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Abstract

Poly(3-methylthiophene) is electrochemically deposited on platinum microsize substrate. Two methods are used for the electropolymerization
including applying constant potential of 1.65V to 1.75V, or cycling the working electrode between two potential limits @@k to 1.65—

1.80V (vs. Ag/AgCl). The resulting conducting polymer electrode is used for the determination of some organic molecules of biological interest.
The resolution of the voltammetric peaks obtained for the determination of a mixture of three components analyte is a function of the method used
for electrodeposition of the polymer film. The electrochemical data obtained at the microsize conducting polymer electrode are compared to those
obtained at “conventional’-size polymer electrodes. The morphology of the microsize polymer electrode is examined using scanning electron
microscopy. The data suggest great promise for using microsize polymer electrodes as electrochemical sensor for biomedical applications.
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1. Introduction after the current starts passing through electrodes with dimensions
<20pum. The hemi-spherical diffusion (versus a planar one for
ﬁonventional electrodes) leads to higher flux of the electroactive
species. The mass transport coefficienwhich is a measure of the
rate of transport of electroactive species in the diffusion layer is
L(ﬂiven by:

Conducting polymers represent a class of materials wit
electronic conductivity [1]. The most important polymers of this
class are poly(acetylene), poly(pyrrole), poly(thiophene), poly(
phenylene), poly(aniline), and their derivatives. The first successf
attempt for the electrochemical polymerization appeared in the D
1950s by the efforts of Funt et al. [2]. However, the first m:?
electronically conducting polymeric systems with conjugated
double bonds were synthesized by Dall'Olio et al. in the 1960svhereD is the diffusion coefficient, andis the electrode radius. As
[3]. Moreover, it was only in the late 1970s that Heeger et al. [4] and result, the diffusion rate is exceptionally large as the electrode
Diaz et al. [5] discovered that these materials would undergdimension decreases. Moreover, the current density at small-size
chemical and electrochemical redox transitions to yield polymerglectrodes is relatively large (compared to conventional electrodes)
with relatively high intrinsic electronic conductivities. and results in considerable increase in the ratio of the faradic to the

These materials are now competing with the classical surfacespacitive currents. Thus, the property of enhanced fast mass
such as metals and carbon in electrochemical applications [6, Afansport was anticipated for the development of in vivo fast
Some aspects making modified electrodes look attractive awicrovoltammetric sensors by minimizing the electrocatalytic
electrochemical tools are the possibility of preconcentrating theeaction between ascorbic acid and dopamine [11]. With the help
analyte near or at the electrode surface, the high selective natureaffa fast potentiostat and the use of ultramicroelectrodes, it was
the modified surface and its remarkable sensitivity. The implepossible to obtain fast kinetic information about the redox behavior
mentation of the above properties along with some specific catalytief conducting polymer films [12] and their electropolymerization
activity will result in minimizing high background currents by the mechanism [13]. It was also found, that, ultramicroelectrodes
suppression of competing redox reactions. Fouling of the electrodwated with poly(aniline) [14] could be switched between its redox
surface has long been a serious problem in electrochemicatates more rapidly than has previously reported.
determinations of many organic compounds. Polymer coating of In this work we have electrochemically deposited poly(3-
the surface of the electrode substrate helped to alleviate thisethlthiophene) on a Pt microelectrode. The resulting micropoly-
problem [8]. mer electrode was used as electrochemical sensor for the

On the other hand, metal and carbon electrodes with extremeljetermination of some organic molecules of biological interest.
small dimensions, in them or submicron range, have been used forThe electrochemical characteristics of the micropolymer electrode
voltammetric measurements and were developed for biological anlere determined and compared to “conventional-size” polymer
medical research [9]. The work of Fleischmann et al. [10] revealeélectrode. The surface morphology of the polymer film was
that a decrease in the surface area of the electrode not only affe@samined using scanning electron microscopy (SEM). The proper-
guantitative changes, but also results in unusual qualitative effectiées of the microsize and the catalytic property of the polymer
One major advantage of microelectrodes is that the expansion of tieéectrode are anticipated and suggest the potential of this sensor in
inherently small diffusion layer on the time scale of the experimengeveral applications. The sensor is useful when microliter biological
is greater than the characteristic dimensions of the electrode. In tisamples are available, when fouling of the sensor surface is
case of the frequently employed disk electrode such a characterisgigpected and when improved resolution of a multicomponent
is its radius. Relatively large diffusion layers develop a few secondsystem is desirable.
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2. Experimental
E 7/ V {vs. Ag/AgCL)
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2.1. Chemicals and Materials

T T

All chemicals used were reagent grade. Epinephrine, norepin-
epherine and tetrabutyl-ammonium tetrafluoroborate (TBATFB)
were purchased from Fluka (USA). Other chemicals used in this
work were obtained from Aldrich (USA). 3-Methylthiophene was
used as the monomer after fractional distillation. Acetonitrile was
kept over molecular sieves type A4. Phosphate buffer was prepared
by mixing 600 mL NaHPQ, (9.470g/L) and 400 mL NajPO,
(9.208 g/L) containing 4.60g of NaCl. Aqueous solutions were
prepared using distilled water, further purified by a Sybron/
Barnestead Pure Il system.

2.2. Apparatus

Electrochemical polymerization was carried out with a three-
electrode system where the working electrode was a platinum disk
electrode (surface area 0.280Trar 3.14x 10~ °cn?, for the
microelectrode). The auxiliary electrode was a 2cn? platinum
sheet. The electrode was polished using metallurgical papers and
alumina—water suspension, sonicated, rinsed with water and dried.
All the potential values in this study are referred to a Ag/AgCl
electrode (3M KCI).

Electrosynthesis of the polymer films were performed using an
EG&G Model 173 potentiostat/galvanostat equipped with an
EG&G 179 coulometer (PAR, USA). A BAS 100 equipped with
a current amplification unit was used for electropolymerization and
electrochemical characterizations. Some experiments were con-
ducted using a CMS 100 electrochemical system (Gamry Instru-
ments Inc. USA). All solutions were deaerated by bubbling argon
gas through the electrolytic cell. The polymer film was formed
under constant applied potentials or by repeatedly scanning the
electrode between two potential limits. Scanning electron microFig. 1. Repeated cyclic voltammograms of 0.05M 3-methylthiophene/

scopy studies were performed with a Cambridge Stereoscan 68P5 M tetrabutyl-ammonium tetrafluoroborate in acetonitrile at Pt micro-
instrument electrode. Scan rate 100 mV/s.

layer of polymer film formed in each cycle catalyzes the
oxidation of the monomer at the following cycle.

3. Results and Discussion Thus, the cyclic voltammogram of 3-methylthiophene at microsize

electrode has all the characteristics of an ECE reaction [17]. The

3.1. Electrode Preparation limiting current for a spherical electrode is given by

The polymer film was formed at the surface of the platinum i = nExr2 1 1

. . | =NFar°De|-———5 + - (2)
microelectrode by repeatedly cycling the electrode between the (wDt) r

following potential limits: —0.12V and 1.7V. Typical cyclic
voltammogram of 3-methylthiophene afu-diameter platinum
electrode using 100 mV/s scan rate is given in Figure 1. Th
following conclusions are drawn:

All terms in the above equation have the regular meaning. The first
erm, however, describes the current due to linear diffusion while
e second shows the one due to the edge effect. For the microsize
electrode, the current is time independent, and the steady state will
« 3-Methylthiophene is oxidized at+1.56V, to form the be reached when the following two conditions are realized:
corresponding polymer. 1 1 0 1
» Upon reversing the direction of sweep from the first oxidation W<<F and W<<F
wave, a corresponding cathodic wave for the reduction of (DY (@DY
the polymer film is observed in the region from0.70V to At high scan rates the cyclic voltammograms obtained at those
+0.50V. electrodes are wave-shaped. As the scan rate decreases the
» The subsequent anodic sweeps revealed the growth of thltammograms become sigmoidal in shape. Figure 2 shows the
polymer film at a lower oxidation potential (C&p, +1.40V).  cyclic voltammogram obtained atu8n Pt electrode for 5mM
The anodic peak potentiaE;) occurring at ca+0.65V is  catechol in phosphate buffer (pH 6.9) with a scan rate of 100 mV/s.
attributed to the oxidation of the polymer film deposited duringThis result is comparable to the steady-state voltammograms at
subsequent cycles. The formation of a polymer layer over theotating disk electrodes. The similarity is a result of the high
substrate was indicated by the increase of the current at diffusion due to mass transport rate when compared to rotating disk
potential of about 1.6V, i.e., the oxidation potential of theelectrodes [16]. On the other hand, the data depicted in Figure 1
monomer [15]. The data obtained in Figure 1 indicate that thehowed that the anodic peak potential appearing at+a6 V

©)
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Fig. 2. Cyclic voltammogram of 5mM catechol in phosphate buffer (pH 6.9) at Pt microelectrode. Scan rate 100 mV/s.

correspond to the oxidation of the polymer film while the cathodicshown in Table 1. In all cases, the poly(3-methylthiophene) film

peak occurring at ca+0.55V can be attributed to the reversible was deposited by repeatedly cycling the ultramicro-platinum

process due to the film formation (@tl.40 V) and to the reduction substrate betweer0.12V and+1.8V for ten cycles in 50 mM

of the polymer. The film thickness was controlled by the number o8-methylthiophene/100 mM TBATFB in AcN. The electrode

cycle scans applied to the electrode. was then rinsed thoroughly and cycled betweef.5V and
+0.7V in different concentrations of hydroquinone in phosphate
buffer (pH 6.9) prepared by successive dilutions from a 100 mM

3.2. Electrochemical Characterization of some Organic analyte stock solution. The results obtained, so far, for polymer

Molecules of Biological Interest at the Microsize

Polymer Electrode
8e-6

Poly(3-methylthiophene) was grown on Pt microelectrode
substrate by repeatedly cycling the electrode as previously
described for ten scans. The repeated cyclic voltammogram of the 6e-6
resulting electrode in phosphate buffer (pH 6.9) containing 5mM
K3[Fe(CN)] is given in Figure 3. The following conclusions are
drawn: 4e-6

* The anodic and cathodic peak potentials are well defined as
depicted in Figure 3, although the background current is not 2e-6 -
subtracted (curve a).

» The anodic and cathodic peak potentials appear@5V and
+0.17V, respectively. Oe+0 |

» The peak separation is ca. 80 mV.

I/A

Moreover, it can be noticed from Figure 3 that the contribution of 266 -
the nonlinear (hemispherical) diffusion is not significant. Therefore,
it is possible to apply the Randles-Sevcik equation to this electrode
[16]. Figure 3 shows also that repeatedly cycling the polymer _4e-6 -
microelectrode in the same electrolyte did not result in the
disappearance of current signal. This proves that the conducting
polymer microelectrode overcomes the complication that face film- -6e-6 —
based sensors which are the change in stability, the lack of
continuous activity of the film and the signal attenuation due to
surface fouling. -8e-6
The sensor application of this conducting polymer microelec-
trode was implemented by constructing calibration plots obtained

for different neurotransmitters using the anodic peak current of the -1e-5 T | T | T T
cyclic voltammograms shown in Figure 4A. The calibration plot for 06 04 02 00 02 04 06 08
hydroquinone in phosphate buffer (pH 6.9) obtained at conducting E/V (vs. Ag/AgCl)

poly(3-methylthiophene) microelectrode is given in Figure 4B. The )
9. 3. Repeated cyclic voltammograms of 5 mM[Re(CN)]/phosphate

slope OP: the gahbraltlon F:CIO; Zva:/ ni;ngahzed lto Fhe eIechfr.olde Surffa{uffer (pH 6.9) at conducting poly(3methylthiophene) microelectrode. Scan
area showed a value ot /. mM Cr{correlation coefficient o rate 100 mV/s. Polymer electrode formed by repeated cyclic voltammetry. In

0.994). Similar plots for dopamine, catechol, norepenipheringhe absence of ferricyanide (curve a), in the presence of ferricyanide; cycle 1
epinepherine, ang-aminophenol were obtained and gave the datdcurve b), cycles 2 and 3 (curve c), cycle 50 (curve d) and cycle 100 (curve e).
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Table 1. Calibration plot data for different compounds at PMT microelec-
trode. Electrolyte: phosphate buffer (pH 6.9)/1-10mM analyte, data
collected from cyclic voltammetric experiments, using 50 mV/s scan rates.

Compound Slopes Correlation  Detection limits
[A/mMcnf]  coefficient  [mM]
Potassium ferricyanide 7.4 0.994 *4073
Dopamine 8.2 0.988 841073
Catechol 12.4 0.995 621073
Norepenipherine 9.5 0.994 57103
Epinepherine 7.8 0.996 626103
p-Aminophenol 14.1 0.998 351073

microelectrodes prove to be superior compared to the substrates. Itis
also evident that these electrodes can be used repeatedly for the
determination of biological samples of relatively low concentrations.
An important aspect for this electrode is the fact that the current
magnitude obtained is accessible without special amplification.

3.3. Multicomponent System Detection

The utility of the conducting polymer microelectrode has been
extended towards the analysis of a multicomponent system,
involving a mixture of ascorbic acigh-aminophenol, and catechol,
in a manner to work with conventional electrodes [18]. The results
presented in Figure 5A show very good resolution for the peaks
obtained for the determination of a mixture of 1 mM ascorbic acid,
p-aminophenol, and catechol in 0.1 M phosphate buffer (pH 6.9)
using the square wave voltammetric technique. The electrode in
Figure 5A was prepared by repeated cyclic voltammetry as
described above while that in Figure 5B was prepared by holding
the potential of the ultramicro-platinum substrate in 3-methylthio-
phene/TBATFB electrolyte at+1.7 V for 25s. A double potential
step was applied from 0.0V t¢0.80V or+1.0V (vs. Ag/AgCl).

The conducting polymer microelectrode showed considerable
resemblance in the electrochemical behavior of the studied
electrolytes when compared to the data obtained earlier for
conventional polymer electrode [18]. The data of Table 2 showed
that for all compounds studied the anodic and cathodic peak potential
values were comparable at both electrodes. The effect of changing
the scan rate on both anodic and cathodic peak current values at the
polymer microelectrode of different compounds showed that the
process of charge transfer was under diffusion control. A linear
relation was observed between the anodic peak current values
plotted versus the square root of the scan rate (not shown).

3.4. Effect of the Method Used for Polymer Film Formation

The method used to deposit the polymer film was shown to be
critical for the resolution capability of the conducting polymer
microelectrode. This observation was not noticed in the case of
conventional size electrodes [18]. Figure 5B shows the results
obtained for the same mixture of compounds and under similar
experimental conditions as those displayed in Figure 5A. The
polymer film used in the voltammetric experiment of the data
shown in Figure 5B, however, was formed under constant applied
potential of 1.7V for 25s. The film thickness is pth and 3Qum
for the polymer electrodes formed by repeated cycles and applying

Fig. 4. A) Cyclic voltammetric curves at conducting poly(3-methylthiopheneconstant potential for the data displayed in Figures 5A, 6A and 5B,
micro-electrode in different concentrations of hydroquinone/phosphatéB respectively. The film thickness is estimated from the
buffer (pH 6.9). Background (curve a), 1 (curve b), 2 (curve c), 4 (curvegoulometric charge passing during the film formation. As could

d), 6 (curve e), 8 (curve f), and 10 (curve g) mM hydroquinone, respectivelyb
B) Calibration plot for the determination of hydroquinone at the conductin
polymer microelectrode formed as in Figure 3. Data were obtained
measuring the anodic peak current values from the correspondi

voltammograms.
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igure 5A. One possible reason could be attributed to the
differences in morphological aspects of the films grown under

f%eaks became ill resolved as compared to those depicted in
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Fig. 6. A) Scanning electron micrograph of conducting polymer microelec-
trode formed by repeated cyclic voltammetry. B) Same as A), but electrode
formed under constant applied potential condition.

F(VoLD conducting polymers performed by SEM and transmission electron
microscopy (TEM) revealed that the “noodle”-like or the fibrillar
. . . tructure of the polymer films increases with the level of doping
Fig. 5. A) Dou_ble pgtentlal_step square wave voltamm_ogram of a mixture OfZO] Figure 6 shows the SEM graphs of poly(3-methylthiophene)
1mM ascorbic acid,p-aminophenol, and catechol in phosphate buffer ’ . . .
(PH 6.9). Electrode formed by repeated cyclic voltammetry. B) Same as ifl€ctrochemically grown on Pt microsize electrodes under two
A), but electrode is formed under constant applied potential condition.  different conditions. SEM displayed in Figure 6A is for poly(3-
methylthiophene) formed by repeatedly cycling the potential of the
two different conditions. The scanning electron microscopy datanicroelectrode betweer0.20V and 1.65V, while that shown in
confirmed this assumption. Figure 6B for the electrode formed by applying a constant potential
of 1.65V. The film formed under repeated cycling looks more
compact and has a “defined” apparent surface area, while that
3.5. Morphological Structure of Conducting Polymer formed by applying constant potential to the microsubstrate showed
Microelectrodes scattering of the exposed surface of the polymer surface. This could
) . be an explanation to the “ill-defined” response of the electrode as
T_he morphology of conducting poly(heteroarylene)s is found tQhown in the data of Figure 5B.
mainly depend on three parameters: the structure of the monomer,
the nature of the dopant, and the thickness of the film grafted on the
electrode. These observations are similar to what was reporte,
earlier in the literature [19]. SEM analysis showed that when thé"
poly(3-methylthiophene) films were grafted as thin films, abodt 10
to 10° A thick, the surface was very homogeneous, regardless of the In summary, this work showed that it is possible to deposit
nature of the polymer or the anion. When the polymer thicknessonducting polymer films on microsize substrates of platinum. The
was increased to a few microns, a powdery deposit rather thanedectrochemical response of the conducting polymer microsize
smooth film was obtained. The morphological changes coulélectrode is a function of the method used for electropolymer-
be explained in terms of the structural defects, such as crosslinkingation. Better resolution for the determination of mixtures of
- versusa-coupling of the thiophene units, and the reticulationbiological compounds were obtained at polymer films formed
associated with it. The analysis of the inner structure of this class dfy cycling the substrate between two potential limits-€9.2 V

Conclusions

Electroanalysi€998 10, No. 2
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Table 2. Comparison between “micro” and “conventional” size conducting polymer electrodes [d] performance for the analysis of some orgeumiesnad!
biological interest.

Analyte [a] Polymer microelectrode [b] Conventional polymer electrode [c]

Anodic Cathodic Anodic Cathodic
Epinepherine 634 [mV] 465 [mV] 627 [mV] 469 [mV]

3.983E-6 A 1.620 E-6 A 8.285E-5 A 4490 E-5 A
L-Dopa 576 509 584 495

7.964 E-6 5.664 E-6 7.023 E-5 5.489 E-5
Norepinepherine 617 473 623 462

4.392 E-6 1.976 E-6 6.582 E-5 2.855 E-5
Dopamine 552 493 563 488

4,795 E-6 3.977 E-6 1.014 E-4 9.037 E-5
Catechol 567 485 562 485

5.423 E-6 3.758 E-6 8.074 E-5 7.141 E-5
Hydroquinone 379 471 380 471

4.307 E-6 4.807 E-6 6.451 E-5 4.846 E-5
Ferricyanide 422 361 417 355

4.569 E-6 5.197 E-6 3.491 E-5 3.165 E-5
Ascorbic Acid 450 - 448 -

4.185 E-6 3.511 E-5
p-Aminophenol 529 495 534 487

8.473 E-6 3.855 E-6 6.657 E-5 6.050 E-5
Acetaminophen 690 - 695 -

8.288 E-6 7.144 E-5

[a] Analyte concentration: 5mM in 0.1 M 3$0y; [b] Electrode diameter Bm; [c] Electrode diameter 3 mm; [d] Film formed upon cycling the electrode for
10 cycles in the monomer containing solution betwedn70V and—0.120V (vs. Ag/AgCl).

and +1.65V (vs. Ag/AgCl). The electrochemical data at the [2] Organic Electrochemistry, an Introduction and a Guids: M.M. Baizer,

polymer microelectrode were comparable to those obtained afy ;‘-B‘;ﬁ%ik’;"%C%;i‘;'l‘:"VNf/";r:g;';s’?/e-BocchC()mptes RenduE968

conventional”-size polymer electrodes. We concluded that, the ™ ~567.433

electrochemical response is predominantly at the polymer electrop) A.G. MacDiarmid, A.J. Heeger, iMolecular Materials(Ed: W.E. Hatfield),
lyte interface [21, 22]. The SEM results revealed the morphological  Plenum, New Yorki979. ‘
differences between electrodes formed under applied constarp] A.F- Diaz, K.K. Kanazawa, G.P. Gardirl, Chem. Soc. Chem. Comh979

potential and t_hose deposited t?y cycling the potential at the[6] H.D: Abruia, inElectroresponsive Molecular and Polymeric Systevius, 1
substrate. Andrieux et al. [23] noticed that the dependence on the  (Ed: T.A. Skotheim), Marcel Dekker, New York988.
scan rate peak potentials and currents was a function of thg7] A. lvaska,Electroanalysisl991,3, 247.

lvmeri tem and its morphol ) r findin roves that th [8] H.B. Mark, Jr., N. Atta, Y.L. Ma, K.L. Petticrew, H. Zimmer, Y. Shi, S.K.
polymeric system and its morphology. Ou .d g pro es_ a . € Lunsford, J.F. Rubinson, A. GalaBioelectrochem. Bioelectrori995, 38,
morphology of the polymer surface deposited at a microsize ,,q
substrate affects the resolution of the three component system gs] R.M. Wightman,Anal. Chem1981, 53, 1125A.
indicated in Figure 5. [10] M. Fleischmann, S. Pons, D. Rolison, P.P. Schmiititramicroelectrodes
Datatech Science, Morganton, NI®87.
[11] M.A. Dayton, A.G. Ewing, M.R. WightmanAnal. Chem198Q 52, 2392.
[12] C.P. Andrieux, P. Audebert, P. Hapiot, M. Nechtschein, C. Odin,
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