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The cyclic voltammetric behavior of L-cysteine #fetent pH values in the absence and presence of
ions such as chloride from hydrochloric acid orisodchloride, bromide from sodium bromide, and
phosphate from the buffer made from potassium diyyeih phosphate and sodium hydroxide have
been investigated. In the active region, the cathodrrent depended on the starting potential db we
as the L-cysteine concentration. Also if the stayrfpotential was more anodic, the cathodic andianod
active regions extended much more into both cathadd anodic regions. While scans 2 and 3 gave
nearly the same current, scan 1 always gave higagrodic current especially in the presence of
counter-ions. With the scanning potential staran@.0 V, cathodic current oscillations were obsdrv

in the presence of counter-ions and high conceotrsif L-cysteine. Admittance data in the absence
as well as the presence of counter-ions indicatsahgpeting influence of orientational effects oftara
with decreasing frequencies, indicating a charetienf the self-assembly behavior. In the absearice
counter-ions, admittance increased continuouslynfi@d00 Hz to 10 Hz. In the presence of counter-
ions this trend changed the direction at diffefeaguencies, depending on the concentration of the
counter-ion. The admittance data indicated stroigractions betweenCOO and -NHs" groups of
L-cysteine. Impedance data indicated oscillatiansigh frequencies. Capacitance data suggested the
presence of two species in the absence and thenmesf 5 mM NaCl or 5 mM NaBr but not in 0.1 M
HCI or 0.059 M phosphate buffer. Cyclic voltammetmyd admittance data suggested the need to
investigate the electrochemical behaviour of mdiEswithout any background electrolytes, whenever
possible, in order to gain information on solutéssnot interactions near the double layer. Thisifigd

is contrary to the accepted practice in electroasieym

Keywords: L-cysteine, Cyclic Voltammetry, Current OscillaticAdmittance, Self-assembly, Solute-
Solvent Interaction
1. INTRODUCTION

Our interest in biological electronic circuits invimg DNA (or RNA or proteins)-salt-water
interactions [1, 2] has prompted us to investigajeeous L-cysteine, a nonessenti@mino acid. L-
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cysteine is an important structural and functia@hponent of many proteins and enzymes due to the
facile oxidation of its thiol side chain to formsdifide linkages. An important antioxidant, glutatie,
is biosynthesized from cysteine, glycine and glutaacid.

The pKy( -COOH), pKy( thiol or sulfhydryl) and pk( -NHs") values of L-cysteine are 1.92,
8.37 and 10.70 respectively [3]. At the zwitteipH value 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, sdfhydryl group is also ionized and possesses a
negative charge. Thus, the double layer behavithisfmolecule should depend on concentration, pH,
counter-ions and the applied potential.

L-cysteine has also been evaluated as a corrostabitor for copper in neutral and acidic
chloride solutions [4, 5]. The electrochemistryle€ysteine on different electrodes, such as mercury
gold, platinum, vitreous carbon, and paraffin-warpregnated spectroscopic graphite electrode
(WISGE), has been investigated in great detail 9§p-Cysteinate complex formation and cysteine
adsorption have been observed on mercury and sl@adrodes, respectively. Since hydrochloric acid
is also the favored electrolyte for the electrobgsts of cysteine from cystine, it will be benedidio
fully characterize the interaction between theséemdes and chloride.

We reported earlier that a background electrolgtesh as sodium chloride, has a profound
influence on the impedance behavior of biologicalenules, such as collagen and prothrombin [1, 2].
We also reported that impedance measurements beulsed as a tool to explore the self-assembly
process of large Keplerate type molybdenum clusters of
(NH4)4IM0o"'75M0Y 60037 CHsCOO)o(H20)75]-ca.300H0-ca. 10CHCOONH,) [20]. Sodium
molybdate, in the presence of cysteine hydrochéoaickting as an educt and reducing agent, could reac
at low pH value of ~ 15 to produce a nanosizemhg-shaped cluster of
Nas[MO1540462H14(H20)43(H020-(NH3+)HC-CHQ-S-S-CH-CH(NH3+)-COO)11].X Hzo (X 250) [21]
This interesting structure has multiphilic ligandach as -Ngf, COy, 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. Cyaloltammetry and impedance data for L-cysteine
in the absence and presence of counter-ions, suchlaride at different pH, bromide at pH 5.15 and
phosphate from buffer at pH 7.03, are reported.here

2. EXPERIMENTAL PART

An EG & G PARC Model 303A SMDE tri-electrode systdmercury working electrode,
platinum counter electrode and Ag/AgCl (3.5 M K@ference electrode) along with Autolab eco
chemie was used for cyclic voltammetric and eletteonical admittance measurements at 298 K.
Sigma L-cysteine and distilled water were usedpi@paration of all solutions. NaOH and HCI were
used to adjust the pH values. Electrochemical nreagents were carried out with no background
electrolyte, 5 mM NaCl, 5 mM NaBr, 0.1 M NaCl, H®laCl mixtures, HCl and NaOH at different
pH values. For the experiments with phosphate bubfeysteine was dissolved in the buffer of pH
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7.23 containing 0.059 M K#PO4 and 0.041 M NaOH. The solutions were purget iNjtfor about
10 minutes before the experiment. Admittance messeants were carried out using about 7 mL
solutions in the frequency range 1000 Hz to 10 mH® amplitude of the sinusoidal perturbation
signal was 10 mV.

3. RESULTS AND DISCUSSION
3.1 Cyclic Voltammetry

3.1.1. Cyclic voltammetry of L-cysteine without &agkground electrolyte

The measurements were made at a high concentratidhl M aqueous solutions of L-
cysteine, starting at different anodic potentiaisl @t different scan rates. The results are shown i
Figure 1. It is interesting to note that the gehbedhavior was nearly the same even when the rsgarti
potential was +0.3 V, a region where passivatiomefcury was likely to occur. However the cathodic
current increased and also extended far more catlvath an increase in the starting point of the
anodic potential (Figure la). For the same startingdic potential, the current was not too much
different for all the three scans, even thoughelveas a general trend for a slight increase inecur
for scanl (Figure 1b). Figure 2a gives the infleen€ scan rate on the cathodic and anodic currents.
As expected, the higher the scan rate, the hidteecathodic and anodic currents. Also the region of
activity extended more into both cathodic and anoegions with increasing scan rate.
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Figure l1a.Cyclic voltammetry of 0.1 M Figure 1b. Cyclic voltammetry of 0.1 M
L-cysteine, pH 5.17, scan 3, scan rate 100 mV/s, cydteine, pH 5.17, A) 0.0 to -1.0 V,
no background electrolyte B) -0.3to -1.0 V,rscate100 mV/s,

no background electrolyte
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Figure 2a.Cyclic voltammetry of 0.1 M Figure 2b. Cyclic voltammetry of 0.1 M
L-cysteine, pH 5.17, scan 3, different L-cysteéim& mM NaCl (pH 5.26) or 5 mM
scan rates, no background electrolyte NaBr (d3)5scan 1,2,3, scan rate 100 mV/s

3.1.2. Cyclic voltammetry of L-cysteine in the pre of NaCl or NaBr as background electrolyte

The cyclic voltammetric data for 0.1 M L-cysteinethe presence of 5 mM NaCl or 5 mM
NaBr are shown in Figure 2b for the first 3 scamasting at 0.0 V and scanning to -1.0 V and back to
0.0 V. In the presence of these electrolytes, #itbarlic current was much higher for scan 1 than the
similar currents observed for scans 2 and 3. Thexre also a significant difference in behavior for
cathodic scan 1 from that of scans 2 and 3. Antiaahdil cathodic current spike was observed for both

NaCl and NaBr during the first scan. Also the cdibcurrent was slightly higher in the presence of
NaBr than for NaCl.
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Figure 3a.Cyclic voltammetry of 0.1 M Figure 3b. Cyclic voltammetry of 0.1 M

L-cysteine in 5 mM NacCl, pH 5.26, scan from L-cyséein 5 mM NaBr, pH 5.15, scan
-0.2 t0 -1.0 V and back, scan rate 100 mV/s fr6r@ to -1.0 V and back, scan rate 100 mV/s
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Figure 3 gives the data for L-cysteine in the pneseof 5 mM NaCl or NaBr where the starting
potential was more negative than that shown in rieéiggb. The additional cathodic current spike
observed in Figure 2b was absent here. Howevecattedic current for scan 1 was still higher than
for scans 2 or 3 as observed earlier in FigureA2bomparison of Figure 3a and Figure 3b indicated
that the current spike was comparatively highghapresence of NaBr than in NaCl. In both cases, a
shoulder was observed instead of the cathodic muspeke.

Figure 4a gives a comparative behavior of the arfiee of NaCl on the cyclic voltammogram
of L-cysteine. For the sake of clarity of the figuthe current for L-cysteine was multiplied byaatbr
of 10. Also since scans 2 and 3 had somewhat sifébavior, scan 2 was omitted from the figure.
The data clearly indicated that in the absence nyf @ectrolyte, the cathodic active region was
extended more cathodic and the anodic region muodie. There are only subtle differences between
the 5 mM and 0.1 M NaCl data. The cathodic cursgike was much higher in intensity with 0.1 M
NaCl compared to that of 5 mM NaCl. When the stgrpotential was changed to -0.3 V for 0.1 M L-
cysteine in 0.1 M NaCl, a cathodic shoulder waseoled instead of the cathodic current spike (Figure
4b).
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Figure 4a.Cyclic voltammetry of 0.1 M Figure 4b. Cyclic voltammetry of 0.1 M
L-cysteine in the presence of A, 0.0 M, L-cysteim®.1 M NacCl, pH 5.18, scan
B, 5 mM and C, 0.1 M NaCl. Scan from from -0.31d0 V and back. Scan rate 100 mV/s

0.0 to -1.0 V and back. Scan rate 100 mV/s

3.1.3. Cyclic voltammetry of L-cysteine in the pre of phosphate buffer as background electrolyte

We included phosphate buffer in our investigationsrder to have some comparison of our
data with that in the literature [12]. However, thmxture of anions in the phoshpate buffer, viz.
H.PQy, HPQ? and to a very limited extent BQ involved in ionic interactions compared to a
spherical Clor Br made the interpretation more difficult.

The cyclic voltammetric data for 0.1 M L-cysteimephosphate buffer (total phosphate, 0.059
M, K¥, 0.059 M and N§ 0.041 M) are shown in Figures 5 and 6. Cathoditent oscillations were
observed when the starting anodic potential wad/0Also the cathodic current was much higher than
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when the scans were starting at —0.3, -0.4 and ¥0bigure 5b shows both cathodic and anodic
current spikes when the starting potential was rneatbodic than 0.0 V.
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Figure 5a. Cyclic voltammetry of 0.1 M Figure 5b. Cyclic voltammetry of 0.1 M
L-cysteine in phosphate buffer, pH 7.03, L-cystdim phosphate buffer, pH 7.03,
scan 3, scan rate100 mV/s; expanded scale3mrecan3, scan rate
100 mV/s

The cathodic current oscillations were observedafbthe 3 scans when the starting potential
was 0.0 V (Figure 6a). Also the current was mugfnér for scan 1 compared to scans 2 and 3 that had
similar currents. Figure 6b shows cyclic voltamnueetiata for 0.5 mM L-cysteine in phosphate buffer,

a concentration comparable to that in the litemtuThese data had no cathodic current oscillations
and the currents were nearly the same for allliheetscans. Both cathodic and anodic current spikes
were observed even in this dilute solution and virgegreement with literature data [12].
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Figure 6a.Cyclic voltammetry of 0.1 M Figure 6b. Cyclic voltammetry of 0.5 mM
L-cysteine in phosphate buffer, pH 7.03, L-cystdim phosphate buffer, pH 7.22,

scan 1, 2,3, scan rate100 mV/s scan 1,2,3,ratal00 mV/s
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3.1.4. Cyclic voltammetry of L-cysteine in the pre of added HCI or NaOH at different pH

The cyclic voltammetric behavior of 0.1 M L-cysteim the presence of 0.1 M, 0.05 M and
0.005

—pH 1.86 )
—pH2.33 ——scan 1

pH 3.46
-0.0002 4 pH 8.29 -2.0x10™*
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Figure 7a.Cyclic voltammetry of 0.1 M Figure 7b. Cyclic voltammetry of 0.1 M

L-cysteine in 0.1 M, 0.05 M, and 0.005 M HCI, L-tgime in 0.1 M HCI, pH 1.86,
and 0.05 M NaOH, scan 1, scan rate100 mV/s S@8, kcan rate 100 mV/s
M HCI as well as 0.05 M NaOH and 0.05 M NaOH+0.05ICI are shown in figures 7 and 8.

The data in Figure 7a indicate that the cathoditecui decreased with increasing pH values
and then increased again in alkaline media. OnaldHeep in mind that the ionic strength was not
maintained in these experiments. At pH = 1.86 or0ibh M HCI, there was a cathodic current
oscillation in all the 3 scans (Figure 7b) wheredth less HCI at pH = 2.33 (0.05 M HCI) and pH =
3.46 (5 mM HCI), there was current oscillation odlyring the first scan (Figures 8a and 8b). However
there were spikes in both anodic and cathodic ntsréuring scans 2 and 3.
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Figure 8a.Cyclic voltammetry of 0.1 M Figure 8b. Cyclic voltammetry of 0.1 M
L-cysteine in 0.05 M HCI, pH 2.33, L-cysteineGr905 M HCI, pH 3.46,

scan 1,2,3, scan rate100 mV/s scan 1,2,3, starl®0 mV/s
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The cyclic voltammetric data in alkaline solutiom 0.05 M NaOH) shown in Figure 9a
indicate a slight cathodic current perturbationimgyithe first scan only. When the alkaline solution
contained some sodium chloride (0.05 M), there avakght anodic shift of the cathodic current peak.
Also the difference in cathodic currents betweeanst and scan 2 or 3 practically disappeared in the
presence of sodium chloride. A slight current dattdn emerged for all the three scans in the prese
of chloride (Figure 9b). At pH = 3.46 (5 mM HCI),hen NaCl was added to make a total of 0.1M
chloride, there was a slight increase in cathoditents in all the 3 scans. Also the cathodic aurre
spike became more obvious in the presence of QdtaNl CI.
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Figure 9a. Cyclic voltammetry of 0.1 M Figure 9b. Cyclic voltammetry of 0.1 M
L-cysteine in 0.05 M NaOH, pH 8.29, L-cysteingkk 3.46, A) 5 mM HCI B)5 mM

scan 1,2,3, scan rate100 mV/s HCI+95 mM NacClg@9, C) 0.05 M NaOH

D) 0.05 M NaOH+0.05 M NaCl
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Figure 10. Cyclic voltammetry of L-cysteine concentration dedence, pH 8.29, 8.27 8.23, 8.04 with
increasing dilution, pH adjusted with NaOH
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Finally the concentration dependence of L-cysteateabout pH = 8.29 on the cyclic
voltammograms is shown in Figure 10. For the sdkelarity the currents had been multiplied by a
factor of 200, 20, and 2.5 for cysteine concerdraiof 0.5 mM, 5 mM, and 0.04 M, respectively.
After this normalization, the cathodic currentsreed nearly equal but there were major differennes i
behavior in anodic currents at low and high cysteiancentrations. At high concentrations there were
also slight current oscillations or perturbancesathodic currents.

Cathodic current oscillations were seen in all theee scans in the presence of 0.059 M
phosphate and 0.1 M HCI, and at least for scantthdmresence of less chloride or bromide when the
starting potential was extended to 0.0 V. Howeirethe absence of any other counter-ions, no ctrren
oscillations are seen even when the starting patemas 0.3 V, a potential at which mercury couéd b
expected to undergo passivation.

A review of the literature data [6] evaluated tlediability of the standard formal electrode
potential for the L-cystine/L-cysteine redox coupteording to the equation:

RSSR + 2H + 26 = 2RSH (1)

Depending on the method used, tfg\&. SHE) values varied from -0.39 to -0.222 \phit=
7 and from 0.02 to 0.191 V at pH = 0. The tendeforyslow equilibration and adsorption on solid
electrode surfaces has complicated these measuremen

When cysteine was oxidized, it formed mercury(Isteynate (RSHg) and got adsorbed on
mercury by the reaction [19]:

RSH +Hg RSHgags+ H" +€ )

At low concentrations (1 x 10°° M), the mercury ion is postulated to be *Hgstead of the
common Hg>". Evidence has been presented to suggest the fomafta monolayer of mercury(l)
cysteinate as well as diffusion-controlled oxidatmf L-cysteine by diffusion of the reactant thrbug
the film or after film breakdown [6, 19, 22, 23]nd difficulties in these analyses were highlighbgd
the fact that the stoichiometry of the mercury eysite complex has been suggested as RSHg,
(RSkHg,, and (RSHg [6]. Monolayer coverage by L-cystine insteadndrcury cysteinate has also
been proposed.

In phosphate buffer at pH = 7.4, cyclic voltammagseof L-cysteine has been attributed to its
reversible oxidation by the following reactions:

2 RSH + 2 Hg = (RSHGz(aasyt 2 H' +2 @3)
2 RSH + Hg = (RSH@as)+ 2 H+2e 4)

The current spikes observed at L-cysteine concémtisaabove 0.3 mM were assigned to the
formation of a tight mercury cysteinate film, forchafter monolayer coverage, via lateral interaction
between adsorbed molecules [12]. The adsorptioarad mercury, mercury cysteinate > L-cystine >
L-cysteine had also been established [12, 24].
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In hydrochloric acid media, peaks in cyclic voltaograms had been identified for reactions
(2), (3) and (4) as well as

RSSRugs)+ 2H" + 26 = 2RSH (5)

The oxidation of L-cysteine at both gold and platm electrodes was attributed to the
following reactions [6]:

RSH = RShhas) (6)
RSHads)= RS(adsy+ H + € (7)
2RS(ags)= RSSR (8)

We used a high concentration of 0.1M L-cysteineun investigations and found an additional
process occurring at the electrode that could teazhthodic current oscillations. This happened bot
in non-buffered as well as buffered medium.

Other examples of oscillatory instabilities obsenmecluded H oxidation in the presence of
small amounts of Cii and C1[25] and hydrogen peroxide reduction on a Pt ebelet in the presence
of a small amount of halide ions [26, 27]. The alded halogen atom seemed either to participate as a
blocking site or to facilitate the adsorption ofiet substrates. Since we have found an incredsatin
cathodic and anodic currents in the presence airiclel or bromide we assumed that the adsorbed
halogen promoted the adsorption of the L-cystelwhere evidence for this interaction is presented in
the next section.

It is quite obvious that the electrochemistry otystine/L-cysteine is quite complex. In all
these investigations different buffers, such assphate, borate, acetate, and ammonia, as well as
sulfuric acid, hydrochloric acid and sodium hyddei have been used to control the pH values. The
specific interactions between the counter-ions #medcharges in L-cysteine (varying depending on
pH) have been neglected. Our present investigtigilighted the need for a stricter control of #es
counter-ions in understanding the mechanism oélbetrode processes.

3.2 Frequency Response Analysis

3.2.1 Admittance

Admittance-plane plotting was introduced in 19698auerle for the determination of accurate
conductivity of solid electrolytes [28]. Admittan¢¥) and impedance are interrelated, Z* Y +
JY . We have utilized this plot extensively in ordertty to understand solute-solvent interactiong nea
the electrode double layer [1, 2, 20, 29-32]. ©ansing from -1.0 to 0.0V the surface charge of the
mercury electrode slowly changed from negative deitpjve. Correspondingly the orientation of the
water molecule towards the electrode slowly chanigeoh the positively charged hydrogen to the
negatively charged oxygen. It may also be posdibldave either one or both of the hydrogens
oriented towards the mercury electrode dependinthemature of other species in solution near the
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double layer. This shift from hydrogen to oxygennpiog towards the electrode should be gradual and
could be decided by the changes in the scannirenpat The adsorption of ions, such as chloride or
bromide, and phosphate as FOHPO4, H,PO; complicates the admittance behavior. Also the
charge on L-cysteine could be varied dependinghenpH values. Thus one should not overlook the
interactions between the positively charged ammoegin L-cysteine and the negative counter-ions as
well the positively charged sodium ion and the tiegly 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. Sorting out some of those efféaim admittance measurements should be a real
challenge. However it is better than completelyorgmg those effects in interpreting electrochemical
data of these molecules.

In order to have some understanding of the elelstnmical behavior of biological molecules,
we have found it necessary to have experimentsowitlany background electrolyte, whenever
possible. This is contrary to the customary presiom for electrochemical experiments.

The admittance data for 0.1 M L-cysteine withouy dxackground electrolyte are shown in
Figure 11a. For the sake of clarity the admittashata at 1000, 750 and 500 Hz are not includedign th
figure. The admittance increased from 1000 Hz toH¥Oand then decreased. We had observed a
similar behavior for collagen [1]. Another interest feature observed was that with decreasing
frequency, the two broad peaks shifted in oppoditections, and finally at 1 Hz, the two peaks
merged into one. The cathodic peak around -0.6 iffeshmore anodic and the peak around -0.3 V
shifted more cathodic.
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Figure 11aAdmittance of 0.1M L-Cysteine, Figure 11b Admittance of 0.1M L-Cysteine,
pH 5.14, no background electrolyte, 5mM NaCl,5B6; 1)500 Hz 2)250 Hz
1)250 Hz 2)100 Hz 3)50 Hz 4)10 Hz 5)1 Hz 3)1004&0 Hz 5)10 Hz

We have seen a similar behavior in the case of éafd type molybdenum clusters of
(NH4)4IM0o"'7:M0Y 60037 CHsCOO)o(H20)75]-ca.300H0-ca.10CHCOONH,)  [20]. We had
interpreted the results in terms of different otétional effects of water inside and outside thestelr.

Of course we do not have any evidence for this tyfpeluster formation for L-cysteine except that a
solution of L-cysteine dried on a glass slide amved by a phase microscope produced the clusters
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shown in Figure 12. Since we have also observetiigas collapsing of two admittance peaks into one
in collagen [1] we are tempted to speculate that whater near the electrode surface and the one
hydrating L-cysteine could have opposite orientateffects on changing frequencies. One may
consider that the water orientation near the cailata group and near the amine group have opposite
orientations. At negative potentials, the positveharged amine group in L-cysteine and Mathe
presence of NaCl, are directed towards the Hg reldet compared to the negatively charged
carboxylate group and Gh the presence of NaCl. Carboxylates are knowpatticipate in localized
hydrolysis and form ion pairs with counter ionsotigh a water molecule [32].

Figure 12. Phase microscopy (300X) of 0.0.04 M L-cystein®@.id2 M NaOH, pH 8.27 and 0.1 M L-
cysteine in 0.005 M HCI + 0.095 M NacCl, pH 3.47

The admittance data for 0.1M L-cysteine in the enee of 5 mM NaCl or 5 mM NaBr are
shown in Figure 11b and 13a respectively. Even dghotlne general trend is the same as with no
background electrolyte there are some subtle eifiegs in their behavior. 1) In the presence okeith
5 mM NacCl or NaBr, the admittance increased up®d Bz and then decreased. Also, the merging of
the two peaks into one with decreasing frequengpéaed at 10 Hz compared to 1 Hz without any
background electrolyte.

In order to get some additional information on th#uence of the added electrolyte, the
admittance data at three different frequenciepbloted in Figure 13b, Figures 14a and 14b for both
the background electrolyte and L-cysteine in thespnce of the electrolyte. The near equivalence of
the admittance data at 250, 50 and 10 Hz untiletiet of first broad peak at about -0.6 V suggested
that the cation, Na did not seem to exert a strong influence on iteraction with L-cysteine.
However, the N& concentration is 20 times less than thé&lHs" concentration. The difference
between chloride and bromide emerged only aftersdend peak around -0.3V. We had explained
earlier the reason for the decrease in admittamcehloride and bromide at high frequencies near 0.
V in terms of “potential-induced ion-pair formatiobetween Na+ and CI- or Br- [32]. This explained
the observed behavior of the background electrslyidaCl and NaBr, near 0.0 V and why the
decrease in admittance for bromide happened at cadhedic potentials than for chloride.



Int. J. Electrochem. Sci., Vol. 3, 2008 866

Figure 13a.Admittance of 0.1 M L-Cysteine,  Figure 13b. Admittance comparison of 0.1 M
5 mM NaBr, pH 5.15; 1) 250 Hz 2) 100 Hz L-cysteinghe presence of 5 mM NaCl or NaBr
3) 50 Hz 4) 10 Hz at 250 Hz 1) NaCl 2) NaBN3)Cl+L-cysteine

4) NaBr +L-cysteine

Figure 14a.Admittance comparison of 0.1 M Figure 14b. Admittance comparison of 0.1 M

L-cysteine in the presence of 5 mM NaCl L-cystamehe presence of 5 mM NaCl or NaBr
or NaBr at 50 Hz 1) NaCl 2) NaBr at 10 Hz 1) N&ZNaBr 3) NaCl+L-cysteine
3) NaCl+L-cysteine 4) NaBr+L-cysteine 4) NaBr +{steine

Between -0.3 and 0.0 V, the admittance data foydteine in the presence of NaCl or NaBr
were much higher than that of the background elbdas at 250 Hz indicating less ordered structure
of water. We had attributed the increase in admsgtaclose to 0.0 V for NaCl and NaBr at low
frequencies, such as 50 and 10 Hz, to the strub@aking effects caused by the changes in the ions
from Na to Clor Br near the double layer when the applied potengamiame less negative [32].
Between -0.3 and 0.0 V, the admittance data ofdtaige in the presence of the electrolytes at 50 an
10 Hz were less than the data for background elgttis and was different from the behavior at 250
Hz. It indicated strong interactions between asiand L-cysteine.
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Figure 15a.Admittance of 0.1 M L-Cysteine,  Figure 15b. Admittance comparison of 0.1 M
0.1 M NaCl, pH 5.18; 1) 1000 Hz 2) 750 Hz L-cystein the presence of 0.1 M NaCl
3) 500 Hz 4) 250 Hz 5)100 Hz 6) 50 Hz at 10001hinacCl 2) NaCl+L-cysteine;

50 Hz, 3) NaCl 4) NaCl+L-cysteine

The admittance data for L-cysteine in the presafid@1l M NaCl and its comparison with the
0.1 M NaCl are shown in Figure 15a and 15b respelgti The two peaks merged into one at about
250 Hz compared to 10 Hz in the presence of 5 mi@INand 1 Hz without any NacCl, indicating the
strong influence of the counter-ions. The comparidata with and without 0.1 M NaCl at 1000 Hz
and 50 Hz indicate the negligible influence of'Nand this is in agreement with the data in the
presence of 5 mM NaCl or NaBr. The comparison datt000 and 50 Hz in the approximate range of
-0.3t0 0.0 V also indicated stronger interactibasveen Cland L-cysteine than those observed in the
presence of 5 mM NaCl because the admittance vgaghen that of the background electrolyte even
at 1000 Hz.

Figure 16a Admittance of 0.1 M L-cysteine in Figure 16b. Admittance comparison of 0.1 M
0.1 M phosphate buffer (total phosphate 0.059 M;cysteine in phosphate buffer at pH 7.03
Na" = 0.041 M, K=0.059 M) pH 7.03 1000 Hz 1) Buffer 3)Buffer +clysteine

1) 1000 Hz 2) 750 Hz 3) 500 Hz 4) 250 Hz 50 HBQjfer 4) Buffer + L-cysteine

5) 100 Hz 6) 50 Hz
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The admittance data for L-cysteine in the preseoic®.059 M phosphate buffer and its
comparison with the buffer are shown in Figure &6d 16b, respectively. The two peaks merged into
one at about 100 Hz indicating a strong interadbietween the phosphate and L-cysteine.

The near equivalence of the admittance data shavil®@0 and 50 Hz, until the end of first
broad peak at about -0.6V, suggest that the caliah,or K' did not seem to exert a strong influence
on its interaction with L-cysteine, and this isagreement with the data reported in the presence of
NacCl.

The comparison data at 1000 Hz and 50 Hz suggéstecctions between phosphate and L-
cysteine, thereby decreasing the admittance tedsethan that of the buffer.

In searching for a substitute for NaF as a noraating electrolyte on mercury, the interphase
between mercury and aqueous sodium dihydrogen phtsgad been investigated using capacity
measurements [33]. However we are not aware ofaanyittance measurements on this background
electrolyte. The data shown in Figure 17 are simdahat of sodium halides [32] and the orientadio
effects of water seem to affect the admittance dgpotentials close to 0.0V at low frequencies.

Figure 17. Admittance of phosphate buffer (total phospha@059 M, K = 0.059 M and Na= 0.041
M) 1)1000 Hz 2)750 Hz 3)500 Hz 4)250 Hz 5)100 H&WGHz 7)10 Hz

There are numerous studies on the inhibition opeoy organic molecules including amino
acids [34-36]. The adsorption of the amino acid enoles on copper surface inhibits corrosion by
insulating the copper surface [4, 5, 37]. The dditheites on the metal surface interacted with the
cationic or zwitterionic form of L-cysteine. A ndge ion, such as chloride, is known to have strong
adsorption characteristics on a metal surface. suggested that chloride may enhance the adsorptio
of the amino acid [37]. The synergistic effect be#w the amino acid and chloride ions would lead to
an enhanced adsorption of the amino acid moleaniébe metal surface through the chloride ions [4].
It is believed that the adsorbed chloride ions famterconnecting bridges between the metal atoms
and the positively charged amino acid molecules thuilitating the adsorption process [4, 38, 39].

Our results validate the explanations on the eféécthloride ions in enhancing the adsorption
of L-cysteine on copper and in helping to inhibi ttorrosion process. Our cyclic voltammmetric data
show enhanced cathodic and anodic currents in tbsepce of chloride or bromide. These ions are
known to have strong adsorption on mercury eleetrofit negative potentials, the mercury is
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negatively charged and we have to consider interscof L-cysteine directly through mercury as well
as through the above mentioned interconnectinggbsdhrough chloride. Also the thiol group has
strong affinity for metals such as copper and mgrdhus giving rise to coordination through bdtle t
amino group and the —SH moiety.

3.2.2 Impedance

The Nyquist plot for 0.1 M L-cysteine in the abserand presence of 5 mM NaCl and 5 mM
NaBr are shown in Figures 18a and 18b, respectiaythe sake of clarity, the impedance data from
1000 Hz to about 28 Hz only are shown here. Wecadtian oscillation in impedance at these high
frequencies. We are not familiar with any literatwtata where an oscillation of this type has been
observed. The potentials chosen corresponded toewthere was an admittance minimum and high
cathodic activity in cyclic voltammetry. When thencentration of Clwas increased to 0.1 M HCI or
in phosphate buffer (0.059 M phosphate) we did e any oscillation in impedance, as shown in
Figure 19.

Figure 18a.Nyquist plot for 0.1M L-cysteine,  Figure 18b.Nyquist plot for 0.1M L-cysteine in
pH 5.14, 1000 Hz to ~ 28 Hz 5mMNacCl, pH 5.26o0mM® NaBr, pH 5.15,
1000 Hz to ~ 28 Hz

Figure 19. Nyquist plot for 0.1 M L-cysteine in 0.1 M HCI, pH86 or 0.059 M phosphate buffer, pH
7.04, 1000 Hz to ~ 65 Hz
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We are at a loss to explain the above phenomenmepéto suggest that two species, each with
a significant amount, may be involved in thisqass in the absence and presence of 5 mM NaCl or 5
mM NaBr and with excess chloride or phosphate thees only one species of appreciable
concentration.

3.2.3 Differential Capacity

When ohmic resistance is compensated, differectiplacitance measurements yield double
layer capacitance, #or G. Some typical data are shown in Figures 20a ard BOen though €
should be independent of frequency, a dispersionast often observed and is generally attributed to
real surface with a fractal character, instead ofideal homogeneous electrode surface. More
importantly what we observe is that there seembetdwo close similar peaks in the absence and
presence of 5 mM NaCl or 5 mM NaBr. This findingaissent in 0.1M HCI and 0.059 M phosphate
buffer. While the major peak near -0.5 V was veeanty the same in the presence of either 5 mM
NaCl or NaBr, the anionic effect was more pronowahnear 0.0 V. The influence of the chloride is
expected to be more near 0.0 V and this is evifitent the data in 0.1 M HCI.

Figure 20a Double layer capacitance of Figure 20b. Double layer capacitance of
1) 0.1 M L-cysteine 2) with 5 mM NaCl and 1)0.1l¢vtysteine with 0.1 M HCI and
3) with 5mM NaBr 2) with 0.059 M phosphate lauff

4. CONCLUSIONS

The cyclic voltammetric behavior of L-cysteine affetent pH values in the absence and
presence of ions, such as chloride from hydrooblagid or sodium chloride, bromide from sodium
bromide, and phosphate from the buffer made fromagsoum dihydrogen phosphate and sodium
hydroxide have been investigated. In the activéoreghe cathodic current depended on the starting
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potential as well as the L-cysteine concentratiliso if the starting potential was more anodic, the
cathodic and anodic active regions extended muate iméo both cathodic and anodic regions. While
scans 2 and 3 gave nearly the same current, salvays gave a higher cathodic current, especially i
the presence of counter-ions. With the scanningrgiatl starting at 0.0 V, cathodic current osaitias
were observed in the presence of counter-ions aiddoncentrations of L-cysteine. Admittance data
in the absence as well as the presence of cowrtsrindicated competing influences of orientational
effects of water with decreasing frequencies, iatiliy a characteristic of self-assembly behavior. |
the absence of counter-ions, admittance increasatincously from 1000 Hz to 10 Hz. In the
presence of counter- ions this trend changed trextibn at different frequencies depending on the
concentration of the counter-ion. The admittance diadicated strong interactions betwee@€OO
and -NHs" groups of L-cysteine. Impedance data exhibitedllations at high frequencies in the
absence and the presence of 5 mM NaCl or 5 mM KaBnot in 0.1 M HCI or in 0.059 M phosphate
buffer. Capacitance data suggested the present&oofpecies of significant concentrations in the
absence and the presence of 5 mM NaCl or 5 mM NaBonly one species at higher concentrations
such as 0.1 M HCI or 0.059 M phosphate buffer. Ijrthe results of our investigations, especially
from cyclic voltammetry and admittance, suggestes ieed to look at electrochemical behavior of
molecules without any background electrolytes, veven possible, in order to gain information on
solute-solvent interactions near the double laysd arrive at more meaningful mechanisms. Of
course, this finding is contrary to the accepteditional practice in electrochemistry.
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