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To undergand the kinetics of charge transfer from chemicaly modified dectrodes to solution
Species, the authors have investigated the influence of poly(Meddola s blue) on the kinetic parameters of
dopamine oxidation by rotating disc dectrode voltammetry. The polymer film fixed on dectrode
surfaces raised the dopamine pesk current by afactor of 10 in a0.1 mM solution; this dectrocataytic
effect enables one to detect dopamine & concentrations of the order of 5 uM. The polymer film
increased the sandard heterogeneous rate congtant of dopamine oxidation more than 10-fold and favored
atwo-dectron trandfer step, thus raisng the dependence of the kinetic current on the eectrode potentid.
These effects were independent of eectron saf-exchange between redox-active stes in the film. They
arose from the incorporation of dopamine with the polymer. This binding interaction decreased with
protonation of the polymer, because of dectrodtatic repulsion between the positively charged pecies.

Keywords: Chemically modified eectrode, Electrocatdytic oxidation, Poly(Mddola s blue), Dopamine,
Rotating disc dectrode

1. Introduction

Dopamine (3,4-dihydroxyphenethylamine, DA) is a catechol-basad neurotransmitter which plays
an important role in the mammaian centra nervous system. Because DA israther irreversibly oxidized
a metd dectrodes, its redox reaction reguires a high overpotentid. In addition, DA is present & a very
low concentration of 0.01-1 uM in the extra-cdlular fluid of the centra nervous syssem and has an
oxidation potentiadl close to that of ascorbic acid coexisting a a higher concentration™™. Appropriate
dectrocataysts are hence necessary for electrochemical detection of DA®®. A number of chemicaly
modified eectrodes have been proposed for the determination of this compound; metal eectrodes coated
with thin films such as meta(I1)hexacyanoferrate® ™, meta phthalocyanines?, and polymers™?.
Severa workers have reported sensitive or selective voltammetric monitoring of DA™, Miller and
Zhou™ prepared a composite poly(N-methylpyrrole)-polystyrenesulfonate film to incorporate cationic
DA into the reduced polymer. Firo and others® have recently developed a new cation-exchanging
polymer, poly(5-amino-1,4-ngphtoquinone), which can uptake DA up to 100 nmol cmi? in a 300 nm
thick film. The DA incorporated was released by goplying the oxidative potentid to the redox-active
polymer. Electrocontrolled release of bio-rdated materids by polymer-modified dectrodes plays a
crucid rolein deivering drugs at acondant rateto aprecise Ste.

Azines (phenazines, phenothiazines, and phenoxazines) undergo a reversble two-dectron,
one-proton reduction to yield the corresponding 10-hydro-azine forms; thus these dyes have been often



used as redox indicators and mediiatorsin the field of biotechnological anaysis™ 2. In addition, most of
the amino group-subgtituted azines are irreversibly oxidized to their respective radica cationsin aqueous
media and have yielded polymeric films on dectrode surfaces” ), though showing a low current
efficdency. Having redox-active propeties like those of the correponding monomers the
dectropolymerized azines have attracted a growing interest because of their andlytical applicatior™ 29,
Their current-enhancing effects on the hydrogenation-dehydrogenation of myoglobin®, hemoglobin®,
and NADH?®% prompted usto examine the electrocatalytic activity of polyazines against oxidation of
DA.

Voltammetric detection of solution species and eectrocatdytic efficiency a polymer-modified
electrodes depend primarily on how greetly a surface-immobilized polymer enhances the rate of the
redox reaction of a target. Hence, the following subjects need to be invedtigated: (1) the kinetics of
oxidaion-reduction of the polymer and (2) its catdytic activity toward the target redox reection. To
understand the mediaing properties of polyazines, one requires to examine the rate of coupled dectron
and proton trangport in the eectroactive nitrogen-including polymers, because the kinetics of their redox
reactions depend on both the reduction and protonation levels. The preceding paper™” demonstrates that
the diffuson coefficient of charge carriers in a polyazine film increases with decreasing solution pH.
This change results from eectron hopping accompanied by proton transfer. On the other hand, limited
data on eectron exchange between the catdytic center and solution subgtrate have hampered athorough
understanding of the sdlective dectrocatayss dueto polyazines.

This paper describes the influence of poly(Mddola s blue) (PMD) films on the kinetic parameters
of DA dectrooxidation and ascribes the enhanced oxidation rate to the incorporation of DA into the
polymer, which arisesfrom their binding interaction.

2. Experimental

Meldola's blue MD" (Structure 1), methylene blue, and DA hydrochloride were obtained from
Kanto Kagaku Co., and used as recaved. Sodium sulfate (Wako Chemicds, purity 99.9%) was
recrystalized from doubly distilled water and then used as a supporting eectrolyte. Thin films of PMD
were dectrolyticaly deposited on glassy carbon (GC) of 0.071 cnt’ area by the same method as that
used for poly(methylene blue) . The potentid of the working electrode was repetitively cycled
between -04 and 1.6 V (versus Ag/AQC]) a ascan rate of 100mV s* ina1 mM MD' solution (pH 8)
containing 0.2 M N&SO,. Sample solution contained 20 mM buffer sdts, ether acetate(pH 4-6),

phosphate(pH 6-8) depending on the required pH.



The surface coverage @ of the resulting polymer, the surface concentration of a two-electron
reaction Ste, was ca culated from the voltammetric charge (Q) consumed in reducing the entire polymer
a ascanrateof 5mV s” in apure supporting eectrolyte solution (pH 4-5):

©=QI2FS o)

where F isthe Faraday congtant and Sisthe dectrode area. The polymer film wastoo thin (lessthan 50
nm) to estimate the film thickness by scanning eectron microscopy. The thickness of PMD films given
below was caculated from the @ versus thickness plot measured for poly(methylene blue) *”, assuming
that the two polymers are equd in the concentration of eectroactive Stes. The attenuated totd reflection
(ATR) infrared spectra of PMD films deposited on dectrodes were recorded on a Horiba FT-710 IR
gpectrophotometer. In Stu visble absorption spectrum of the polymer was messured & its different
reduction levels with a 10 mm path-length quartz cell containing a polymer-coated indium tin oxide
electrode, aplatinumwire, and an AQ/AgCI reference dectrode.

All the dectrochemicd experiments were carried out a a temperature of 20 + 5 °C under a
nitrogen atmaosphere with a conventiond three-ectrode glass cdl enclosed in agrounded Faraday cage.
A 3 mm diameter GC rod mounted with epoxy resin into aglass tube was used asaworking dectrode, a
platinum gauze of 20 cn¥ area as a counter dectrode, and an AglAgCl|3.4 M KCl dectrode as the
reference dectrode. The working eectrode was polished with agueous durries of dumina (down to a
grain size of 0.05 um) and then sonicated in purified water for 5 min. Cydic voltammetry, differentid
pulse voltammetry, and potentid step chronocoulometry were performed by usng a Hokuto Denko
HZ-3000 eectrochemica system consgting of a FMV Desk Power CIX 407c persond computer, a
HAG-1510m potentiostat, and a BJC-F 200 printer. A Hokuto Denko rotating disk eectrode sysem
with aglassy carbon eectrode (diameter 0.5 cm) was used in the rotating disk eectrode experiment.

3. Resultsand discusson
3.1. Redox propertiesof PMD

When oxidized a 1.5 to 1.6 V in an agueous solution buffered a pH 8, the cationic dye MD*
yielded an dectroactive polymer film on GC. Fg. 1 exhibits the cyclic voltammogram of the chemicaly

modified eectrode, measured in a0.2 M H,SO, solution. The eectropolymerized dye reveded apair of
redox waves at ahdf-wave potentid Ey, of 0.18 V, which was 0.05 V more negetive than the Ey, of the



monomeric dye held in solution. Theinsat in Fig.1 showsthe cathodic pesk current I, plotted againgt the
potentid-cycle number a dectropolymerization. The surface coverage of the polymer increased
proportionally with the cycle number up to about 80 cydles, with a polymer-growth rate of 5 x 10 mal
cm? per cyde. As the potentid cycle was repested more than 100 times, however, @ gradually
gpproached a limiting value of 6 x 10° mol cmi®. This result suggests a low rate of dectron trangport
through the film, resulting from redox conduction.

Responding to the solution pH, the polymer was protonated and deprotonated. When the pH
increased from one to seven, the Ey, of the polymer shifted to more negative potentias at a rate of 50
mV per unit pH (Fig.2). This change was smilar to that (-57 mV/pH) observed for the monomeric dye
incorporated into Nafion®, a perfluorosulfonated cation-exchange polymer. Thelatter rateisequal to that
expected for the two-dectron, two-proton reduction of MD” to the protonated leucoMddola's blue
MDH;" (Scheme 1).

MD*+2e+2H" — MDH,' ©

Thisobservation impliesthat the polymer includes the same e ectroactive Site as the monomer.

According to the published acid dissociation constant K, for amino-substituted azines® >, their
oxidized forms are unprotonated at pH vaues above three: thelr badcity iswesker than thet of aniline. In
the present study, the pK,, of the conjugate acid of MD™ was estimated to be less than 1 from the pH
dependence of the absorbance a an absorption pesk wave ength of 569 nm, whereMD* showed amolar
absorption coefficient of 1.7 x 10* M em™.

MDH?* — MD'+H' PKa< 1 ©)

The molar absorption coefficient decreased when MD™ waas protonated in acid solutions. On the other
hand, reduction of the azine rings generdly makes their amino substituents more basic, thus inducing
protonation of the amino groups™® . For example, protonated leucomethylene blue with achemical
structure similar to MDH," has been reported to have a pK,, of 5.62. From these observations, one can
safdy date that the reduced Mddola sblueis protonated at weakly acidic pH vaues.

Previous studies™ on the chemical structures of electropolymerized azines suggest thet the amino
nitrogen atom of one azine molecule link to a heterocydic carbon atom of another such molecule
(so-cdled head-to-tail bonding). Although our ATR-IR spectroscopic experiment falled to digtinguish
between the dimethylamino and ring-bridging amino groups, for two reasons we assume that PMD



includes the primary gructure of phenoxazine (possbly with the tertiary amino group being
demethylated®). Firgt, the polymer had voltammetric properties like those of the dye (in Ey, and its pH
dependence). Second, visble absorption band of the polymer disappeared upon its reduction, indicating
the conversion of phenoxazine rings to unconjugated 10-hydro-phenoxazine rings. When the polymer is
doubly reduced, thus, two protons will enter the polymer film in the pH range from 1 to 7. Being
locdized within the phenoxazine ring, its n-electrons are incapable of moving through the amino group
that bridges the two rings. The eectroactive properties of PMD can result from eectron sdf-exchange
between the isolated redox-active sites and from a high ionic conductivity of the polycationic material®”.
A dow rae of the dectron hopping causes unsuccessful eectrodepogtion of PMD films thicker than
10® mol cm™. The high ionic conductivity is ascribed to a high concentration of charge-compensating
counterionsin the film. If the polymer film of @=5.5 x 10° mol cm has athickness of 17 nm, we can
edtimate the e ectroactive-gte concentration & 3.2 M, neglecting thefilm swelling caused by water.

At the cycle number not exceeding 100, the eectroactive polymer film indicated alog(l) versus
log(v) plot with a Sope of 0.90 + 0.08 (thin-film behavior) in the 2 to 200 mV s* range (the inset in
Fig.2). Inthis study, hence, the PMD-modified eectrode will be treated as a diffusonless sysem, thet is,
andyzed by the voltammetric theory for surface-confined species™. At sufficiently fast scan ratesfor the
pesk-to-pesk separation AE, > 0.2/ n'V to hold, the cathodic pesk potentid Ec isgiven by

Exc = E° = (RT/onF )In(enFv /RTks) 4

where E ' isthe formd potentid, « isthe trandfer coefficient, ks isthe rate constant of a surface reaction
(insY), visthe scan rate, n is the number of dectrons transferred in the heterogeneous reaction, and &l
other symbols have their usud meanings. If the condition for irreversble surface redox reactions is
experimentaly satisfied, Eq.(4) enables one to determine ks from a variaion in Ex with v. Fig. 3 shows
the potential difference (Ex. — E ) plotted against the logarithm of v for a 1.3 nmol cmfilm in 0.2 M
Na,S0, solutions. The pH 0.7 solution yielded alinear (B — E ') versuslog(v) plot a higher scan retes
than the pH 7 one did. The vaues of ks and a were determined from the dope of the sraight line and
fromitsintercept with the horizontd line of (B — E ') = 0. Table 1 lists the results obtained in an acidic
and neutrd solutions. When the solution pH increased from 0.7 to 7, ks decreased to about one twenty,
with o« remaining near 0.5.

As can be seen from Eq.(2), the redox reaction of PMD has the pseudo-firg-order rate congtant
including the proton concentration. Quick responses of 1. and AE, to the solution pH, examined in the
pH rangefrom 1 to 7, suggest rapid penetration of protons through the film. They move within polyazine



films through a Grotthustype process, via water andlor amine stes in the polymers®. The
potentid-independent concentration of the supporting dectrolyte can thus be digtributed uniformly
throughout the PMD film. Consequently, acidic solutions result in ahigh proton concentration in the film,
increasng ks On the other hand, protonation of the polymer (causing arisein its pogtive charge) raises
the degree of swdling of the polymer film. This variation may increese the distance between
redox-active gtes, thus reducing ks, however, this expectation is contrary to the experimentd result. A
high ks vaue obtained in acidic solutions results from an increased proton concentration in the film.

3.2. Voltammetric characteristics of DA oxidation

Electrochemica properties of DA vary with the solution pH, because its oxidation corresponds to
the change of 1,2-benzenediol into 1,2-benzoquinone. Fg. 4 illudrates typica cydlic voltammograms
measured a abare GC dectrodein 1 mM DA solutions. At pH < 6, the dectroactive soecies showed an
oxidation and rereduction waves having a AE, of 0.3 t0 04 V a v = 200 mV s, smaler then that
observed a platinum electrodes. Becauise the conjugate acid of DA hasapK, of 8927, the pair of redox
waves is assgned to the two-eectron, two-proton converson of protonated DA into the quinone form
DAQ (Eq.(5), Scheme 2). When the pH was raised to 8, DA showed two additional waves: an anodic
peek a@ 0.6 V and a cahodic & -0.3 V. The podtive potentid scan to 0.7 V greatly lowered the
DA-regenerating pesk agppearing upon the reversed negaive scan, indicating that the second
dectrooxidation is followed by a chemical reection. According to previous studies*™*?, unprotonated
DAQ iscydized a the amine sde chain into 5,6-dihydroxyindoline (Eq.(6), Scheme 2), which isfurther
oxidized to indoline-5,6-quinone as shown by Eq.(7) (Scheme 2)*™. In the present study, the repetitive
potentid cyde between -0.3 and 0.7 V depressad voltammetric activity of the eectrode gradudly,
because of the depostion of insoluble products. An €ectrode-poisoning effect of DA oxidation in neutral
solutions has suggested thet indoline-5, 6-quinone polymerizes to melanin-like compounds on dectrode
surfaces and thus impedes interfacid charge transfer®™. The intramolecular cydlization made the
following eectrocatalytic oxidation of DA limit to pH vauesnot morethan 7.

It should be noted thét the anodic pesk potential E, of DA moved to more positive values with
increasing its concentration (G,). Fig. 5 shows B versus ¢, plots measured at a bare and PMD-modified
dectrodesin 0.2 M N&,SO, solutions (pH 5). When ¢, rose from 0.1 to 2 mM, Ey changed from 0.30 to
042V av=200mV s for the bare GC electrode, wheressit shifted gradualy to less positive potentids
for the chemicaly modified one. At the bare GC dectrode, a Smilar change was observed for linear
sweep voltammograms measured with arotating disk eectrode. The potentid corresponding to ahdf of



the diffuson-limited current I, moved to more positive vaues with an increase in ¢,. In addition, this
potentia shifted smilarly when the rotation speed o rose from 1.67 to 66.7 Hz (Fg.10 (8). These
changes in potentid noticed a the bare GC dectrode can arise from the following reactions (1)
interfacia charge transfer accompanied with chemica reactions, (2) the association of DA molecules at
higher concentrations to form aggregates, or (3) the adsorption of DA/DAQ on the GC surface.
Although examining the changes in IV Ep and I/l with v, we faled to characterize the
mechanism of eectrode reaction (5) aptly.

Because the third possibility isdiscussed in Section 3.3, let us congder the second possibility from
the limiting current measured & the rotating disk dectrode. For the pseudo-firgt-order redox reaction, this
current increases proportionally with the square root of @ (units Hz) 0

L = 1.554nFSD*35 YP,0” ®

where n denotes the total number of eectrons trandferred in the redox reection of DA, D the diffuson
coefficient of the species in an agueous solution, and # its kinematic viscosty. A proportiond
relationship between I, and o' dlows one to evauate D from the dope. As given in Fig. 6, dl log I,
versuslog o plots measured in the concentration range from 0.1 to 4 mM show linear lineswith adope
of 0.49+ 0.06. When plotted against ,, the dopes of I, versus 2 plotsincrease proportionaly with the
concentration (the inset in Fg. 6); thus, oxidaion of DA obeys good firg-order kinetics. Equation (8)
gives acongtant D of 6.5 x 10° cm?s?, which agrees with the value reported by Chen and Cha”. These
resultsindicate that DA does not form any aggregates in the concentration range examined.

3.3. Electrocataytic oxidation of DA at PM D-modified electrodes

3.3.1. Influence of PMD films on the kinetic parameters of DA oxidation

The redox polymer heightened the anodiic pesk current I, of DA measured by cydlic voltammetry.
Fig. 7 showstypica cydic voltammograms observed at a polyazine-modified and bare dectrodesin a1
mM DA solution containing 0.2 M Na,SO,. Poly(methylene blue) hardly enhanced the current of DA
oxidation at any pH vaues, shifting the current pesk to more podtive potentids (Fig.7 a). On the other
hand, PMD raised |, of DA by afactor of 5to 6 & ag, of 1 mM (Fig.7 b). However, its effect depended
on the DA concentration. At the PMD-modified eectrode, I of DA increased rgpidly as ¢, rosefrom 0
to 0.2 mM, above which it gpproached a limiting vaue. At the bare GC dectrode, |, of DA increased
linearly with ¢, up to 5 mM, indicating the firs-order dependence on the concentration. As aresult, the



ratio of the catalyzed to uncatalyzed pesk currents dropped from 10to 1 as¢, rosefrom 0.1to 5 mM (the
instinFHg. 7h).

The polymer-enhanced current will dlow oneto detect DA at concentrations of the order of 5 uM
by differentid pulse voltammetry, which excludes capacitive currents effectively and gives pesk-shaped
polarization curves. Fig. 8 shows baoth the differentia pulse voltammograms and cdibration plot for the
electrocatalytic oxidation occurring in dilute DA solutions. On renewed polymer film surfaces, 1, had an
dandard error of aout + 60% a 2 M DA and not less than £ 100% a 1 pM. Hence, the
PMD-modified dectrode enables one to determine DA quantitetively in the concentration range of 5to
20 UM by the pulse technique, with adetection limit of 3 uM.

Rotating disk dectrode voltammetry gives the well-defined solution hydrodynamics and thus
involves the smplest theoretical derivations for the kinetic andyss of dectrocataytic reactions. In this
dationary technique, we evauated the rate congant of DA oxidation by usng a PMD film with a @ of
(4.8 - 6.1) x 10° mol cm 2 (showing thin-film behavior) to ensure fast charge transport through the
polymer. For mixed kinetic-diffuson control where the current | depends on the eectrode potentid E, |
isgiven by ¥

I = (L= 1/l )

where Iy is the kinetic current corresponding to the rate of interfacid charge trandfer. Because the DA
concentration &t the eectrode surface is zero a much more postive potentias than E @/, | is determined
by masstransport to the surface. From Egs.(8) and (9), one obtains

1/1 = 1/, + (1.554nFSD 22 Yo, 0%) (10

The plot of 1 againgt @ ™2 thus enables one to evauate I, from the intercept a @ = oo. At anodic
potentidswhere the reverse processisignored, Ik can bewritten as

|k =nFS°c, explond=(E - E *')/RT] (12

where k° is the gpparent sandard heterogeneous rate congtant including the proton concentration and ny,
IS the number of eectronsinvolved in the rate-determining step. If the logarithm of 1y increases linearly
with (E — E '), then one can estimate k° and an..

The rotating-disk voltammetric results obtained a the bare GC dectrode indicated that Eq.(5)



comprised plurd steps where one dectron was trandferred in the rate-determining step. Fig. 9 (a) shows
the I versus w 2 plats for the bare GC dectrode in @ 0.2 mM DA solution (pH 6). At less positive
potentids, a linear reaionship was observed only in the higher @ range, as predicted from the
voltammograms in Fg. 10 (8). The plots measured & more postive potentids, on the other hand,
indicated a wdl-behaved linear rdaionship. The logarithm of 1, determined from the intercept at = oo
isplotted againg E intheinset in Fig. 9 (8). At much more postive potentidsthan E ©, the plots deviated
from a draight line because | gpproached |,.. For the 0.2 - 2 mM DA solutions buffered a pH 6, we
estimated k° a (39 + 0.7) x 10* cm s* and an. at 0.38 + 0.08 from Eq.(11). The latter value suggests
that one dectron be transferred in the rate-determining step. If assuming n, = 2, then we obtain an « of
0.19 which is uncommon vaue®. A smilar an, vaue of 0.40 was cydic-voltammetricaly obtained
from alinear change in Ex with the logarithm of v in the range from 0.2 to 10 V s. The result just
mentioned is conggent with the suggestion that eectrochemica oxidation of DA to DAQ proceeds via
two consecutive one-electron transfer processeswith the intermediiate semicuinone”.

Voltammetric sensing based on polymer-modified dectrodes depends largdy on how rgpidly the
polymer films communicate the dectric Sgnds semming from target recognition to the underlying
eectrodes. Fig. 10 (b) shows the linear sweep voltammograms of DA measured a a rotating
PMD-modified dectrodein a0.2 mM DA solution (pH 6). The polymer film shifted the Ey, of DA to
less pogtive vaues (compare with the voltammograms in Fg.5), with I, remaning unchanged.
Moreover, the current rose to the limiting vaue in a narrow potentid range compared with that for the
bare GC dectrode.  Fig. 9 (b) presents | * versus » ™2 plots messured a various potentids. The
polymer-coated electrode established alinear relationship between | * and &2 in thewider o rangethan
the bare one did. The logarithm of I, determined by extrgpolation of the Sraight line is plotted as a
function of E in theinset in Fig. 9 (b). For a0.2 mM DA solution (pH 6), we estimated k° a 5.0 x 10°
cms® and en.a 0.98 (which yields o = 0.49 for n, = 2) from the straight line shown in theinset. Thisk
vaue is an order of magnitude higher than that measured a the bare GC dectrode. In addition, the
polymer film increased the dependence of 1 on E probably by enabling atwo-dectron transfer step. The
agoparent sandard heterogeneous rate condant is plotted againgt ¢, in FHg. 11. It decreased as ¢, was
raised to morethan 0.5 mM, corresponding with the limiting |, observed at high concentrations.

Because both the redox reactions of DA and PMD include protons, the polymer film can change
the dependence of k° on the solution pH. In practice, further oxidation of DA to occur in basic solutions
made the rdiable determination of k° limit to agueous media more acidic than pH 7. Table 2
summarizesthe results of the rotating disk eectrode voltammetry performed at three different pH vaues.
Wheress the rate condant obtained a the bare GC dectrode remains dmost unchanged, that measured

10



at the polymer-modified dectrode tends to decrease asthe solution is acidified.

3.3.2. Interpretation of the eectrocata ytic effect
Because the E ©' of the DA/DAQ couple (0.16 V a pH 7) is more pogtive than that of the
MD'/MDH couple (-0.19V & pH 7), eectron cross-exchange (12) isthermodynamicaly unfavorable,

MD*+DA — MDH+DAQ 12

that i, its standard Giblbs energy change AG ° = 2F [E °(DA/DAQ) — E °(MD'/MDH)] > 0. Hence, the
eectrocataytic oxidation of DA a PMD-modified eectrodes should be attributed to other causes than
the cross-exchange reection.

It should be noted that the polyelectrolyte film extracted DA from aqueous dectrolyte solutions.
When having been soaked in 0.5 mM DA solutions for 1 hr, the polymer-modified €ectrode indicated
the anodic wave (at about 04 V a pH 5) due to the DA incorporated into the film. The surface
concentration /”of DA caculated from the area under the wave was on the order of 4 x 10™° mol cm?
for aPMD film having asurface coverage of 5.4 x 10° mol cmi. Assuming that thefilm is 17 nm thick,
we can estimate the DA concertration in the film a 2.4 x 10™ mol cm™® from the 7" vaue. When the
loaded film was soaked in a pure dectrolyte solution, however, 7 decreased at arate of 6-7% per minute.
This decrease indicates that the DA incorporated was gradudly released from the polymer during the
dow potentid scan. Thus, 7 vaues measured by this method were underestimated.

The surface concentration a equilibrium was determined by potentia-step chronocoulometry,
assuming that the film has as smdl thickness as submonolayers. Voltammetric charge Q versustime t
curves measured at long times and a large-amplitude potentid sep are expressed by the Cottrell
equation™:

Q= Qu+ 2nFSo(Dt /)2 (13)

where Q, denotes the charge for oxidizing the e ectroactive species adsorbed on the dectrode surface.
Fig. 12 shows typicd Q versus t*? plots for a potential step from 0.25 to 0.65 V a pH 4. For bare
dectrodes (the inset), the charge corrected for the residua charge a 6, = 0 varied linearly with t*? in the
timerange from 10 msto 1 s, as expected for a diffuson-limited process. The straight line extrgpolated
to zero time dlows us to esimate bath D from the dope and /7~ from the intercept Q, = NFS/” The
diffusion coefficient estimated from the dope corresponded to a value of (5.8 + 1.3) x 10° cm?s?,
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agreeing closdly with that determined by the rotating disk voltammetry. Fig. 13 shows / plotted as a
function of ¢,. The chronocoulometric result indicated that DA is adsorbed onto the GC surface up to
about 4 x 10™ mol cm®. Thisinteraction can be related to the AE, values smller than those measured a
platinum electrodes. The polymer-modiified electrodes, on the other hand, showed linear Q versus t2
plots except for the early stages of the measurement (< 20 ms), with the intercept differing greetly from
zero. The deviation for a longer period than that observed a the bare dectrode can result from mass
trangport in the film. The surface concentration calculated from the intercept is plotted againgt 6, in Fg.
13. It increases conggtently up to 0.5 mM and then gpproaches to a limiting vaue. Hence, it is
reasonable to conclude that the decreasein k° with ¢, resultsfrom alimited DA concentration in the film.
The digtribution congtant of DA between the film and solution was roughly estimated a 3000 from the
dope of thelinear ssgment at low concentrationsin FHg. 13. The limiting surface concentration measured
for the modified eectrode is an order of magnitude higher than that obtained for the bare dectrode.
Consequently, the increasesin k° and an, due to the surface modification can be ascribed to the binding
interaction of DA with the polymer film. It is noteworthy that thisinteraction accel erates the two-dlectron
transfer gep.

To darify abinding interaction between DA and the polymer, we discuss whether Iis affected by
theionic charge of the polymer or not. The surface concentration in the polymer film equilibrated with a
0.5 mM DA solution is plotted againgt its pH in the inset in Fg.13. It decreased as the pH was varied
from 5 to 0.7. When protonated in grongly acidic solutions, the polymer weskened the binding
interaction with the protonated DA probably because of dectrodetic repulson between the two
postively charged species. Thus, the chemicd interaction of DA with PMD plays a key role in the
incorporetion of the neurotranamitter with the polye ectrolyte film.

4. Condusons

The present sudy leadsto the following conclusions.
1. Wheress poly(methylene blue) hardly enhances the current of DA oxidetion, PMD raises |, by a
factor of 10 a low @, vdues This dectrocadytic effect of PMD endbles one to detect DA a
concentrations of the order of 5 uM.
2. Because the rate of dectron hopping in PMD is dower than that in poly(methylene blue), the
eectrocataytic activity isindependent of dectron salf-exchange between neighboring redox-active Stes
3. The PMD film on dectrode surfacesincreases the k° of DA oxidation more than 10-fold and promotes
the two-dectron trandfer ep, thusraisng the dependence of 1 on the potentidl.

12



4. Theincreasesin k° and o, due to the dectrode modification arise from the incorporation of DA with
the polymer. Its protonaion decreases the adsorption of DA to the film. A full understanding of the
mechanism of the incorporation requires spectroscopic sudies of a chemicd interaction between DA
and the polydectrolyte.
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Figure Captions
Tablel Ratecongantsof the surfaceredox reaction of PMD

Table2 Ratecongantsof the oxidation of 0.2 MM DA at different pH values

Sructurel  Azinesused in the present work.

Schemel  Redox reaction of Medola sblue

Scheme2  Possble schemefor oxidation of DA.

Fg. 1 Cydic voltammogram measured a a PMD-modified eectrode in a0.2 M H,SO, solution. @ =
5.1 x 10° mol cm™ (the potentia-cycle number a dectropolymerization = 100), v = 10 mV/s. Theinset
showsanincreasein |, with the potential-cycle number at eectropolymerization. v=5mV/s

Fg. 2 Hdf-wave potentid plotted againg the solution pH (the sraight line shown has a dope of -50

mV/pH). Theinset shows alog-log plot of |, versus v, with aglope of 0.91. ©= 5.7 x 10° mol cm?, a
02M H2$4S)|Uti0n.

Fig.3 Changesin Ey with the logarithm of v for apH 7 (0) and 0.7 (o) solutions. @= 1.3 x 10° mol

om’>.

Fg.4 Typicd cydic voltammograms measured a abare dectrodein 1 mM DA solutions buffered a
pH5(—) and8(-----). v=100 mV/s.

Fg. 5 Changesin Ex With 6, observed at a bare (©) and a PMD-modified (0) dectrodes in 0.2 M
NaSO, solutions (pH 5). v=200 mV/s.

Fg.6 Log-log plotsof I, versus w measured a abare dectrode in the pH 6 solutions of different DA
concentrations. Theinsat shows allinear relationship between ¢, and the dope of | -2 plots

Fig. 7 Typicd cydic voltammograms observed a a polyazine-modified (solid line) and bare GC
(broken line) dectrodes in a 1 mM DA solution containing 0.2 M N&SO,. v = 100 mV/s. (a)
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poly(methylene blue) (PMT); (b) PMD. The inset in Fig. 7b shows a rgpid decrease in the cadytic
current with c,.

Fg.8 Differentid pulse voltammograms at progressively higher concentrations of DA and cdlibretion
plot for the eectrocatdytic oxidation in dilute DA solutions.

Fg 9 Plotsof I againgt ™2 measured at different potentials for (g) the bare GC dectrode and (b)
the PMD-modified onein a0.2 mM DA solution (pH 6). Measured potentids: (a) (o) 0.37 V, (o) 0.40,
(A) 045, (1) 050, and (¢) 0.60; (b) () 0.25 V, (») 0.275, (A) 0.30, () 0.325, and (0) 0.35. Insets of (a)
and (b) show thelogarithm of I plotted againgt E respectively.

Fg. 10 Linear sweep voltammograms of a 0.2 mM DA solution (pH 6) measured a (8) a bare GC
electrode and (b) a PMD-modified onerotating & various rotation Speeds/Hz.

Fig.11 Standard heterogeneousrate congtant plotted againgt ¢,. pH 6.

Fig. 12 Typicd potentia step Q versus t*? plots measured a the PMD-modified dectrode in the pH 4
solutions of different DA concentrations. The inset shows Q versus t“? plots messured a the bare GC
eectrode.

Fg. 13 Potsof /"agang ¢, measured a pH = 4. (0) bare GC dectrode and (o) PMD-modified one.

The inset shows the reationship between the solution pH and the 7" of DA adsorbed from 0.5 mM
solutions.
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Tablel. Rate constants of the surface redox reaction of PMD

Epp/V ve/mV st ke/st

a
pHO.7 0171 320 139 0.55
7 -0141 17 0.62 048

Takahiro YAMAGUCHI*, Teruhisa KOMURA, Ssyomi HAYASHI, Manabu ASANO, Guang Yao NIU, Kohshin TAKAHASHI
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Table2. Rate congtants of the oxidetion of 0.2 mM DA at different pH vaues

bare GC PM D-modified dectrode
e KlcmsY ana  Klcms?)
pH 6 038 39x10* 098 50x 10°
pH 4 044  42x10* 0.94 45x10°
pH 2 046  46x10* 0.86 21x10°%

Takahiro YAMAGUCHI*, Teruhisa KOMURA, Ssyomi HAY ASHI, Manabu ASANO, Guang Yao NIU, Kohshin TAKAHASHI
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