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teine, glutathione and thioglycolic acid are practi-
cally the same.
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The two-step reduction wave of cystine has been reinterpreted. Evidence is given that the prewave is determined by the

over-all reversible reaction RSSR + 2e~ + 2H* < 2RSH where RSSR and RSH are cyvstine and cysteine.

found to be kinetic in nature.

The prewave is

The electrode reaction is catalyzed by mercury which reacts with cystine to form mercury
cysteinate, the latter being reduced rapidly to mercury and cysteine.
dropping mercury electrode was found to correspond to the true oxidation potential.

The potential of the cystine-cysteine system at the
The same was found true for the thio-

glycolic—dithiodiglycolic acid couple but not for the glutathione system.

No satisfactory explanation has been offered for
the two-step waves observed with cystine at the
dropping mercury electrode in the pH range be-
tween 3 and 9.2.2 The first and steeper part of the
double wave, called the ‘“‘prewave,” has been attrib-
uted? to a mixed-potential effect. In the present
paper it is shown that this interpretation is inade-
quate. Comnclusive evidence is presented that the
potential of the cystine-cysteine system measured
at the dropping electrode after correction for the
residual current corresponds to that of the couple

RSSR + 2H* 4 2e~ > 2RSH ¢h)

in which RSSR denotes cystine and RSH cysteine.
At a platinum electrode this reaction is highly ir-
reversible because of the slow rate of electroreduc-
tion of cystine. This reaction is catalyzed at the
mercury surface which reacts rapidly with cystine
according to

RSSR + Hg = Hg(RS), (2)
This reaction may occur in steps, e.g., as
RSSR + Hg <_9 HgRS + RS- —> Hg(RS), (2a)

but the experimental results do not allow further
insight into the mechanism of this reaction. The
mercuric cysteinate formed is rapidly reduced at
the electrode

Hg(RS): + 2¢ + 2H* > Hg + 2RSH  (3)

Thus equation 1 represents the over-all reaction
which is the sum of equations 2 and 3. According to
this interpretation the prewave of cystine should be
kinetic in nature and the analysis of the wave should
correspond to that of the reversible reaction (1).
The effect of various factors upon the height of the
prewave and the characteristics of the entire cystine
wave are described in the experimental part.

The conclusion is arrived at that the potential of
the cystine—cysteine system measured at the drop-
ping mercury electrode corresponds to the oxidation
potential of the system. In this connection the po-
tentials of the thioglycolic-dithiodiglycolic acid
and reduced and oxidized glutathione systems are
briefly discussed.

(1) Tohoku University, Sendai, Japan.
(2) I, M. Kolthoff and C. Barnum, THIs JOURNAL, 63, 520 (1941)

Materials.—Thioglycolic acid and dithiodiglycolic acid
were prepared and purified by methods described pre-
viously.? All other chemicals were C.p. reagent grade
products.

Experimental

Current-voltage curves were measured with the manual
apparatus and circuit described by Lingane and Kolthoff*and
automatically with a Heyrovsky type self-recording Sargent
polarograph, Model XII. All potentials were measured
against the saturated calomel electrode (S.C.E.). Oxygen
was removed from the solution in the cell with 99.99% pure
Linde nitrogen. The characteristics of the capillary were
m = 2.53 mg. sec.”?, t = 3.51 sec. (open circuit) at a height
of the mercury column of 60 cm. The pH was measured
with a Beckman Model H-2 pH meter.

Results

Characteristics of the Cystine Wave. Effect of
pH.—The effect of pH on the current-voltage
curves of 5 X 10~* M cystine solutions is illustrated
in Fig. 1. From the curves which were taken be-
tween pH 3 and 9 it is seen that the potentials at
which the waves are shifted to more negative values
with increasing pH, the shift for the prewave being
approximately 60 millivolt per pH unit. The height
of the prewave is little affected by pH and attains a
maximum value at pH 8 while the height of the
total wave (diffusion current) is constant over the
pH range investigated.
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Fig. 1.—Current-voltage curves of 5 X 107* M/ RSSR at
pH (A)3.3,(B)4.7,(C) 8.0, (D)9.2and of (E) 5 X 1074 M
TSST at pH 5.0.

(3) D. L. Leussing and 1. M. Kolthoff, J. Electrochem. Soc., 100, 334

(1953).
(4) J.J. Lingane and I. M. Kolthoff, THrs JourNaL, 61, 825 (1939)
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Effect of Cystine Concentration.—Polarograms
were run over a concentration range from 5 X 10—°
to 8 X 102 M in buffered solutions at pH 9.2; the
results are listed in Table I. The plateau of the
prewave becomes ill defined at large cystine con-
centrations (larger than 3 X 103 M RSSR).

TaBLE I
PREWAVE (7p) AND TOTAL WAVE (74) oF CYSIINE AT VARI-
ous CysTINE CONCENTRATIONS AT pH 8.2; 2 = 58 oM.
Concn. ip
cys- (na.) id
tine, at at
M —0.7 ~1.3
Buffer X 102 v. ip/C v. iq,C
0.05 M borax-0.1 M KCl! 0.50 1.01 2.03 3.21 6.42
.05 M borax~ .1 M KC!  .167 0.36! 2.16 1.10 6.59
.05 M borax~ .1 M KC!  .067 0.16 2.40  0.448 6.69
.1 M NH+~0.1 M NHC! 8.7 (8.8)% (1.01) 57.1° 6.60
.1 M NH+ .1 M NHC! 5.00 6.80% 1.36 33.65 6.73
.1 M NHs~ .1 M NHC1 2,50 3.60 1,40 16.88 6.75
.1 M NHs .1 M NHC1 0.91 1.26 1.40 6.18 6.80
.1 M NHe .1 M NHC1 .48 0.74 1,50 3.29 6.85
.1 M NHy .1 M NHCl 246 .37 1.50 1.705 6.9
.1 M NHse- .1 M NHC1 .10 .15 1,50 0.69¢ 7.0
.1 M NHe .1 M NHC1 050 074 1.50 0.354 7.0

¢ Prewave poorly defined,
a maximum.

b Main wave is preceded by

Considering that the prewave quite generally is
not sharply defined, it may be concluded from the
results in Table I that the height of the prewave as
well as the diffusion current are proportional to the
cystine concentration at a given pH. However, the
height of the prewave appears to be markedly af-
fected by the composition of the buffer; in an am-
monia buffer it is some 259, smaller than in a borax
buffer of the same pH.

Effect of Temperature.—Polarograms obtained
with a 5 X 10~ M cystine solution in a borax buf-
fer (pH 9.2) at 25, 35 and 45° gave temperature
coefficients of 1 and 1.69, per degree for the heights
of the prewave and total wave, respectively.

Effect of Height of Mercury Column.—The
change in height of the prewave in a 5 X 1074 M
RSSR solution (0.05 M borax, 0.1 M KCI) with
height % of the mercury column is listed in Table II.
As expected the diffusion current is found to be
inversely proportional to the square root of the
height of the mercury while the prewave increases
only 109, when % is increased 2.5 times. Experi-
ments carried outin 5 X 107% M and 5 X 10— M
cystine solutions in an ammonia buffer of pH 9.2
yielded results similar to those in Table IT.

TaBLE II

CvstINE WAVES OF 5 X 10™¢ M/ CysTINE 1IN 0.05 M/ BORAX,
0.1 M KCI (pH 9.2) At VARIOUS HEIGHTS /2 OF MERCURY

CorumMmx
Prewave (at —0.7 v.) Total wave (at —1.5 v.)
h, cm.% 7, pa. l/x/71 7, ua. i/\ﬁz
28 0.91 0.162 2.29 0.43
38 0.96 156 2.67 .43
48 1.00 .144 2.90 .42
58 1.01 133 3.21 .42
68 1.02 .12 3.62 .44

@ } is corrected for back pressure.

Effect of Cysteine.—Capillary active substances
like gelatin or thymol give rise to a marked reduc-
tion? in the height of the prewave but have no ef-
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fect on the potential at which this wave occurs.
Cysteine, which is also capillary active, was found
to have no effect on the height of the prewave but
to shift it to more negative potentials. The main
wave of cystine was hardly affected by the pres-
ence of cysteine. Values of the oxidation potential
of the system cystine-cysteine and also of TSST-
TSH as measured at the dropping electrode are
given in Table III.

TaBLE III

OXIDATION POTENTIALS E; OF THE CySTINE-CYSTEINE

(RSSR-RSH) axD oF THE THIOGLYCOLIC ACID SYSTEMS

(TSST-TSH) CALCULATED FROM ZERO-POTENTIALS E,
AT THE DROPPING ELECTRODE

Concn. Conen.
RSSR, RSH, E; (RSSR), E, (RSSR),
M M V. Us V. Us.
Buffer pH X 103 X 103 S.C.E. N.H.E.
Acetate® 4.98 0.50 1.0 —-0.380 +0.076
Acetate 4.98 .50 5.0 — .420 + .077
Acetate 4.88 .02 10.0 — .433 + .076
Acetate 4.98 .80 1.0 — .375 + .075
Acetate 4.96 .81 5.0 — 415 + .075
Acetate 4.85 .82 10.0 — .426 + .075
Borax® 9.2 .50 1.02 — .620 + .067
Borax 9.2 .50 5.0 — .658 + .070
Av. -+0.074

Concn Concen

TSST TSH,

M M
X 103 X 103 E, (TSST) Ey (TSST)
Acetate” 4.82 5.00 4.93 —-0.382 +0.075
Acetate 4.85 5.00 1.97 - .359 + .077
Acetate 4.88 2.50 4.93 — .393 + .078
Borax” 9.00 5.00 1.97 - .618 -+ .063
Av. +0.073

¢0.06 M CH;COOH, 0.14 M CH;3;COONa.
borax, 0.1 M/ KCl.

Some Characteristics of the Wave of Dithiodi-
glycolic Acid.~—Current—voltage curves of dithio-
diglycolic acid have been described previously.?
The polarogram of a 5 X 10— 3/ TSST solution at
pH 5 is shown in Fig. 1E. It is seen that the pre-
wave is much smaller than that of cystine under the
same conditions and that the main wave is more
drawn out than that ol cystine. The height of the
prewave was found to be markedly affected by the
pH. Thus the prewave of 10—% M TSST in an ace-
tate buffer (pH 5) was 0.50 wa. and in a borax buf-
fer (pH 9.2) 0.14 pa. The height of the prewave was
practically proportional to the concentration of
TSST. When the height of the mercury column was
increased 2.5 times the height of the prewave of 5
X 1073 M/ TSST in acetate pH 5 increased by about
259%,. The temperature coefficient between 25 and
5° was found to be about 29, per degree. Gelatin
at a concentration of 0.0025%, in 5 X 10—3 M TSST
(acetate pH 5) was found to reduce the height of the
prewave by about 79,. It appears that in many re-
spects the characteristics of the prewave of TSST
are similar to those of RSSR. This was also found
to be true for mixtures of TSST and TSH.

20.05 M

Discussion

The Cystine Wave.—Although both the pre-
wave and the main wave of cystine correspond to a
reduction of cystine to cysteine the mechanisms of
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both electroreductions are different for the two
waves. Most of the experimental results indicate
that the prewave of cystine cannot be accounted
for quantitatively by a mixed potential effect.?
Neither is there any indication (see effect of pH)
of the existence of two forms of cystine, an *“active”’
and a ‘‘passive” form as suggested by Kaeppel.®
The facts that the prewave is proportional to the
cystine concentration and almost independent of
the height of the mercury reveal that the wave is
kinetic in nature, the over-all reaction being given
by equation 1.

If reaction (1) were reversible at the dropping
electrode, the potential at any point of the reduc-
tion wave at 25° would be expressed by

E = E; + 0059 log [H*] + 0.0295 log - +
fren?
0.0295 logfRSSR (4)

where E, is the standard potential of reaction (1)
and freu and frssr are quantities which, according
to the Ilkovic equation, are determined by the
characteristics of the capillary and by the diffusion
coefficients of cysteine and cystine, respectively.
An example of a plot of log (44 — ¢)/7% vs. Eq.. for
the prewave of 5 X 104 M/ RSSR in an acetate buf-
fer of pH 4.7 is illustrated in Fig. 2. The plot is a
straight line with a slope of 0.041 as compared to
the theoretical value of 0.0295.

Comparing at different concentrations of cystine
the potential E, at a current ¢ = «aiq where a <
1p/14 (4o height of prewave), we find from equation 4

Ea = Eo + 0,059 log [H*] + 0.0295 log% +

l—a

0.0295 log + 0.0295 log thRSH’ (5)

a? RSSR

A plot of log 1/i4 vs. Ea for varying concentra-
tions of cystine for @ = 0.05 (see Fig. 2B) yielded a
straight line with a slope of 0.036 in satisfactory
agreement with the value 0.0295 required by equa-
tion 5. The same result was obtained from a plot
for @« = 0.1.

From the known characteristics of the capillary
and the diffusion coefficients of cystine (D =
5.3 X 107¢ em.? sec.7!)? and of cystine (D = 7.0 X
10-% cm.? sec. !)® equation 5 allows the calculation
of the standard oxidation potential E, of the cys-
tine-cysteine system. The average value of E, for
a = 0.1 and 0.05 in the pH range between 3.3 and
6.8 and at RSSR concentrations of 5 X 10—* M
and 1.67 X 10~* M was found to be +0.076 v. vs.
N.H.E. The systems used were poorly poised with
regard to cysteine. For this reason £, was also cal-
culated from the potential E, at zero current (after
correction for the residual current) of mixtures of
cystine and cysteine in buffered media, taking into
account the known intrinsic dissociation constants
of cystine and cysteine’

a2 ==
E, = Eo + 0.059 log [H*] + 0.0295 1ogRLSSH§§—2 (6)

Experimental data and results are given in Table

(5) W. Kaeppel, Dissertation, 1941, Univ. Bonn.
(6) I. M. Kolthoft and C. Barnum, THIS JoURNAL, 82, 306 (1940).
(7) W. Stricks and I. M. Kolthoff, ¢bid., T3, 4569 (1951),
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Fig. 2.—(A), plot of log (ta — ¢)/i%?vs. Eof 5 X 10~¢ M
RSSR at pH 4.7 (acetate); (B), plot of log i/4a vs. Ea of
RSSR (6.7 X 1078 t0 5.0 X 10~* M) at pH 9.2 (borax) fer
a = 0.05.

ITI. The average value of Ey (40.074 v.) is in ex-
cellent agreement with that obtained at a pretreated
macro mercury electrode (+0.07 v.)® and that cal-
culated from the equilibria in the iron—cysteine-
cystine system (0.08 v.).? Potentials of the cys-
tine—cysteine system measured at the dropping mer-
cury electrode can therefore be considered to corre-
spond to the thermodynamically reversible oxida-
tion potentials of this system. In the above con-
clusive evidence has been given that the relation
between current and potential of the prewave is de-
termined by the over-all reversible equilibrium in
equation 1, even though the drawn-out main wave
of cystine corresponds to a typically irreversible re-
actiomn.

The reversible and kinetic nature of the prewave
is accounted for by a “catalytic”’ effect of mercury
which reacts rapidly with cystine according to equa-
tion 2. Actually it has been shown® that cystine in
contact with mercury reacts with the formation of
mercuric cysteinate. Adsorption of the reaction
product may account for the slow establishment of
equilibrium under Barnum’s experimental condi-
tions. At the dropping electrode the mercuric cys-
teinate formed is reduced instantaneously and the
reaction can proceed rapidly. Assuming that the
reaction is reversible, the equilibrium constant X =
[Hg(RS);]/[RSSR] of reaction (2) can be calcu-
lated from the known standard potential of the
RSSR-RSH system (Fyrssg = 0.08 v. v5. N.-H.E))
and from the standard potential FEomgrs), of reac-

tion (3). The potential of reaction (3) can be ex-
pressed by
RT RT, RSSR
E = Emersy + 7 In (H] -+ ﬁln RSme T
RT
s K ()

(8) V. C. Ghosh, S. C. Raychandhuri and S. C. Ganguli, J. Indian
Chem. Soc., 9, 43 (1932).

(9 N. Tanaka, I. M. Kolthoff and W. Stricks, Tuis Jourw~aL, 77,
2004 (1955).

(10) C. Barnum, Ph.D. Thesis, 1940, University of Minnesota.
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while Eorssr can be expressed by the equation

T
Eirssr = Eimgrs); + QEF In K (8)

From the known dissociation constants of mercury
cysteinate!! Eymgrs), is calculated to be +0.175
v. #s. N.-H.E. from which value the constant X is
found to be 6.0 X 10—4 This means thatina 5 X
10—¢ M RSSR solution the concentration of Hg-
(RS); at the surface of the electrode would be of the
order of 3 X 10~7 M.

The rate of formation of Hg(RS); at the electrode

is given by

d[Hg(RS),]

dt

where k, and k,, the rate constants for the forward
and backward reactions of equation 2, are given by
K = ky/ks. The second term of the right side of
equation 9 is negligible as compared to the first
term, and the height of the prewave should be de-
termined by the rate of the forward reaction. Thus
in extreme cases when the rate of this reaction is
very large only one steep wave and no prewave
should be observed while if the rate is small a very
small prewave and a drawn-out main wave is to be
expected. Actually the height of the prewave was
found almost independent of pH in the pH range 3
to 9. However, at pH of 1 or less cystine yields one
steep wave? indicating a much larger rate of reac-
tion (2) than at higher pH, whereas at pH 13 the
prewave is very small and the main wave extremely
drawn-out. The different behavior at the ex-
treme ends of the pH scale may be due in part to dif-
ferences in reaction rates of various charge types of
cystine and to differences in adsorption and orienta-
tion of the cystine on the mercury surface.

Surface active substances like gelatin or thymol
suppress the prewave. Since the diffusion currents
of neither mercuric cysteinate nor RSSR are af-
fected by these substances, the decrease in height of
the prewave must be attributed to a decrease in the
rate of formation of mercuric cysteinate in the
presence of surface active compounds. In agreement
with this interpretation is the observation? that
the steep wave at pH 1 can be split into two waves
on the addition of a proper amount of thymol, the

(11) W. Stricks and I. M. Kolthoff, THis JourNAL, 75, 5673 (1953).

= k,[RSSR]® — £:[Hg(RS):]°  (9)
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resulting current—voltage curve consisting of a
“prewave’ and a main wave. In the presence of
thymol the rate of reaction (2) is markedly de-
creased and thus only the initial part of the wave
(prewave) is determined by this reaction while at
more negative potentials cystine is slowly reduced
according to equation 1.

All the observed facts are accounted for by the
assumption that the prewave is kinetic in nature,
with the exception of the effect of temperature upon
the height of the wave. The temperature coefficient
of this wave was found about equal to that of an or-
dinary diffusion current. Considering that adsorp-
tion of cystine is required before it reacts with mer-
cury it appears possible that the increasing rate of
reaction with temperature is compensated by de-
creasing rate of adsorption or orientation.

The TSST Wave.—The small height of the
TSST prewave makes the analysis of this wave
rather ambiguous. However, the zero potentials
of mixtures of TSST and TSH could be measured
with reasonable accuracy. The evaluation of these
potentials according to equation 6 (see Table III)
yields a value of 40.073 v. for the oxidation poten-
tial of the TSST-TSH system which is in good
agreement with the value of +0.095 v. vs. N.-H.E,
as obtained from solubility data of cystine in the
presence of thioglycolic acid.}? Qur experimental
results thus indicate that the oxidation potential of
’(I‘?ST—TSH is also determined by over-all reaction

1).

Oxidized glutathione gives only one reversible
diffusion controlled wave which has been inter-
preted as a one electron reduction involving a free
radical mechanism.!* In agreement with this in-
terpretation the zero potential of the oxidized-re-
duced glutathione system measured at the dropping
mercury electrode does not correspond to the oxida-
tion potential of the system.
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