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The interactions between sodium molybdate and leoys at different pH values have been
investigated by using cyclic voltammetry and fregueresponse analysis. With increasing pH values,
the decreasing redox interaction was demonstragedebreasing color, and admittance behavior, as
tending towards that of L-cysteine. At pH valuessel to neutral and above, the two broad admittance
maxima moved in opposite directions with decreasiaguencies and merged into one at around 250
Hz. This compares to the similar behavior for Lteyse alone at pH = 5.18 and at around 10 Hz. At
pH = 9.34, two pairs of maxima moving in oppositeections with decreasing frequencies and
merging into two peaks were observed. The first pais assigned to the interactions betwediHs"

and -COO and the second pair to Naand sulfhydryl S The impedance exhibited negative
differential resistance: impedance loci occurringtivo or more quadrants at different pH values.
When the potential was fine-tuned, the impedancedstended after the first 4 quadrants again into
the first and second quadrants for a total of Gdcarts, a phenomenon observed for the first time in
impedance studies. Increasing the surface areaakss the impedance but followed the same multi-
guadrant impedance. When the same used Hg dropisealsagain for repeat measurements, the same
phenomenon was observed, indicating that there measieed to have a fresh Hg drop for each
experiment. A comparison of the data in the presaicsulfate instead of chloride, and the negative
differential resistance observations at differddtyalues, suggested that heptamolybdate compléxes o
L-cysteine were more active. Also the presencehtdritle gave smoother impedance data in the 4
and 3" quadrants at low frequencies. These data suggésadve should consider the electronic
properties of these molecules as complement toneatzy process in biological systems.

Keywords: Spatiotemporal oscillations, Molybdate-L-cysteimepedance in 6 quadrants, Admittance

1. INTRODUCTION

In order to understand cell signaling it is impatto probe into the electronic nature of simple
biological molecules from which complex enzymes attter proteins are synthesized. Since all these
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complex molecules are in a milieu of some simplaeags electrolytes, mostly NaCl, solute-solute
and solute-solvent interactions play a crucial ol¢he signaling process. Our recent electrochaimic
studies using DNA, aqueous electrolytes, basic anmigids, collagen and prothrombin have
demonstrated that impedance measurements can affmwerful tool to elucidate solute-solvent
interactions as well as semi-conduction in biolag&ystems [1-5].

We have chosen mercury as the working electrodauseca vast amount of data on the double
layer behavior is available for this system. Alis@s relatively easy to get a fresh drop of meyoeach
time and thus to minimize surface inhomogeneiti€ee mercury drop approach also offers
opportunities to study the influence of surfaceaamsore easily because the size of the drop can be
easily changed.

Earlier results of proteins, collagen and prothrombhowed a profound influence of NaCl on
their electronic behavior [1, 2}While NaCl promoted the electronic behavior of ag#n, it was
detrimental to prothrombin. This is evidenced bg titcurrence of impedance loci in the first two
quadrants, a characteristic of negative differén@sistance, and probable resonant tunnel diode
behavior. We have also reported the admittancerapddance behavior of aqueous 0.01M KCI, KBr,
and Kl using a static mercury drop electrode [3.eXpected, the interaction of mercury was observed
to increase from chloride to bromide to iodide ribarpassivation region. Both p-type and n-typeisem
conduction in these systems could be observed foit-Schottky plots.

In order to explain the aqueous solution behaviaimple electrolytes at or near the double
layer we recently introduced a new concept of éptial-induced ion pairing” [4]. This concept when
coupled with the traditional Coulombic ion pairinggcalized hydrolysis (or ion pairing through an
intervening water molecule), and water-structurtseed ion pairing, could explain the admittance
data at high and low frequencies for alkali halided tetra alkyl ammonium halides.

Further, we have also investigated the phenomefampedance with negative differential
resistance or impedance loci occurring in 4 quadranmany molecules of biological origin. This
includes DNA-HO,, DNA-Lysine, arginine, and histidine, peroxoconxale of molybdenum as well
as molybdate with lysine, EDTA and basic amino si¢&].

Dynamical spatiotemporal oscillations or periodésgtobserved in all living systems are often
characterized by negative differential resistancd enpedance loci in four quadrants [6-9]. Many
other electrochemical systems such as anodic rdestsblution, cathodic metal deposition, oxidation
of small organic molecules and reduction of hydrogeroxide [8], also exhibit this phenomenon and
are used as models for biological oscillations.

The pky( -COOH), pk( thiol or sulfhydryl) and pK -NHs") values of L-cysteine are 1.92,
8.37 and 10.70 respectively [10]. At the zwitter pH of 5.02 there is no net charge on the
molecule. At pH below and above 5.02, the moleqdsesesses predominantly cationic and anionic
properties, respectively. At higher pH values thdfhydryl group also ionizes and possesses a
negative charge. Thus the double layer behavigihisfmolecule should depend on concentration, pH,
counter ions and the applied potential.

We also reported that impedance measurements beuldsed as a tool to explore the self-
assembly process of large Keplerate type molybdenunclusters of
(NH4)4M0""72M0V 60037 CHzCO0%o(H20)75]-ca.300H0O-ca.10CHCOONH,) [11]. It has been



Int. J. Electrochem. Sci., Vol. 3, 2008 875

reported that sodium molybdate in the presenceysfeme hydrochloride acting as an educt and
reducing agent reacts at low pH values of ~ 1.5prmduce a nanosized ring-shaped cluster of
Nas[M0154046H14(H20)ag(HO,C-(NH3 Y)HC-CHp-S-S-CH-CH(NH5")-COO)11].x H-0 (x  250) [12].
This interesting structure has multiphilic ligarglch as  -Nkf, CO,, CO,H and —S-S- attached to
the inner wall of the cluster through a carboxylgt®up. As a prelude to the electrochemical
investigation of the self-assembly process of thister, we wanted to investigate the L-cysteing an
molybdate-L-cysteine at different pH values. Euwbough there were numerous electrochemical
studies on L-cysteine [13-19], they were all catraat in buffers or some other electrolytes atiyfair
high concentrations and the charge interactions/dmt the L-cysteine and the counter ions were
neglected in interpreting the data. We had caroetl electrochemical measurements of simple
molybdate at different pH values earlier [20]. Regewe reported cyclic voltammetry and impedance
data for L-cysteine in the absence and presenceowifiter-ions such as chloride at different pH,
bromide at pH 5.15, and phosphate from buffer at7p®8. This was in order to elucidate solute-
solvent interactions and interactions between ltetge and counter ions [21]. We report here the
cyclic voltammetric and impedance data on the auon between sodium molybdate and L-cysteine,
a nonessential-amino acid, before embarking on the Keplerate typé/bdenum structure containing
L-cysteine.

Cysteine has also been evaluated as a corrosiobitorhfor copper in neutral and acidic
chloride solutions [22, 23]. Several studies emgdiothe possibility of corrosion prevention or
minimization by using the environmentally friendholybdates instead of the toxic chromates [24-33].
The combination of L-cysteine and molybdate offeasother possibility. Our fundamental
electrochemical studies on these substrates amdctmbinations should provide valuable background
information for such an undertaking.

2. EXPERIMENTAL PART

An EG & G PARC Model 303A SMDE tri-electrode systdmercury working electrode,
platinum counter electrode and Ag/AgCl (3.5M KCéfarence electrode) along with Autolab eco
chemie were used for cyclic voltammetric and etsfiemical admittance measurements at 298 K.
Sigma NaMo00,.2H,0, L-cysteine and distilled water were used forppration of all solutions.
NaOH and HCI were used to adjust pH. No other bemkud electrolyte was used for the
electrochemical measurements. The solutions wergeduwith N for about 10 minutes before the
experiment. Admittance measurements were carriediging about 7 mL solutions in the frequency
range 1000 Hz to 10 mHz. The amplitude of the siita perturbation signal was 10 mV.

3. RESULTS AND DISCUSSION

3.1 Cyclic Voltammetry

These measurements were made for 0.1 M aquedusoss of sodium molybdate-L-
cysteine mixtures of different pH at a scan raté@3 mV/s in the potential range 0.0 to -1.0 V arfl
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to -1.0V. The pH was adjusted using HCI or NaOHe Tésults are shown in Figures 1a, 1b, 1c and
1d.

Figure la.Cyclic voltammetry of 0.1 M Figure 1b. Cyclic voltammetry of 0.1 M
Molybdate-L-cysteine, scan rate 100 mV/s; Molyledatcysteine, scan rate 100 mV/s;
-1.0t0 0.0 V, scan 3, after 24 hours of -1.0.®V, scan 3, after 24 hours of
preparation of solution preparation of solution
-2.0x10™+
< —pH5.79
! —— pH6.91
0.0 ::‘JV\ EH9.34
S = \\
2.0x10™
-1.2 -d.g -0I.6 -0‘,3 OfO 0?3
EN
Figure 1c.Cyclic voltammetry of 0.1 M Figure 1d. Cyclic voltammetry of 0.1 M
Molybdate-L-cysteine, scan rate 100 mV/s; Molyleditcysteine, scan rate 100 mV/s;
-1.0t0 0.0 V, scan 3, after 24 hours of -1.0.®V, scan 3, after 24 hours of
preparation of solution preparation of solution

For the sake of continuity, the data for pH = Sn&e repeated, as shown in Figures 1b and 1d.
The solutions contained 0.15 M, 0.125 M, 0.1 M50\, and 0.0 M HCI for obtaining pH values of
3.89, 4.53, 5.22, 5.79 and 6.91 respectively add 01 NaOH for pH = 9.34. With increasing pH
values, the color of the solutions ranged from gige blue, deep orange yellow, yellow, pale yellow
and very pale yellow and these measurements weiedaut after waiting for about 24 hours.

When the scan was carried out from 0.0 to -1.0 ¥ laaxck, very little change in cathodic and
anodic activities were observed with change in pBl,shown in Figure la. The influence of the
chloride at the lower pH values was observed bytiadl cathodic peaks seen in Figure 1b. Also a
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pH dependent cathodic shift with increasing pH waserved here in Figure 1c. Above pH 6, a
cathodic current spike was observed and there wsasa#l cathodic current oscillation at pH 9.34.

Figure 2a.Cyclic voltammetry of 0.1 M Figure 2b. Cyclic voltammetry of 0.1 M
Molybdate-L-cysteine, scan rate 100 mV/s; Molyledatcysteine, pH 6.91, scan rate
scan 3; Immediately after preparation of 100 m¥éan 1, 2, 3 for the range A) -1.0 to
solution, pH 3.29; 1, 2; after 24 hours of 0.and B) -1.0to +0.3 V

preparation of solution, pH 3.89; 3, 4

In order to find the influence of the waiting petion color development and consequently on
the cyclic voltammograms, measurements were als@gedaout immediately after preparation of the
solution. A typical example is shown in Figure Zhe results were similar in both cases. Figure 2b
shows the influence of different scans. Scan 1 gavegher cathodic current, irrespective of the
starting potential of the scan, and scans 2 arai/8 gimilar currents.

Figure 3a.Cyclic voltammetry of 0.1 M Figure 3b. Cyclic voltammetry of 0.1 M
Molybdate, L-cysteine (1)0.01 M (2)0.03 M Molybdat -cysteine (1)0.01 M (2)0.03 M
(3)0.05 M (4)0.1 M; scan 3, scan from 0.0 (3)AM0$4)0.1 M; scan 3, scan from 0.3 to
-1.0 V and back, immediately after preparation, 0.and back, immediately after preparation,
pH~ 6.8 pH~ 6.8

Figures 3a and 3b show the cyclic voltammogramé.foysteine concentration dependence in
0.1 M sodium molybdate. With increasing concenbratiboth the cathodic and anodic currents
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increased as expected. The cathodic current spikesincreased initially. Even though the pH was
nearly the same, there was a slight cathodic shifte peaks and spikes with increasing conceontrati
With still higher concentrations of 0.2 and 0.4 M L-cysteinédil M sodium molybdate, shown in
Figures 3c and 3d, current spikes became broaaehel concentration range of 0.1 and 0.4 M L-
cysteine, the peak currents were nearly the sanfespike currents, being significantly differenthie
starting potential of the scan was 0.3 V.

Figure 3c. Cyclic voltammetry of 0.1 M Figure 3d. Cyclic voltammetry of 0.1 M
Molybdate, L-cysteine (1)0.1 M (2)0.2 M Molybdatecysteine (1) 0.1 M (2) 0.2 M
(3)0.4 M; scan 3, scan from 0.0 to -1.0 V () BL; scan 3, scan from 0.3 to

and back, immediately after preparation, -1.0 ¥ back, immediately after preparation,
pH ~ 6.8 pH~ 6.8

Figure 4a. Cyclic voltammogram for Figure 4b. Cyclic voltammogram for

(1) 0.095 M sodium molybdate in 0.12 M HCI, (1) 0/IL-cysteine in 0.1 M NaOH, pH 9.34;
pH 4.51; (2) 01 M L-cysteine in 0.1 M NaCl, (2LM sodium molybdate, 0.1 M L-cysteine,
pH 5.18; current multiplied 20times (3) 0.09 MOH, pH 9.31, scan 3, scan from

(3) 0.1 M sodium molybdate, 0.1 M L-cysteine, 01.0 V and back, scan rate 100 mV/s
0.125 M HCI pH 4.53, scan 3, scan from
Oto -1.0 V and back, scan rate 100 mV/s
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A comparison of the cyclic voltammograms for 0.085%odium molybdate in 0.12 M HCI at
pH = 4.51, 0.1 M L-cysteine in 0.1 M NaCl at pH A8 and 0.1M sodium molybdate-L-cysteine in
0.125 M HCI at pH = 4.53 are shown in Figure 4ac8ithe current for L-cysteine in 0.1 M NaCl was
small, it was multiplied by 20 times in Figure 4hel redox activity of condensed molybdate was
considerably reduced in the mixture. At pH 9.3, tteda shown in Figure 4b indicated a lack of
interaction between molybdate and L-cysteine. Mus also obvious from the lack of color in the
solution.

3.2 Frequency Response Analysis

3.2.1 Admittance

Admittance (Y) and impedance are interrelated, ¥* Y + jY . Since its introduction in
1969 by Bauerle for the determination of accuratedcictivity of solid electrolytes [34], we are not
aware of any major effort to utilize its usefulnédte have utilized this plot extensively in ordertity
to understand solute-solvent interactions nearefeetrode double layer [1-4, 9, 11, 20, 21]. On
scanning from -1.0 to 0.0 V, the surface chargthefmercury electrode slowly changed from negative
to positive. Correspondingly the orientation of thater molecule towards the electrode slowly
changed from the positively charged hydrogen to ritbgatively charged oxygen. It could also be
possible to have either one or both of the hydregeiented towards the mercury electrode depending
on the nature of other species in solution neardtingble layer. This shift from hydrogen to oxygen
pointing towards the electrode should be gradual, @uld be decided by the changes in the scanning
potential. The nature of the counter-ions and thgdration near the double layer could also infaeen
the measured admittance. The complexity of thegaresystem was obvious because of the presence
of Na, MoO,%, and cysteine with charges such asHs", -COO, and S. Other ions such as, Cl
OH/, condensed molybdates with and/or without proionatcondensed molybdates coordinated with
L-cysteine, and cystine with or without coordinatiwith molybdates may be present depending on the
solution pH. One should not overlook interactioesween the positively charged amine group in L-
cysteine and the negative counter-ions, such asidbland molybdate. There can also be interactions
between the positively charged sodium ion and #gatively charged carboxyl group and sulfhydryl
group. It is also possible to have the interachietween the carboxyl group and sodium mediated by a
molecule of water. We have made a modest attenguirtaout some of these effects.

The admittance data for 0.1M sodium molybdate-Lt@y® solutions at different pH values
are shown in Figures 5-7. The comparison data @ Hr and 100 Hz with sodium molybdate and L-
cysteine are shown in Figures 8 and 9. We knowhkliw pH = 7.0, Mo@ begins to condense by
the following reaction:

7MoOZZ +8H  M0;024 + 4 HO (1)

Mo7024> beginsto protonate on further lowering the pH and produsgecies such as HW®y,> and
H,Mo70,4". At pH values around 4.5 and below, octamolybdateseing formed by the reaction:
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8 MoOsZ + 12 H  MogOz* + 6 HO (2)

MogOs" beginsto protonate on further lowering the pH and produspecies such as
HMogOss> and HMogOs6>. Also there are at least 3 forms of octa-molybslate -, and -type,
where the -form is an intermediate in theU inter-conversion. All of these hepta and
octamolybdates and their protonated forms can dotemwith cysteine and or cystine. These
condensation and protonation processes increabedeidreasing pH [20]. We have studied in detalil
the admittance behavior of condensed molybdatds B@ept for the absolute values, the data at pH
3.89, 5.22 and 5.90 for the complexed molybdatdn Witysteine were somewhat similar to that of
molybdate. We have seen evidence for the complardtion by cyclic voltammetry (Figure 4) and
also from the increase in color intensity with égsming pH values.

Figure 5a Admittance of 0.1 M molybdate- Figure 5b Admittance of 0.1 M molybdate-
L-cysteine, 0.15 M HCI, pH 3.89, after 24 hours  \steine, 0.1 M HCI, pH 5.22, after 24 hours

of preparation, 1) 1000 2) 750 3) 500 4) 250 @jparation, 1) 1000 2) 750 3) 500 4) 250
5) 100 Hz 5) 100 Hz
Figure 6a Admittance of 0.1 M molybdate- Figure 6b. Admittance of 0.1 M molybdate-

L-cysteine, 0.05 M HCI, pH 5.90, immediately L-agiste, 0.0 M HCI, pH 6.91, after 24 hours
after preparation, 1) 1000 2) 750 3) 500 4) 250 preparation, 1) 1000 2) 750 3) 500 4) 250
5) 100 Hz; After 24 hours of preparation, 1A, 5P 1z

1000 Hz, 5A, 100 Hz
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The admittance data at pH = 6.91 as shown in Fidibe were clearly different. The
comparison data with molybdate, as shown in Fig8eeand 8b, curves 1 and 4, also confirmed this
finding. The data were now more similar to that.afysteine, as shown in Figure 9a, curves 2 and 3.
Since there was still color in the solutions we tmdssume significant interactions. However ingtea
of interactions with condensed molybdate, it shdgdvith the monomer, Maf. Also the two broad
maxima moved in opposite directions with decreasiequency and merged into one below 500 Hz
compared to L-cysteine only where the merging tplakce at frequency around 1 Hz [21]. It could be
quite possible that the charged interaction migbo involve MoQ* and -NHs" along with redox
reaction as evidenced by the presence of color.

Figure 7. Admittance of 0.1 M molybdate-L-cysteine, 0.09N@OH, pH 9.34, after 24 hours of
preparation, 1) 1000 2) 750 3) 500 4) 250 5) 100 Hz

Figure 8a. Admittance, 1000 Hz, 0.095 M Figure 8b. Admittance, 100 Hz, 0.095 M
molybdate, pH 6.95(1), 6.04(2), 5.04(3) and mdbtie, pH 6.95(1), 6.04(2), 5.04(3) and
0.1 M molybdate-L-cysteine, 0.1 M molybdateysteine,

pH 6.91(4), 5.90(5), 5.22(6) pH 6.91(4), 5506.22(6)
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Figure 9a. Admittance, 1000 Hz, 0.1 M Figure 9b Admittance, 1000 Hz, 0.1 M molybdate
L-cysteine, pH 8.23(0.05 M NaOH and with L-cysteih) 0.01 M 2) 0.03 M 3) 0.05 M
0.05 M NaCl)(1), 5.18 (0.1M NaCl)(2), 4)0.1 MBR M and 6) 0.4 M; pH ~ 6.8

and 0.1 M molybdate-L-cysteine, pH 6.91
(3), 5.90(0.05 M HCI)(4), 5.22(0.1M HCI)(5)

Figure 7 gives the admittance data at pH = 9.34. iifluence of the ionized sulfhydryl group
was clearly evident here. At this pH value thereswaly an extremely pale yellow color. One very
interesting aspect was the presence of 2 pairsvofbroad maxima. In both pairs there were both
cathodic and anodic shifts with decreasing freqiend he first, more cathodic pair merged into one
peak around 250 Hz whereas the second, more apadienerged into one peak around 500 Hz. We
assigned the second pair of peaks at comparatimelye anodic potentials, to the presence of the
ionized sulthydryl groups. We have not seen sudactsgular indications of the presence of charged
groups in electrochemical measurements, exceptinmittance data reported here. We are exploring
more on this observation with pure L-cysteine ftaghigher pH values and plan to report the figdin
separately.

We also looked at the influence of the concentratid L-cysteine on its interactions with
molybdate, as shown in Figure 9b. The ratio of rndgnum: L-cysteine ranged from 10:1, 10:3, 10:5,
1:1, 1:2 and 1:4. The data were somewhat similanelkough they could be split into a pair, thetfa's
and the last 3. A comparison of the pair suggestatithe broad first maxima were influenced by the
presence of -NHs" group. Then, the second broad maximum could beofithe ionized carboxylate
group. The third maximum might be due to the preseaf the sodium ions near the charged
sulfhydryl group, and the fourth one due the chasfe¢he sulthydryl group. This assignment will
explain the opposite anodic (forNHs® and N&) and cathodic (for COCand sulfhydryl § shifts
with decreasing frequencies, as seen in Figuréis. i§ because the orientation of the water moéscul
around these ions must have opposite orientatiaestal their differences in charges. The data in 9b
suggested that Navas competing with-NHs" group when L-cysteine was much less than sodium
molybdate.

3.2.2. Nyquist plots
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3.2.2.1. Influence of pH

Cyclic voltammetry data as well as admittance dawifferent pH values resembled molybdate
behavior in acidic conditions and L-cysteine bebawin basic solutions. An example of impedance
behavior is shown in the Nyquist plot in Figure 20.the same anodic potential, the impedance loci
occurring in 4 quadrants were best at pH 5.22 aifl. 3t became more chaotic in th8 quadrant at
pH 6.91 and the chaotic nature dominated at thinbizg of the 2 quadrant at pH 9.34. We were not
able to get a strict comparison of the pH behakmrause there was a slight shift in the best anodic
potential at which the best Nyquist plot appearingseveral quadrants was obtained. Since the
impedance was less at pH = 5.79 than that at pt22, $he best Nyquist plot was at the former pH.
We should also point out that we had chloride ims®f these solutions (0.1, 0.05, 0.0 M HCI) at pH
5.22,5.79 and 6.91 and additional sodium iong-h®84 (0.09 M NaOH). There was no chloride at
pH 6.91 and the data were free from any effectstdwhloride.

Figure 10.Nyquist plot for 0.1M molybdate-L-cysteine at pH5122 2) 5.79 3) 6.91 4) 9.34;
0.3V, 1000 Hz — 136 mHz

The data also suggested that impedance loci ooguimi4 or more quadrants preferred a pH
value of about 6. On either side we got impedanceih less than 4 quadrants. Of course we had to
deal with the influence of the chloride introduakding lowering of the pH value, and with ionizatio
of the sulfhydryl group at higher pH values, andtdt higher pH values with the deprotonation loé t
amine group. Another problem was the condensatiomalybdates into hepta and ocatmolybdates
with varying degrees of protonation, and the cqroesling interactions with L-cysteine. The data
seemed to favor heptamolybdates with much lesopation because we got the best results around
pH ~ 6.0 in 0.05 M HCI.

3.2.2.2 Surface of mercury

We were curious as to whether the observed phenameas due to the passivated surface of
mercury with or without any adsorbed molybdate-eiyst (or cystine) complex. Mercury is known to
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have strong attraction for sulfur. It is also pbbsito have some form of self-assembled layer of
molybdate-L-cysteine (or cystine) near the doublget. We do not have evidence for this type of
cluster formation for molybdate-L-cysteine excelmattof 0.1 M molybdate-L-cysteine dried on a
glass slide and viewed by a phase microscope agnsimoFigure 11.

Figure 11 Phase microscopy (300X) of 0.1 M molybdate-L-eyst, pH 5.79

The data shown in Figure 12 suggested that therlagiddayer of the molybdate-cysteine (or
cystine) complex or the self-assembled materialaieed intact and its properties were reversible.
Whatever changes took place at lower frequenciasotl@affect its nature because the impedance data
were quite reproducible when repeated from 1000 Hz.

Figure 12 Nyquist plot for 0.1 M molybdate-L-cysteine, pt¥9 (1) fresh Hg, (2) used Hg drop from
(1), (3) used Hg drop again from (2); 0.25V

3.2.2.3. Potential Dependence of Impedance Logiare than 2 Quadrants

The sensitive nature of the impedance loci occgrim several quadrants was investigated by
carefully changing the potential at which the imgece was measured. The results are shown in
Figures 13 and 14. We have not seen similar extensiudies before. Our results indicated 3
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capacitive loops at 0.0 and 0.1 V which can be aealsly fitted, with the equivalent circuit
R1(R2C1)(R3C2)(R4C3)(R5C4)(R6C5). At 0.2 and 0.35Nown in Figure 13b, we observed the 3
capacitive loops followed by an inductive loop.bi@tween these two potentials, we observed achaotic
impedance loci occurring in 4 quadrants, as showhigure 14a. The impedance loci occurring in 4
guadrants was an optimum, in our case, at abo8t\0.Zhe impedance increased on both sides of this
range. If we went much further on both sides, #®ults were entirely different, as shown in Figures
13b.

Figure 13a Nyquist plot, 0.1 M molybdate- Figure 13b. Nyquist plot, 0.1 M molybdate-
L-cysteine, 0.125 M HCI, pH 4.53, L-cysteinelZb M HCI, pH 4.53; 3 capacitive
3 capacitive loops loops and one inductive loop

Figure 14a Nyquist plot, 0.1 M molybdate- Figure 14b. Nyquist plot, 0.1 M molybdate-
L-cysteine, 0.125 M HCI, pH 4.53, 1) 0.25 V L-cyises 0.05 M HCI, pH 5.79, 0.3V,
2)0.27V 3)0.28V 4)0.29V 5) 0.3V, 24 houfeapreparation of solution

1000 Hz - 136 mHz

Figure 14b illustrates the need to optimize thetplget very smooth impedance data that span
5 quadrants. For the sake of clarity, we have echithe data in the"6quadrant.
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3.2.2.4. Concentration dependence of L-cysteine

The cyclic voltammetric data, as shown in FigureaBd the admittance data, as shown in
Figure 9b, separated themselves into two groups,vaith L-cysteine less than 1:1 with respect to
molybdenum, and the other one with more than 1hk dorresponding impedance data are shown in
Figure 15.

Figure 15. Nyquist plot, pH ~ 6.8, 0.1M molybdate, Concetitna of L-cysteine, M, 1) 0.01, 2) 0.03,
3) 0.05, 4) 0.1, 5) 0.2, 6) 0.3; corresponding ptisds of measurement, V, 1) 0.33, 2) 0.28, 3) 0.25
4) 0.25,5) 0.3, 6) 0.3

Instead of selecting data at one potential, wecsatethe best potential for the chosen ratio of
Mo:L-cysteine at which impedance loci were obsernvenhore than one quadrant. Here again the data
could be clearly separated into two groups. The datggested that in order to observe negative
differential resistance or to exhibit impedancemore than one quadrant, the Mo:L-cysteine ratio
should at least be 1:1.

SURFACE AREA

Solid electrodes pose an extremely difficult probl® investigate the influence of surface area
on the phenomenon of spatiotemporal periodicit@@s. the other hand, our approach of using a
mercury drop as the working electrode offers atgael@antage. In the PAR 303A SMDE trielectrode
system, there are small, medium and large size doofrols. Also for impedance measurements, we
can adjust the size of the drop by pushing theedisp button for the appropriate number of times
before the mercury falls. Thus, this system allassto use a fresh surface as well as a controlled
surface area each time. Our results are showngur&il6a. It is clear that the larger the surfaea a
the better the observed periodicity and the lowerdbserved impedance.

Figure 16a shows our data on the influence of sarfarea on the observed impedance
occurring in more than 5 quadrants. It is indeagrssing that such a complicated phenomenon yields
amazingly smooth curves. As expected, the impedarcame less and less with increasing surface
area.
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Figure 16a Nyquist plot, 0.1 M NgMoO;- Figure 16b. Nyquist plot, 0.1 M NgMoO,-
L-cysteine, 0.05 M HCI, pH 5.90, immediately L-ogtste, 0.05 MHCI, pH 5.90, immediately
after prep., 0.25 V,surface area in“cm after prep., 0.25 V, Stability of 3 data sets

1)0.011 2)0.017 3)0.022 4)0.027 5)0.031

STABILITY

The results for a set of 3 experiments in the feegy range 1000 Hz to ~ 5 mHz are shown in
Figure 16b. It is remarkable that the impedance docurring in 5 quadrants was quite reproducible
with little scatter. There was some scatter fordhea in the 8 quadrant. We had pointed out earlier
[3] that depending on the nature of the curve chdee reproducibility, one could manipulate the
visual observation. If we were to use the Bodesptotshow reproducibility, the scatter was muck les
than the one shown in Figure 16b. The purpose pegperiment was to show the impedance loci in
more than 4 quadrants rather than using that daxtensive calculations.

pH adjustment with H,SO, instead of HCI

We observed the impedance loci occurring in 6 catdrat pH = 5.8 in 0.1 M sodium
molybdate-L-cysteine containing 0.05 M HCI. In arde assess whether this unique observation was
due to the presence of chloride or the condensafionolybdate, we carried out a similar experiment
in 0.05 N HSO, and the results are shown in Figure 17.
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Figure 17a.Admittance, 1000 Hz, pH 5.9, Figure 17b Nyquist plot, pH 5.9, 0.1M molybdate

0.1 M molybdate-L-cysteine in (1) 0.05 N$&s, -L-cysteine in (1) 0.05 N 3Oy, 0.25 'V, (2) 0.3 V

(2) 0.05 M HCI, immediately after preparation (8) 0.5 M HCI, 0.25 V, (4) 0.3 V; immediately
after preparation

The admittance data in the presence of sulfate warearkably similar to that of chloride.
However, we were not able to obtain impedance iloehore than 4 quadrants. The data in the 4
guadrant were also somewhat chaotic. Since we wbeserving negative differential resistance
behavior or impedance loci in more than 2 quadrasetould conclude that the effects were real and
were probably due to complexation of L-cysteinghwtondensed heptamolybdate, instead of
octamolybdate. Chloride did seem to provide verpati impedance data even in th and &'
guadrants.

4. CONCLUSIONS

We have investigated the interactions between sodnolybdate and L-cysteine at different
pH values using cyclic voltammetry and frequencgpomse analysis. With increasing pH values, the
decreasing redox interaction was demonstrated bsedsing color, and admittance behaviour tending
towards that of L-cysteine. At pH values close ¢otnal and above, the two broad admittance maxima
moved in opposite directions with decreasing freqiess and merged into one around 250 Hz. This
compares to the similar behaviour for L-cysteinly@t pH = 5.18 and at around 10 Hz. At pH = 9.34,
two pairs of maxima moving in opposite directionghwdecreasing frequencies and merging into two
peaks were observed. The first pair was assignéidetinteractions betweenNH3" and -COO and
the second pair to Naand sulfhydryl S The impedance exhibited negative differentialstasice or
impedance loci occurring in two or more quadrantifferent pH valueswhen the potential was fine
tuned, the impedance loci extended after the 4igtiadrants again into the first and second quésiran
for a total of 6 quadrants, a phenomenon obserethé first time in impedance studies. Increasing
the surface area decreased the impedance but &lléle same trend. When the same used Hg drop
was used again for repeat measurements, the saam@mbnon was observed, indicating that there
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was no need to have a fresh Hg drop for each erpeti A comparison of the data in the presence of
sulfate instead of chloride, and the negative bfféial resistance observations at different pHies)
suggests that heptamolybdate complexes of L-cystmia more active. The presence of chloride gave
smoother impedance data in tHeahd %' quadrants at low frequencies. These data suggtsiede
should consider the electronic properties of thoséecules to complement the enzymatic process in
biological systems.
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