz. Although the 
shapes of the loss profiles are similar, the shift in 
the frequency at  which the dielectric loss maximum 
occurs can perhaps be attributed to the change in 
the value of mobility of the charge carriers. Such a 
decrease in the value of the loss peak in the PPY 
system may be due to the negative temperature coef- 
ficient of the charge carriers present in the PPY. 

To further understand the behavior of the trapped 
charges, the amperometric response of the PPY- 
GOX electrode was ascertained with varying con- 
centrations at different temperatures. Figure 7 is the 
variation of the current response with varying p-D- 
glucose concentrations recorded in the temperature 
range 10-60°C at a pH of 6.5. The response current 
increases with increasing glucose concentrations at  
a given temperature and also increases with in- 
creasing temperature for a given 0-D-glucose con- 
centration. The apparent decrease in the value of 
the current beyond this temperature, T > 50°C, with 
varying glucose concentrations can perhaps be at- 
tributed to the conformational changes in GOX 
molecules occurring in PPY matrix. 

Based on eq. (7) an attempt was made to compute 
the magnitude of the mobility of the charge carriers. 
Figure 8(a) shows the variation of mobility as a 
function of temperature. There is a linear decrease 
in the value of mobility of the charge carriers with 
an increase in temperature in the PTS-PPY/GOX- 

1.0 1 

I - . 
0 8 16 24 

GLUCOSE (mhl )  

Figure 7 Variation of current response with varying p- 
D-glucose concentration as a function of temperature: 
curve 1,lO"C; curve 2,20"C; curve 3,30"C; curve 4,40"C; 
curve 5, 50°C; curve 6, 54°C; curve 7, 60"C, respectively. 
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Figure 8 (a) Variation of mobility (p) as a function of 
temperature. (b) Variation of p as a function of P-D-glucose 
concentration in Al-PTS-PPY-GOXIP-D-glucose treated 
A1 configurations. 

@-D-glucose treated A1 structure. Figure 8(b) shows 
the variation of mobility obtained as a function of 
0-D-glucose concentration. The observed decrease 
in the value of the mobility p with @-D-glucose 
concentration indicates the increased number of 
charge carriers, arising due to the enzymatic 
(GOX) reaction in semiconducting PPY. The ob- 
served decrease in the mobility of the charge car- 
riers with an increase in the @-D-glucose concen- 
tration in the A1-PPY/GOX-P-D-glucose treated 
A1 configuration can perhaps be due to the exis- 
tence of electrostatic repulsion due to the in- 
creased number of free charges. 

CONCLUSIONS 

The results of the systematic dielectric measure- 
ments carried out on various configurations of Al- 
PTS-PPY /GOX-A1 systems clearly demonstrate 
the existence of loss peaks at  100 kHz and 2 MHz 

due to the formation of intrinsic dipoles arising from 
the polarization of GOX and PTS-PPY molecules, 
respectively. Further, the mobility of the charge 
carriers was estimated to be cm2 V -' s-' in the 
A1-PPY /GOX-P-D-glucose treated A1 structure. On 
the basis of the model based on interfacial polariza- 
tion, various studies showed that the electrons em- 
anating from the biochemical reaction of ,8-D-glucose 
with GOX physisorbed on PTS-PPY films get 
trapped in the semiconducting PPY and conse- 
quently influences the observed amperometric re- 
sponse of the enzyme electrode. 

In light of the above measurements, it should be 
interesting to carry out systematic studies with re- 
gard to applications of PTS doped PPY films for 
sensing of various biochemical parameters such as 
urea, cholesterol, and creatinine using dielectric re- 
laxation measurements. 
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