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The work deals with amperometric and polarographic studies of antiradiat-
ion drugs and consists of three parts. Part I deals with amperometric mercuri-
metric and argentimetric titrations of mercaptoethylguanidine, mercaptopropyl-
guanidine and mercaptoethylamine at the rotated platinum electrode as indicator
electrode, Procedures are given which allow the accurate titration of these
three compounds with mercuric chloride as titrating agent. Argentimetric
titrations are considerably more complex with respect to the reactions involved
and to the surface conditions of the electrode. Silver can form various
complexes with mercaptans and the endpoint depends largely on the experimental
conditions. From an analytical point of view argentimetric titrations of
mercaptans are therefore less satisfactory than mercurimetric determinations,

Part II deals with the polarography of 2-aminoethane thiosulfuric acid,
RSSO3H and 2-amincethaneselenosulfuric acid , RSeSO3H. RSSO3H, which is re-
duced at a considerably more negative potential than RSeSO3H, gives a single

wave while RSeSO3H is reduced in two steps, all waves being irreversible at the
dropping mercury electrode. At alkaline and neutral pH the heights of the
waves of R5S03H and RSeSO3H are independent of pHe In acid solution the height
of the RSSO3H wave and the second step of R3eSO3H increase with decreasing pHe
This is explained by the reduction in acid medium of sulfite which is one of
the products of the electrochemical reduction of RSSO3H and RSeSO3H at the
dropping mercury electrode. The behavior of RSeSO3H in the presence of surface
active agents at the rotated dropping mercury electrode is different from that
at the conventional electrode. An explanation for this behavior is given.

Part III deals with catalytic effects which are observed in ammoniacal
cobalt, solutions in the presence of minute quantities of sulfhydryl or di-
sulfide containing compounds. When electrolyzed at the dropping mercury elect-
rode, many of these compounds give, under proper experimental conditions, high

current peaks at potentials of -l.L to =1.9 volts vs., the saturated calomel
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electrode, Because of their abnormal height, these peaks are attributed to
catalytic phenomena., Some 18 sulfhydryl and disulfide compounds were investi-
gated in order to find which sulfur compounds gave a catalytic effect, and at
which concentrations, since not all mercaptans investigated gave this effect,
The ability of these compounds to give the effect was found to be greatly
affected by the kind and number of functional groups in the compounds. Also,
the effect of the buffer composition was studied. These catalytic effects
can be helpful for a study of the interaction of sulfhydryl compounds with
serum proteins before and after irradiation, It was with this aim in mind
that these studies were initiated.
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Mercurimetric and Argentimetric Titrations of Disulfides
and Sulfhydryl Compounds

In previous work! it was shown that the difference in rate of the hydro=-
lytic fission of oxidized glutathione and cystine can be made the basis of
an amperometric titration of oxidized glutathione in presence of cystine.
Conditions have been established under which the hydrolytic fission of
oxidiged glutathione according to the over-all equation,

26SSG + 30H" === 368~ + GSOOH + Hy0 (1)
can be made to run to completion by removing the GS"with mercury which
reacts fast and stoichiometrically with GS~,

In the present report the alkaline fission of diguanidinodipropyl-
disulfide (RyySSRyy) and dihydroxydiethyldisulfide (RyySSRry) in the presence
of mercury has been investigated. In comnection with these investigations
it was necessary to explore the feasibility of mercurimetric amperometric
titrations of guanidinopropyl mercaptan (RIISH), guanidino ethyl mercaptan
(RISH) and aminoethyl mercaptan (RyyySH). The amperometric mercurimetric
titration of mercaptoethanol (RyySH) was studied by Kolthoff and al.2 Since
we also intended to study the hydrolytic fission of disulfides in the pres-
ence of other metals such as silver we extended our experiments also to
amperometric titrations with silver nitrate in various media.

Materials. Aminopropylisothiouronium bromide hydrobromide was obtained
from the Oak Ridge National laboratories. Aminoethylisothiouronium bromide
hydrobromide and mercaptoethylamine hydrochloride were obtained from the
Walter Reed Army Research Center., 2-mercaptoethanol was an Eastman White
Label product. The solutions of dipropylguanidino disulfide (RyySSRyI),

(1) W, Stricks and I, M. Kolthoff; Anal, Chem. 25, 1050 (1953).
(2) I. M. Kolthoff and J. Fisenstadter; Anal. Chim, Acta, 2L, 280 (1961).
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diecthylaminodisulfide (RyyySSRyry) and diethylhydroxydisulfide (RySSR1y)
were 10~2M, They were prepared by air oxidation of the corresponding iso~
thiouronium salts or sulfhydryl compounds as described in previous reports.
All other reagents were commercial C. P, products,

Methods. Current voliage curves were obtained automatically with a
Sargent model XXI polarograph and manually with the apparatus and circuit
described by Lingane and Kolthoff3, The pH of all solutions was measured
with a Beckman Zeromatic pH meter with a type L1260 glass electrode which can
be used for the entire pH range. Ten ml, and 0,5 ml. semimicroburets with
0.01"ml. divisions were used for the titrations.

The platinum wire electrode was rotated at a speed of 600 r.p.m. A
silver coated platinum electrode was used for most of the experiments, A
new platinum electrode was cleaned with warm concentrated nitric acid,
rinsed with distilled water and electroplated in a 10-3M silver nitrate
solution which was O,1M in ammonia and O,1M in ammonium chloride at -0.3 volt
vs, a saturated calomel electrode (S.C.E.) for 1 hour. When not in use the
platinum electrode was kept in distilled water.

The titration vessel was a 100 ml, beaker into which was placed an approp-
riate volume of buffer solution. The beaker was fitted with a rubber stopper
with holes for the nitrogen inlet tube, electrode, buret, and salt bridge.
The solution was made air free by passing 99.996% pure nitrogen (Linde)
through whereupon the residual current was measured at the proper potential.
A given volume of mercaptan or disulfide solution was now added and the solut-
ion titrated with mercuric chioride or silver nitrate. The initial volume
of the titration mixture was LO ml. in most experiments. All current values
were corrected for this volume. The end point of a titration was determined
in the usual way by the interaction of excess reagent line with the line

representing the residual current,

(3) Jo Jo Lingane and I. M. Kolthoff, J; Am. Chem. Soc. 61, 825 (1939).
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Results and Discussion

(1) Mercurimetric Titrations of RyySSRyy and RyySSRyy.

Titrations of RyySSRyy were performed with mixtures which were O,2M in
sodium hydroxide and 0.5M in potassium chloride at =0.3 volt vs. S.C.E.
R7ySSRyy was titrated at two different sodium hydroxide concentrations
( 0,02M and 0,2M NaOH) all solutions being 0,05M in KCl. With both RyySSRyy
and RIVSSRyy a current of about 3 pA was measured after the addition of the
first increment of mercuric chloride (10-3M) indicating that mercury did not
react with the titration mixture. Since from previous experiments it is
known that the reaction between mercaptan and mercury,

2RS- + HgClp = Hg(RS)p + 2C1- (2)
is instantaneous the hydrolysis of the disulfides (equation 1) must be slow
or does not take place at all. From the data of Table 1 it is seen that
the current corresponding to the reduction of mercuric chloride decreases
vwhen the solution is allowed to stand. Apparently mercury is used up slowly,
indicating that the hydrolysis of the two disulfides investigated is slow
and, in contrast with oxidized glutathione, can not be made the basis for a

titration of these disulfides.

(2) Mercurimetric T.itrations of Mercaptans.

In mercurimetric titrations the electrode becomes virtually an amalgam
electrode in the course of thc titration, since mercury is deposited at the
electrode, This is evidenced by the appearance of an anodic current before
the end point, the mercaptan reacting anodically with the mercury. The anodic
current does not decrease linearly with the volume of mercuric chloride add-
ed, and therefore the reaction line is curved, Similar observations have
been made in titrations of mercaptans at the dropping mercury electrode and
a clear cut explanation for this peculiar behavior cannot be given at the

present time., In all mercurimetric titrations the excess reagent line was
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Table I
Amperometric mercurimetric titration at ~0.3 volt vs, S.C.E. of L ml. of 10-3
M RyySSRyy in LO ml. solution of various NsOH concentrations, KCl con-

centration was 0,05M in each case.

0.02M NaOH
ml 10-3M HgClo added current, pa Time (minutes) elapsed
between addition of
HgCl2 and measuring of
current .
0.00 0,05 10
0.05 15
0.50 3422 2
2465 7
3.00 16.70 3
15.67 10
0,215 NaOH
0,00 0405 0
1,00 5.25 1
L499 5
3.00 15,88 2
18,37 8
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gtraight and well defined.

A few mercaptans were also titrated with ethylmercury chloride at the
rotated dropping mercury electrode (R.D.M.E.) as indicator electrode.! In
all instances the agreement between the results obtained at the R.D.M.E. and
those at the platinum electrode was within 1%. From this we conclude that
the results obtained with the platinum electrode are reliable,

Figure 1 gives titration curves for mercaptoethyl guanidine (R;SH),
mercaptopropylguanidine (RyySH) and mercaptoethylamine (Ry71SH). It is seen
that the curves are similar in shape although the slope of the excess reagent
line varies to some extent in spite of the fact that a synchronous motor was
used for the rotation of the platinum electrode,

Tables II and III give the results obtained in mercurimetric titrations
of RISH and Ry{SH. It is seen that RySH and RyISH can be titrated with an
average error of L.8 and 0.3% respectively, Since the results agree well
with those obtained at the R.D.M.E. it is justified to assume that the
products obtained are not 1004 pure and that the "errors listed in Table II

and IIT really give the impurities of the products analyzed,

3. Argentimetric Titrations of Wercaptans.

Argentimetric titrations of mercaptans were the subjects of many investe
igations., Cysteine in ammonia and trise (trihydroxyethylaminomethane)
buffers give results which are 30 to 50% high.® With thioglycelicacid the
positive error is about one half of that found with cysteine.6 Sluytermans
suggested that both the carboxylate and aminogroup in cysteine are responsible
for the binding of silver by RSAg, while the gmaller error in thioglycolic

acid is due to the carboxylate group, In the absence of silver binding

(L) W. Stricks, S. K, Chakravarti, Anal. Chem, 33, 19L (1%61)
(5) L. A. Ac. Sluyterman, Biochem. et Biophys. Acta, 25, L02 (1957).

(6) I. M, Kolthoff and J. Eisenstadter, Anal. Chim, Acta, 2L, 83 (1961).



Figure 1, Amperometric titration of three mercaptans in 0,02M NaOH,

0.05M KC1 with 10-3M mercuric chloride at the rotated
platinum wire electrode at ~0.3 volt vs. S.C.E. (A) 1l

ml. of 2 x 10~3 RySH, (B) 2 ml, of 2 x 10~3M RyiSH
(C) hm, of 2 x 10=3M RIIISHo
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Table II
Amperometric mercurimetric titrations of RySH at the rotated platinum electrode
in 0,021 NaOH, 0,05M KC1 (pH 12,1) at «0.3 volt vs, S.C.E. if not stated other-
wise. The titrant was 10™3M HgCl,,

RySH, Mg Error ¥
Taken Found
0476 0.471 - 1.0(8)
0.L76 0.L51 - 5.0(a)
0.L76 0.L467 - 2,0(a)
0.T14 0.690 - Lo
04952 0.932 - 3.8
0.1k 0.690 - Lo
1,160 1.110 - 5.0
1.160 1.102 - 5.8
1.328 1.261 - 5.6
0476 0.452 - 6,0
04952 0.9k0 - 3,0(b)

(a) at =0.2 volt vs. S.C.E.



Table III
Amperometric Titration of RrySH and RrpySH in 0,02M NaOH, 0.05M KCl
(pH 12.0) at =0.3 volt vs. S.C.E. with 10=3M HgCla,

RyySH, Mg Error %
Taken Found
1,068 1,13k + 6,0
1,068 1.068 0.0
1,068 1,020 - L
1,068 1.057 - 1.0
1,068 1,048 - 1.8
1.068 1,063 - 0,5
0.53L 0.529 + 3.0
RyppSH, Me Error %
Taken Found
0.62L 0,601 - 3.8

0.62k 0,60} - 3.8
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groups (unsubstituted mercaptans, mercaptoethanol) the end point is found
at a molar ratio of sulfhydryl to silver l:l.6

The mercaptans studied so far contained amino and carboxyl groups, It
appeared of interest to study mercaptans with an amino group only such as
mercaptoethylamine and mercaptans with a group more basic than the amino
groups, such as the guanidine group, Because of its larger pK value the
guanidine group may be charged at a pH at which the amino group is present
in the uncharged state., In solutions of such a pH (for instance, pH 11) the
amino group can combine with silver while the guanidine group would be less
likely to react with silver, It was of interest to study these two compounds
and to show whether Sluyterman's postulate could be verified in these cases,
We titrated mercaptopropylguanidine and mercaptoethylamine in various buffers
in the presence of various complexing agents for silver in the assumption
that such agents, if properly chosen, may preclude or diminish the complex
formation of silver with the smino or guanidine group., Also the pH was
varied from 12 to 7 in order to study the effect of the charge on the basic
group.

Titration lines of titrations of RyrSH in ammoniacal medium are illust-
rated in Figure 2. A comparison of line 1 (clear platinum wire electrode)
with 1ine 2 (silver coated platinum wire) indicates that the result as well
as the shape of the titrastion curve depend on the surface properties of the
electrode, At the region around the end point the line obtained with the
blank platinum wire is considerably more curved than the line obtained with
the silver coated wire., The enc point obtained with the coated electrode is
therefore better defined than that given by the blank wire, It is concluded
that silver coated wire is preferable to a blank wire., Ammoniacal media
gave straight titration lines and no precipitate was observed in the course
of the titration, Tris buffers gave well defined titration lines but the

current after the end point was considerably smaller than that measured in
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Figure 2, Amperometric argentimetric titration of 1 ml. of 2 x 10-3M

Rr1SH in (1) 0.1M NH3, O.1M NH\NO3 at the clean platinum
electrode, (2) O,1M NH3, 0.,1M NH|NOj at the silver coated
platinum electrode, (3) 0.1M Tris, O.1M CH3COONa at the
silver coated platinum electrode, All titrations were
performed at =0,3 volt vs, S.C.E.

. R; REZIDYAL
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. £ 1 r
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the presence of ammonia buffers. This is seen from a comparison of line 2
with liné 3 of Figure 2, Apparentl& the diffusion coefficient of the silver-
Tris - complex is much smaller than that of the silver amino complex,
Experiments were also performed with titration mixtures containing large
amounts of chloride which, at relatively large concentrations, can also act
as a complexing agent for silver., From Figure 3 it is seen that the titration
lines are curved in the proximity of the end point, the extent of curvature
increasing with increasing chloride concentration,

In the presence of surface active agents such as 0,005% gelatin or 0,5%
Triton X~100 two excess reagent lines were generally obtained and a well
defined end point was therefore not obtainable., An example of a titration
line obtained in the presence of a surface active agent is given in Figure L,
which represents the titration of 1 ml. of 2 x 10=3M RyISH in LO ml, 1M KC1,
0.1M CH3COONa, 0.5% Triton X-100 with 10-2M AgNO3 as titrant. The end points
obtained with the first straight line correspond to errors of +2 to -2% while
the second straight line gave end points which were 25 to 16% in error. A
blank titration with a LM KC1l solution (0.1M CH3COONa) gave a perfectly straight
line and no precipitation upon addition of silver nitrate to the concentrated
chloride solution was observed.

When RIISH was titrated in the presence of chloride the formation of a
precipitate was observed before or after the end point, depending on the
experimental conditions. In UM KC1 (O.1M CH3COONa) a precipitate was some-
times observed when the amount of silver added was 10 to 20% less or more
than the stoichiometric amount. Apparently precipitate formation is depend-
ent on the rate of addition of titrant. In the presence of ammonia (LM KCl,
0,1M NH3) a precipitate was not observed until S0% of excess silver was added.
At smaller chloride concentrations (1 to 2M) a precipitate was formed only
after addition of a 100 to 1LO% excess of silver. The peculiar fact that no



Figure 3. Amperometric titrations of 1 ml. of 2 x 10=3M RyiSH in

MiCROAMPERE

(1) 1M KC1, 0.1 CH3COONa, (2) 2M KCl, O.1M CH3COONa,
(3) LM KC1, 0,1M CH3COONa with 10~2M silver nitrate at
the rotated silver coated platinum electrode at «0.2
volt vs. S.C.E.
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Figure L. Amperometric titration of 1 ml. of 2 x 10-3M RrySH in
1M KCl, O0.1M CH3COONa, 0,5% triton X-100, 2 drops of
M-octyl alcohol at the rotated silver coated platinum
electrode at ~0,2 volt vs. S.C.E.

resmrovoensaebonns
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precipitate is observed in ammoniacal or Tris-solutions while precipitates

are observed in the presence of chloride can tentatively be explained by
assuming that the silver thiolcomplex has the ability to form an amine complex,
RSAg(NH3)2 or a Tris complex which is soluble in water. In the presence of
chloride no such complex can be formed, but the complex can be hydrated and
soluble in this form. At a large concentration of potassium chloride (LM)
the complex becomes dehydrated, the water being taken up by the chloride,
This explains why a precipitate is formed in the vicinity of the end point

at large chloride concentrations while such precipitation ensues much slower
at smaller chloride concentrations. An inspection of the results obtained
in these titrations will show that the reactions involved in these tibrations
are rather complicated and it must be assumed that more than one complex is
formed in the titration mixture. Tables IV and V give the results of titrate
ions of R7ISH in various buffers, Is is seen that the results obtained in
ammonia buffers with 10=3M AgNO3 as titrant exhibit errors of 2 to -9% while
the errors in titrations with 10~2M AgNO3 vary from 8 to 28%, the resuls in
these titrations being always high. The reason for this peculiar difference
between the titrants of different concentrations seems to be the different
rate of addition of reagent. ''hen the concentration of the titrant is larger
the rate of addition is faster and local high concentrations of silver may
be built up, This may give rise to complex compounds of the formula
(RSAg)Agx and therefore to higher end points. Whether or not this explan~
ation is correct could be tested by more extensive experiments in which
titrants of the same concentration are added at different rates. If higher
results are obtained at faster rates our explanation would be confirmed,
Experiments along this line are planned. All experiments with tris buffer
gave high results with errors varying from 8 to 298, Apparently formation

of compounds (RSAg)Agy occurs, in which the silver is likely to be bound by

the guanidine group. Ammonia buffers can, under proper experimental conditions,



Table IV,

A

Amperometric titrations of RyySH in ammonia and Tris- buffers with 10~2M

silver nitrate at 0,2 volt vs, 3,C.E.

RIISH, Mg.

Buffer pH Taken Fourd Error, %
0,1M NH3, 1.0M NH)No3 8.6 0,267 0.282 + 5,0(a)
0,1M NH3, Oo1M NH,NO4 943 0,267  0.342 +28,0

" " 9¢3 0,267 0,288 + 8,0

" " 943 0,267  0.325 +23,0

" " 9.3(®) 0,267  0.273 + 2,0(a)

" " 9.3(®) 0,267 0,252 - 5.0(a)

" n 9.3 04267 0.258 - 3.0(2a)
1.0M NHy, O.1M NH\NO, 103 0,267 0,240 - 9.0(a)
0.1M NH3, 0,1M KNO3 11.0  0.267 0,213  + 2,0(a)
0.1M Tris, 0.1M CH3COONa, 0,092M
CH3COOH 7.5 04267 0.291 + 8,0
0.1M Tris, O.1M CH3COONa, 0,092
CH3COOH 7.5 0.267 0,312 +15,0
0.1M Tris, 0,1M CH3COONa 10,2  0.267  0.291 + 8.0
0.1M Tris, 0,0018M NaOH 11.3 04267 0.354 +29.0

(a) Titrant, 10=3M AgNO3

(b) Titration performed at =0.3 volt



Table V.

7B

Amperometric titrations of RyySH in chloride solutions with 10-2M silver
nitrate at 0.2 volt vs. S.C.E.

Ry1SH, Mg.
Buffer pH Taken Found Error, %
1M KC1, 0¢1M CH3COONa Toi 0,267 0.273 + 20
" " T4 0,267 0,276 + 3.0
" " 7.l 0.13L 0,141 + 5.0
2M KC1, O0.1M CH3COONa 7ol 0.267 0.282 + 5,0
LM KC1, Os1M CH3COONa T 0,267 0.273 + 2.0
" " 7.l 0,267 0,297 +10.0
" " T4 0,267 0,312 +15.0
" " T 0,267 0,306 +13.0
" " T 0,267 0.321 + 18,0
LM KC1, O.1M NHj 11.1(8) 0,267 0,297 + 10,0(b)
LM KC1, 0.02M NaOH 12,2(8) 0,267 0,306 + 13,0(b)

(a) Titration performed at =0.3 volt vs. S.C.E,

(b) Titrant, 10~3M AghO,
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give better results, The reason seems to be that ammonia forms a complex
with silver which is strong enough, so that it can compete with the guani-
dine for the binding of silver. This is not the case in Tris solutions
which cannot bind silver strongly enough so as to prevent it from combining
with the guanidine group to form (RSAg)Agx. From the data in Table IV it is
seen that a variation of pH from 9.3 to 11.0 in an ammonia buffer and from
7.5 to 11,3 in a Tris buffer has little effect on the results., In these
buffers the guanidine group is mostly present in the charged form, As ine
dicated by our results the charged guanidine group appears to have the
ability to react with silver by replacement of a proton by the metal, From
Table V it is seen that also chloride ion can be used to react with silver
to form complexes AgCL, =X which can compete with the guanidine group. How-
ever, the chloride concentration should not be markedly larger than 2M. At
larger chloride comcentrations precipitation is observed near the end point
and adsorption of silver ion on the precipitate, which may be colloidal in
the beginning, is possible. This gives rise to high results.

Table VI gives results of titrations of RyyySH (mercaptoethylamine) in
various buffers with 10-3M silver nitrate as titrant. With the exception of
one result, all results are 13 to 38% high, It is of interest to note that
while mercaptopropylguanidine can give good results in ammonia or chloride
buffers no correct results can be obtained with mercaptoethylamine in these
buffers. It appears that the amino group has a stronger complexing power
for silver than the guanidine group., ''e also have to consider that at the
pH of our solutions the amino group is uncharged while the guanidino group
is charged. Experiments with RryySH at pH 7.7 (0.1M NaNO3, 0.,1M CH3COONa)
gave a curved titration line and no end point could be determined. In a
LM KC1-0.1M CH3COONa-solution ( 1 mls of 10~3M Ry71SH) no silver nitrate

was used up by the solution and after addition of the first increment of

AgNO3 a current was measured which increased upon further addition of AgNO3,
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Table VI.
Amperometric Titrations of RyrySH in various buffers with 10~3M silver nitrate

at =0,3 volt.
RITISH, Mge.

Buffer pH Taken Found Error, %
0.1M NH3, 0.1M NH)NO3 9.4 0415 0.232 + 38.0
0.1¥ NHj, 0.05M NaNO3 10,0  0.312 0.390 + 2640

noon " " 10,0 04312 0.384 + 24,0
0,1M Tris, 0,1M NaNOy 10,2  0.156 0.222 + 33.0
2M KC1, 0,02M NaOH 12,0 0,156 0.182 + 13,0
LM KC1, 0,02M NaOH 12,1  0.1% 0.160 + 2,0
noom " " 12,1 0,156 0.212 + 28,0
LI " " 12,1 0,156 0.214 + 29,0
noow " " 12,1 0,156 0.214 + 29,0

0.01M EDTA, 0,03M NaOH
0.05M NaNOy 12,0 0.156  0.22) + 3L.0
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An explanation for this behavior cannot be given at the present time. In a
few instances (electrolyte: 2M KCl, 0,05M Borax) we found that after the end
point the current was not constant, but decreased continuously. Generally,
precipitate formation after or at the end point was followed by a marked
decrease in current due to the excess reagent, This was also observed in
titrations of Ry1SH and can probably be explained by adsorption of excess
silver on the precipitate or by a reaction of excess silver with silver
mercaptide to form an insoluble poly-silver mercaptide (RSAg)Agxe. The
formation of a deposit at the electrode and a decrease of its sensitivity
and following decrease in current cannot be excluded as a possibility in
this case., Our present experiments show that an argentimetric titration of

RITISH in the buffers investigated is not feasible,

Summarizing our results, it can be stated that amperometric mercurimetric
titrations of mercaptans at the platinum electrode can be successfully per-
formed under proper conditions of pH and buffer. The reactions between
mercaptans and mercuric chloride are stoichiometrically simple and the
results are reproducible, The platinum electrode which in the course of a
mercurimetric titrstion becomes virtually a mercury electrode can be used
repeatedly without treatment for many titrations and its sensitivity does
not change upon use, As mentioned in the experimental part, the platinum
electrode was usually silverplated and amalgamated before use in order to
have a uniform surface. Argentimetric titrations are considerably more
complex with respect to the resctions involved and to the surface conditions
of the electrode. It has been shown by our experiments and by other invest-
igatiors, that silver can form various complex compounds with mercaptans,
the kind of compound formed being dependent on the experimental conditions
such as pH, kind of buffer, concentration of reagents and rate of addition
of silver to the mercaptan, The stoichiometric end point therefore depends

upon these factors. Silver is deposited at the electrode in the form of
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crystals, the size and shape of which can be affected by the conditions of
the electrolysis and of the electrolyte, The properties of the deposit
determine the sensitivity of the electrode, its response to small currents,
and therefore indirectly the sharpness of the end point. These considerat=
ions make it clear why argentimetric titrations of mercaptans are generally
less satisfactory than mercurimetric determinations.

In spite of these difficulties we found it possible that, to a limited
extent, certain mercaptan titrations with silver are possible. Further
experiments are planned with the intention to obtain more insight into the
reactions between silver and mercaptans and the electrolysis processes in-
volved., The effect of the rate of addition of silver nitrate to the mercaptan
solution should be studied. Also, several complexing agents for silver, such
as sulfite, which can compete with the binding to the basic group, should
be explored. Since the surface conditions of the electrode are important
various treatments of the electrode will be studied. In the present studies
the variation of concentrations of mercaptan was rather limited and an ex-

tension of this line of experiments is therefore planned.
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Part II
This part is identical with a manuscript entitled "Polarography of 2-Amino-
ethanethiosulfuric Acid and 2-Aminocethaneselenosulfuric Acid" by Walter Stricks
and R, G. Mueller, submitted to the Analytical Chemistry section of the Amer-
ican Chemical Society for presentation at the llLLth National Meeting, Los

Angeles, California, March 3l-April 5, 1963,

Polarography of 2-Aminoethanethiosulfuric Acid
and
2-Aminoethaneselenosulfuric Acid
By: Walter Stricks and R. G, Mueller
Department of Chemistry
Marquette University
Milwaukee 3, Wisconsin
A polarographic study of the two antiradiation drugs 2-aminoethanethio-

sulfuric acid (HpN-CHp-CHp-S-SO3H) denoted as RSSO3H and 2-aminoethaneseleno-
sulfuric acid, (HpN-CH2-CH2-Se-SO3H) denoted as RSeSO3H is reported in this

paper. The results obtained with the two compounds are compared.

Experimental
Materials, RSSO3H and RSeSO3H were obtained from the Walter Reed Army Institute
of Research, Department of Radiology. #£ll other chemicals were commercial
analytical grade products. All solutions were prepared with double distilled
water,

The stock solutions used for the preparation of the mixtures to be electro-
lyzed were; SM ammonis, 2M ammonium chloride, 2M potassium chloride, 1M hydro-
chloric acid, 1M acetic acid, 0.2M disodium phosphate, 0.2M monosodium phosphate,
0.5% gelatin, 0.5% polyacrylamide, 10~2M RSSO3H and 10~2M RSeSO3H. Stock
solutions of RSSO3H, RSeSO3H and of gelatin were kept refrigerated if not in
use. The gelatin solution contained one drop of toluene in 100 ml. solution

to protect it from bacterial attack.
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Methods., Current voltage curves were measured at 25°% 0,1°C with the mamual
apparatus and circuit described by Lingane and Kolthoff(S) and automatically
with a Sargent Model XXI sutomatic recording polarograph. All potentials
were measured against a saturated calomel electrode (S.C.E.). Oxygen was re-
moved from the solution in the cell with a stream of Linde Nitrogen (99.996%)
pure. The nitrogen was passed through three bottles containing solutions of
the same composition as that of the buffers used for the electrolysis mixture,
During an experiment an atmosphere of nitrogen was maintained over the solution.
Corrections were made for the residual current,

The characteristics of the capillary of the dropping mercury electrode,
(D.M.E.) were: m=1.98 mg sec~l, t=l,07 sec. (open circuit, O.1M KCl, h=67.8 cm.)
The rotated dropping mercury electrode (R.D.M.E.) had the following char-
acteristics: speed of rotation 225 r.p.m., m=15,28 mg sec~l, t=3.9 sec. (open

circuit 0.,1MKCl, h=52 cm,).

The pH was measured with a Beckman Zeromatic pH meter with a glass electrode
of the 41260 type, usable for the entire pH range.

Results,

RSSO3H. Polarograms were tsken with solutions of various concentrations in
RSSO3H in buffers from pH 1 to 11, All RSSO3H solutions gave a well defined
cathodic wave. In strongly alkaline medium (0.05M NaOH, 0.95M KC1) RSSO3H
decomposes slowly, After the first hour of stanging of 10~3M RSSO3H in this
solution the polarogram was found to be unchanged. However, after 1l hours
the height of the wave was reduced from 7.2 to 4.9 ua and the main wave (E3 =
~1.16 volt) was preceded by a small prewave (E% = 0.72 volt) of a height of
0.86 wa. An anodic wave was not detected in the partially decomposed solution,
indicating that mercaptoethylamine (RSR) is not formed in the course of the
decomposition., RSSO; H has hardly any effect on the surfece tension of mercury
as indicated by the electrocapillary curve (drop time against potential)
obtained in a phosphate buffer at pH 7, (See Figure 1),



Fisure 1, Part Il 12 4.
Electrocapillary Curves of Rsso; and RSeS0
A) Supportineg Electrolyte: 0.05 M NaQHPOz,,, 0.005 M Nai{gPOu,
0.85 ¥ KCl, pH 7.4
B) with 107 M RSSOH
C) with 1073 M RSeSO3H
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The diffusion current and half wave potential of a 10™3M RSSO3H solution
at various pH are listed in Table I. It is seen that two pH regions can be
distinguished. Between pH 1l and 7 the diffusion current is practically con-
stant at various pH and the half wave potential becomes more negative with in-
creasing pHe

In the acid pH region the diffusion current increases markedly with de-
creasing pH and the half wave potential is unaffected by a change of pH in
this region., The presence of sulfite (0.2 to 0.02M) in alkaline medium has a
slight suppressive effect on the diffusion current of RSSO3H but no effect on
the half wave potertial, Experiments with a 10~3M RSSO3H solution in a phosph-
ate solution in a phosphate buffer at pH 5.l were performed with varying heights
of the mercury column (L8 to 101 cm) and the ratio 1/V;-obtained after correct-
ion for back pressure was found to be constant. The wave can thus be considered
to be diffusion controlled.
RSeSO3He From curve C of Fig. 1 it is seen that RSeSO3H, in contrast with
RSSO3H is capillary active at the mercury solution interface. Current voltage
curves of RSeSO3H were taken with solutions at pH ranging from 1.0 to 12,4 and
ionic strengths from O.1 to 1.0, Examples of current voltage curves of RSeSO3H
ere illustrated in Fig. 2 which for comparison also gives a C-V-curve of RSSO3H.
In contrast with the single wave of RSSO3H, RSeSO3H gives polarograms which
essentially consist of two waves. In the pH range between S.L and 9.3 the
C-V curve exhibits a high pesk at a potential of about -1.6 volt, In the
presence of 0.,00125% gelatin the peak is suppressed and a well defined wave
is observed at this potential, It is interesting to note (Fig. 2) that
RSeSO3H is reduced at a considerably more positive potential than RSSO3H.
Thus in a phosphate buffer at pH 7.4 the zero current potential of RSe303H is

about ~0.2 volt while that of RSSO3H is =0.8 volt. Halfwave potentials and

wave heights of RSeSO3H are listed in Table II. At pH lower than 3 the plateau
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Polarograms of (4) 103 o RSSOBH; (B), (CY, (D) 10-3 M RSeSOBH
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(4), (B) 0.05 M Na,#PO,, 0.005 M NaHe?Oa, 0.85 ¥ KC1, pH T.4

(C) 0,005 M Na,ilP0y0.05 I NaHoPOy, 0.85 M KC1, pH 5.4

(D) 0.t ™ HC1l, 0.9 M KC1, pH 1.1
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Table I, Diffusion current and halfwave potential of 10~3M RSSO3H in
various buffers,

Buf fer pH iq, ua £%
0.1M NH3, O.LM KCl, O.2M NapSO3 10,94 6,80 -1,198
0.1M NH3, O.7M KCl, O.1M NapSO3 19,9} 6.85 ~1,197
0.1M NH3, 0.9LM KCl, 0.02M NapSO3 10,8l 7,08 -1.176
O.1M NH3, 1.0M KC1 10.86 7.72 ~1,176
0.1M NH3, 0.1M NH)C1 9,20 7.18 -1.139
0.05M NaHPO);, 0.005M NaHaPO),

0.85M KC1 7432 7.92 -1,065
0.005M NapHPO},, 0.05M Na HaPO),

0.85M KC1 5.38  10.02 1,070
0.1M CH3COOH, 1.0M KC1 2,90  14.60 ~1.065

OQlM HCI, 0.9” KCI 1.08 17.00 "1 006
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Table II, Wave heights 13, 12, and i3 and halfwave potentials, E%, 2E%, 3E%
of 10~3M RSeSO3H in various buffers., All solutions contain 0,00125%
gelatin and have ionic strength one if not indicated otherwise.
Current in ua, halfwave potentials in volt vs. S.C.E.

First wave Second wave Third wave
Buffer pH i, 1E} is 2E% iy 3%
0.1M HCl, 0.9M KC1 1.0k 5.91 =0.29 11,03 =-0.38 - -
0.1M CH3COOH, 1M KC1 2,86 5,05 =0,33 10,50 =0.51 - -
CH3COO0Na 1.0M KC1 3,60 L4.00 =~0.36 9,67 =0.61 - -
0.1M CHBCOOH, 0.1M
CH3COONa 0.9M KC1  Le56 3470 <0435 9450 =056 - -
0.005M NapHPO}, 0.05M
Na HaPO), 0.85M KC1 5,36 3.80 -0.36 9.l0  =0.56 155.0 - (1)
0.01M CH3COOH, 0,1M
CHy COONa 0.9 KC1 s5.5), 3,65 -0.36 9,95 =0.66 35.0 1,45
0.1M CH3COONH),,
0.5M KC1 7.12 L4000 =0.35 L.O4 -0.58 22,2 =1,63

0.05M NagHPO),, 0.005M
Na HaPO), 0.85M KCL 7,40 3,65 ~-0.39 3.36  =0.57 18.0 -1.59

0.05M NagHPO),, 0.005M
Na HQPO%O.OSM Ka
( ) 7076 h039 -0036 2.85 "0057 18.9 -1056

0.05M NaB),07, 0.85M

Xc1 9400 3.36 =0.L1 3.23 0,62 b3 -1.7h
0.1M NHy, 0.1M

NH),CL (3) 9.28 3,90 -~0.l1 3439  =0.58 7.35 =1.69
0.1M NH3, 0,1M

NH,C1 0.9M KC1 9.32 3.75 -0.L2 3.38 <059 2.45 -1.69
0.1M NH3, O.1M KC1 30,80 L.15 =~0.L8 3.15  =0.65 - -

O.IM NH3, 1M KC1  10.88 3.80 -0.L8 3.3k ~0.65 - -

0.05M NaOH, 0.95M
xcls?S) » 095 12,40 2,28 ~0.L7 2,66 «0,6L - -

(1) 43 is the height of a peak at «1,9 volt, hence no halfwave potgi:%hal ks
(2) ionic strength is 0,35

(3)(L), ionic strength is 0,10
(5) polarogram taken 5 minutes after addition of RSeSO3H to the buffer.
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of the first wave is poorly defined and its height is larger than that obser-
ved at less acid pH. Over the pH range 10,9 to 3.6 the limiting current of
the first wave is practically constant at the same ionic strength and in-
dependent of the composition of the buffer (compare the data with phosphate
and acetate buffer at pH 5.36 and 5.5L respectively). The ionic strength
has 1little effect on the height ij , of the first wave as indicated by exper-
iments with ammonlia buffers at ionic strengths 0.1 and 1.0. The low currents
obtained in solutions at pH 12.L4 can be explained by the alkaline decomposit-
ion of RSeSO3H which is much less stable than RSSO3H in this medium. When a
solution of 10-3M RSeSO3H in 0,05M NaOH, 0.95M KCl was allowed to stand,
the height of the first wave decreased from 2.32 to 0.38 ua after L and 690
minutes respectively, while the height of the second wave decreased only from
2.85 to 2,46 ua in the same time. Apparently the second wave corresponds
to the reduction of a new substance formed during alkaline decomposition of
RSeS03H.

The variation of the height of the «f-rund wave with pH is similar to that

of the R3S03H wave, In the alkaline pH region (7.1 to 10.9) the height of

the second wave is independent of pH and practically equal to the height of
the first wave. In the acid pH range the second wave (12) becomes markedly
larger than ij.

The height of the third wave decreases markedly with increasing pH, Its
variation with the ionic strength appears to be affected by the composition
of the buffer. Thus in phosphate buffers (pH 7.LO and 7.76) of ionic
strengths 1 and 0.35, 13 is almost the same (18,0 and 18.9 ua respectively)
while in ammonia-ammonium chloride buffers (pH 9.32 and 9.28) of ionic
strengths 1 and 0.1 the values of i3 were 2,45 and 7.35 ua respectively. #
comparison of the height of this wave in a borate buffer (pH 9.0) and
anmonia-ammonium chloride buffer (pH 9.32) both of ionic strength 1 (i3=l.3 ua

shows

and 2.4 ua respectively) . that it can be affected by the composition of
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the buffer. The halfwave potentials of the three waves are little affected
by the pH of the solutions, indicating that these waves are of an irreversible
nature,

Polarograms taken with solutions of various RSeSO3H concentrations
( 5 x 10°l to 1.4 x 10=3M) at 5.k, 7.4 and 9.2 revealed that the height of the
first and second wave are proportional to the concentration while the 1i/C
value of the third wave decreases markedly with increasing concentration.

Thus at RSeS03 concentrations of 2.7 x 10~4 and 10-3M (phoephate buffer, pH
T.4) the values of 13/C tua liters mmoles~l) were 58,2 and 19.2 respectively,
indicating that the third wave is not diffusion controlled.

In order to obtain more insight into the nature of the waves, polarograms
were also taken at various heights of the mercury column and at various temp-
eratures, The ratios 114[E'and iz«[ﬁ'uere constant at various h (32,5 to 10l.6
cm) in alkaline, neutral and acid media., The temperature effect on the heights
of the waves was studied at 10, 25, and 50°C with a 10-3M RSeSO3H solution at
pH 7.1 (phosphate buffer). From Table III it is seen that the temperature
coefficients of the wave heights are within the order of magnitude of those
ordinarily observed with diffusion controlled currents, It is of interest
to note that the temperature coefficient of the first wave is lower than that
of the second and third wave in the lower and higher temperature region. All
temperature coefficients in the lower temperature range are greater than those
observed in the higher temperature range, This 1s in contrast with findings
for metal ilons whose temperature coefficients increase with increasing temper-
ature, (3), Table III also shows that the halfwave potentials of the first
and second step are shifted to more positive values with increasing temperature,
In the temperature region between 10 and 25°C the shift for the first and
second wave is 1.33 millivolts per degree and in the range between 25 and 50°C
the shifts for the two waves are 1,33 and 1.6 millivolts per degree, These

values agree favorably with results reported by Stricks and Kolthoff(8) for
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Table III, Effect of temperature on limiting current (i), 42, i3,) and half
wave potential (1B}, 2Ed, volt Ve. S.C.E.) of 10™3M RSeSO3H1in 0,05M Na2HPO),,
0,005M Na H2PO), 0.85M KC1, 0.00125% gelatin, pH 7,42. Temperature coefficient:
of (per cent/°C) =ai x 100/iy5 x At.

Temperature t, °C 10 25 50
iy 3.32 L.oL L.60
is 2.72 3492 5.68
i3 12,k 19,2 k.3
H + 1 6.0k 7.96 10,28
Qlof iy 1.19 0,56
Qof 1 “ 2,04 1.24
Qof 1, 2.36 1,06
Qlof (3 + 12) 1.61 1,17
153 -0,39 0,37 -0.35

LY ~0.59 =0,57 =053
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oxidized glutathione. They found that the halfwave potential of mxidized
glutathione was shifted to more positive values as the temperature was in-
creased from 25 to 50°C, the shift being 1.2l millivolt per degree, Apparently
the ease of breaking the bond between selenium and sulfur in RSeSO3H and the
disulfide bond in axidized glutathione increases with increasing temperature,
In this connection it should be mentioned that the temperature coefficient of
halfwave potentials of metal ions iw negative(3), a behavior which is in com-
trast with that of the compounds considered in this paper.

Polarograms taken with RSeSO3H solutions in an ammonia buffer (pH 11)
with varying sulfite concentrations (0,02 to 0,1M) showed that neither the
hal fwave potentials nor the limiting currents are affected by the presence
of sulfite.

Surface active compounds such as gelatin-at concentrations of 0,00125 to
0.01% have no effect on the polarogram of RSeSO3H, This was found for neutral
as well as for acid solutions,

At the R.D.M,E, the shape of the polarograms of RSeSO3H is the same as
that observed at the D.M.E. in acid, neutral and alkaline solutions in the
absence of surface active agents, The two steps at the R.D.M.E, occur at more
negative potentials than at the D.M.E., an observation which is usually made
with irreversible waves. Thus in a phosphate buffer at pH 7.4 the halfwave
potentials of the two steps at the R.D.M.E. are -0.L6 and -0,82 volts respect-
ively as compared to the corresponding values of =0.39 and -0.57 volt at the
D.M.E. These differences are less pronounced at lower pH. In neutral or
alkaline medium the second step is higher than the first step. Thus at pH
Toli the first and second step of a 10~y RSeSO3H solution were L.7 and 5.8 ua
respectively. This is at varience with the behavior at the D,M,E, at which
the two steps are of equal height in these media, Also, at acid pH the ratio
11/42 is larger at the R.D.M.E. than at the D.M.E. The explanation can be
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obtained from an inspection of the electrocapillary curve (Fig. 1) from which
it is seen that RSeSO3H 1s adsorbed at the electrode over a potential range
of =0.12 to =0,85 volt. The first reduction step of RSeSO3H which occurs
within this potential range is, as a maximum of the second kind(9), completely
suppressed while the second step which occurs at or beyond the desorption
potential of RSeSO3H is not or only partially suppressed by RSeSO3H. When
gelatin or polyacrylamide is added to RSeSO3H solutions the first wave remains
unchanged while the second wave is suppressed, However, the suppression of the
second wave is much more extensive than that observed previously with other
ions(9). Thus in a 10-lM RSeSO3H solution (phosphate buffer, pH 7.4) a gelatin
concentration of 0,0025% is sufficient to reduce the height of the second wave
to zero and at pH S,L 0.0125% gelatin reduced the second step from 9.59 ua
(no gelatin) to 0.60 ua. At pH 2,88 the suppressive effect of gelatin is
emaller and the second step of 10~UM RSeSO3H is reduced from 9.5 (without
gelatin) to L.l ua. An explanation for this peculiar behavior will be given
shortly,.

Discussion,

In neutral and alkaline media the diffusion current of RSSO3H is practically
unaffected by pH. Assuming a two electron reduction in this pH region, a
diffusion coefficient of 9.9 x 10'6cm2sec'1 is calculated which compares favor-
ably with that of 2-mercaptoethylamine (8.9 x 1070 cm?sec™1)(7). Thus it may
be safely concluded that the cathodic wave of RSSO3H in neutral andalkaline

soluticns involves 2 electrons, The electroreduction obviously takes place at
the sulfur-sulfur bond and the overall reaction in alkaline or neutral medium
can be expressed by RSSO3™ + 2e = RS~ + 803" (1)
The products of reaction (1) are mercaptoethylamine and sulfite which is not
reduced at the mercury electrode in alkaline or neutral medium(l).

In the acid pH region the diffusion current of RSSO3H increases with
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decreasing pH. This can be explained by the fact that sulfite is reduced in
acid medis and therefore comtributes to the increased limiting current of
RSSO3H in these solutions, Moreover, it is seen from Fig. 3 that the sulfite
wave in'acid solution behaves similar to the RSSO3H wave in that its limiting
current also increases with decreasing pH. The mechanism of the electro re-
duction of sulfite has been discussed by Kolthoff and Miller(l) and more
recently by Cermak(2)., Assuming that the two electron reduction of RSSO3H
according to equation (1) gives approximately the same wave height in alkaline
and acid medium the contribution of the reduction of sulfite to the overall
height of the RSSO3H wave can be calculated at various acid pH by deducting
the height of the RSSO3H wave at pH 7.4 (no sulfite reduction) from the overall
heights of the RSSO3H waves at acid pH, For 10~3M RSS03H solutions one obtains
2.1, 6.7 and 9,1 ua at pH S.L, 2.9 and 1,1 respectively, These values are of
the same order of magnitude as the heights of the sulfite waves (3.7, 6.6 and
8,8 ua) obtained with 10~3M sulfite sclutions at the same pH (Fig. 3). This
agreement supports the assumption that sulfite is one of the products of the
electroreduction of RSSO3H according to equation (1),

If the electrode reaction according to equation (1) were reversible the
plot log (1.d-:l)/12 versus the potential should yleld a straight line with
slcpe of 0.0295. An example of such a plot obtained with a 10-3M RSSO3H
solution (phosphate buffer, pH 7.i) is given in Fig. L. The plot is a straight
line with slope 0.089. Similar results were found in solutions at pH 10,9
and 2,9. The plot log (ig=-1)/i versus E which is also given in Fig, 4 is a
atraight line of slope 0.137 which has no theoretical meaning. Since sulfite
is one of the products of reaction (1) it was thought that the presence of an
excess of sulfite may change the characteristics of the wave, Polarograms
were therefore analyzed of ammoniacal solutlions which were 0,2M, 0.1M and 0,02M
in sulfite. For a reversible wave the slope log (ig-i)/i vs. E would be 0,0295,

However, straight lines were obtained which had slopes of 0,16, All these
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observations as well as the behavior of the wave at various pH point to the
fact that RSSO3H is reduced irreversibly at the D,il.E.

The sum of the height of the two steps of RSeSO3H is about equal to the
height of the RSSO3H wave in the same pH region, indicating that the two steps

of RSeSO3H correspond each to & one electron reduction. Apparently a free

radical is involved and the two reduction steps in neutral or alkaline medium
can be represented by the following equations:

RSeSO3T + e = RSe™ + SO3~ (2)
S04+ + e = S0y (3)
RSeSO3~ + 2¢ = RSe™ + SO3~ (W)

the overall reaction being analogous to that of equation (1), The increase

of the height of the second wave with decreasing pH can, of course, be explained
by the reduction of sulfite in acid medium, A quantitative evaluation of the
contribution of the azulfite reduction to the height of the second wave can
hardly be made with reasonable accuracy since the plateau of the first wave
becomes ill defined as the acidity is increased. The halfwave potentials of
the second wave of RSeSO3H in acid solutions (-0.38, -0.51 and -0.56 volt at pH
1.1, 2,9 and 5.4 respectively) are approximately equal to those of the sulfite
waves (=0,36, =0.51 and =0.6L4 volt) in solutions at the same pHe This is the
reason why a separate sulfite wave cannot be detected in polarograms of RSeSO3H
in acid solutions, The double wave obtained with a 10~3M RSeSO3H solution in
an ammonia-ammonium chloride buffer (pH 9.2) was analyzed, The first wave gave
a plot log (14-1)/1 vs. E which consisted of two parallel straight lines of
slope 0,057 while the plot log (i4=1)/12 vs, E was an S-shaped curve, The plot
log (1a-1)/1 vs. E of the second wave was a straight line of slope 0.079 and
the plot log (1d-1)/12 vs, E for this wave was a curved line, This indicates
that the waves of RSeSO3H are irreversible,

The reactions involved in the third wave which occurs in the pH regicn of



JUR—

23,
5 to 9 is not known, Apparently the wave which is extremely high at low pH
and low at high pH is of a catalytic kinetic nature,
The disappearance or partial elimination of the second wave of RSeSO3H in

the presence of gelatin at the R.JD.M.E. can be explained by the dow rate of the
electrode process at the second step at this electrode, Apparently in the
presence of gelatin the reduction is still more sluggish., It is thus reasonable
to assume that the free radical 503+, instead of being reduced, polymeriges
according to 25037 = $206 (5)

to form dithionate, Dithionate is inactive at the mercury electrode(10), (6)
and the second wave is therefore eliminated. As the acidity of the solution
is increased the suppressive effect of gelatin becomes less pronounced and the
second wave is only partially suppressed at pH 2.88. A tentative explanation
would be the assumption that the polymerization of the free radical SO3H’ to
form HoSOg is slower than the electrode process. One also has to consider

that Sp0¢™ can yield sulfite(l) according to: 3206" + H20 = H2S03 + SOL™(6)

The reduction of chemically formed sulfite being responsible for the second
step of the polarogram, Separate experiments with sulfite at pH 2,88 at the
R.D.M.E, showed that the sulfite wave is suppressed by gelatin in a normal
fashion,
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Part III

Catalytic Polarographic Phenomena in Solutions of Organic Sulfur
Compounds
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Introduction

This part deals with investigations of a number of peculiar phenomena

observed at the dropping mercury electrode in ammoniacal solutions containing

cobalt and sulfhydryl or disulfide or thiosulfate compounds, When electro-

lyzed at the dropping mercury electrode, many of these compounds give high
current peaks at potentials of =l.,4 to =1.,9 volts versus the saturated calomel
cell, Because of their abnormal height, these peaks were attributed to

catalytic phenomena, Since its discovery some 30 years ago, a tremendous

amount of work in this field has been published in the literature all over the

world. However, the mechanism of the electrode reactions involved in these
phenomena is still unexplained, In spite of this fact, the catalytic current
produced in the presence of sulfhydryl and disulfide compounds of biological
interest such as proteins and amino acids, were applied widely as a test in
the diagnosis of cancer, and aroused wide interest in the biological and bio-
chemicel fields,

In recent years, sulfhydryl and other sulfur compounds were found to have
radiation protective properties, and many investigations of these compounds
are nov under way. In this connection the catalytic effects produced by these
compounds at the dropping mercury electrode became again of great interest.
The polarographic effects can be helpful for a study of the interaction of
these compounds with serum proteins before and after irradiation, a study
which may throw some light into the mechanism involved in the radiation
protective activity of these compounds. It was with this aim in mind that
the present studies were initiated, this work consisting of three series of
inter-related studies,

The first section deals with the study of just which sulfur compounds give
a "catalytic wave", and at which concentrations, since not all the mercaptans
investigated give waves,

The second part consists of the variation of experimental conditions,
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Variables such as concentration of buffer (ammonia, ammonium chloride), the
presence of the metal ions of mercury(II), copper(1I) and silver(I) were found
to effect the "catalytic wave',

The third section of this work is the description of a few preliminary
experiments which were performed at the rotated dropping mercury electrode.
This electrode proved to be as versatile as the dropping mercury electrode,
and enabled the investigation to be extended to concentrations which were
lower than those performed at the conventional dropping mercury electrode by
a factor of ten.

CATALYTIC WAVES

It has been known for some time that the preserce of small amounts of
certain mercaptans will markedly change the shape of the current-voltage curves
of the reduction of cobalt and nickel ions at the DME,

The normal current-voltage curve for the electrolysis of cobalt(II)
ammine complex (see Fig. 1A) is characterized by a decomposition potential
of about =l.1 volts versus SCE, and by a large maximum at about -1,25 volts
vs. SCE, The current at potentials more negative than -l.l4 volts corresponds
to the normal diffusion current, This flat diffusion region continues to
about =1.,9 volts vs, SCE, where the reduction of hydrogen ions begins to take
place, causing a sharp increase in current.

Now if the cobalt(II) solution mentioned above is made 10~6 to 10~5M in
mercaptan, for example cysteine (CSH), an entirely different current-voltage
curve will be obtained, (See Fig. 1B). The decomposition potential of the
cobalt(II) ammine complex is shifted to a more positive potential, indicating

of cobalt (8).
that cysteine c¢-t:) v7s te cnrositior / Most notable, however, is the change
brought asbout in the diffusion current region of the cobalt(II) ammine wave.

The relatively constant diffusion current, which was one of the character-
iatics of the cobalt(II) wave, is replaced by a "peak" or large increase, in
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current, which ia many times higher than the diffusion current of cobalt(II).

This peak, or wave begins at about =~1.3 volts vs, SCE, passes through a
maximum in the range =l.7 to =1.9 volts, then falls off, until hydrogen is
evolved., The relative height of the peak or wave (the names will be used
interchangeably in this report) is indicated by icat in Figure 1B, and is
determined by subtracting the current due to the reduction of the cobalt(II)
ion, igy from the taotal current at the peak, igetal, or,

lcat = itotal - ico (1)

The final incresse in current at «1,9 volts versus SCE is again due to
the evolution of hydrogen.

The results of the first comprehensive study of this peak on the cobalt
wavSBIndicated that the height of this wave depends on the concentration of
the mercaptan and cobalt ion, and is affected by the concentrations of the
buffer and any other electrolytes present in the solution. The reaction in-
volved, according to this investigation (3) is the catalytic evolution of
hydrogen. Brdicka (3) therefore called these waves "catalytic hydrogen waves",

Brdicka considered two possible mechanisms for hydrogen evolution, ine
volving two different "catalysts", First, the production of a cobalt amalgam,
which acts as a catalyst, or, second, the production of an activated form of
the mercaptan, which acts as & catalyst.

Nkovic (7) found that the polarographic wave of cobalt(II) chloride,
in the absence of any trace of electrolytes, does not show the normal diffusion
current of cobalt, but rather, that the current increases almost linearly with
increasing applied potential, Ilkovic explained this effect‘ﬂue to the evolut-
ion of hydrogen, catalyzed by the cobalt amalgam formed, According to Brdicka,
this effect (catalytic evolution of hydrogen by means of cobalt amalgam)
cannot occur in the case of the catalytic hydrogen waves caused by mercaptans
because of the presence of large amounts of electrolytes; in fact, these
catalytic waves will not occur in the absence of electrolytes, Ilkovic's
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mechanism must also be discerded, according to Brdicka, because cobalt(TII)
ions do not give the catalytic waves with cysteine, which they should if the
formation of an amalgam 13 necessary.

Later work has cast some doubt on the validity of the cobalt amalgam
catalyst theory, It has bsen found (8) that cobalt(III) ion does indeed give
a catalytic wave with cystine,

The mechanism considered by Brdicka (3) is that of the reduction of the
mercaptan, or formation of an activated form of mercaptan, According to this
theory, the sulfhydryl group (RS~) is supplied to the electrode-solution
interface by some cobalt(II) complex, Once at the interface, the sulfhydryl
group is attracted to, and is activated by, the potential gradient near the
electrode, the activated sulfhydryl group (RS*) then acquires a proton from
a well buffered solution; it is this proton, attached to the activated

sulfhydryl group, which is reduced,

RS* = RS™*, 1in the potential gradient (2)
RS™™ + H20 = RSH* + OH" (3)
RSH¢ + e = &H, + RS™ (L)
O + H* = H20 (5)

where RSH refers to the general formula of mercaptans. The RS~ formed in
reaction (L) rapidly re-cvcles through the first step of the mechanism, and
the concentration of hydrogen ions near the electrode is maintained by the
buffer. The overall reaction is then the decomposition of water,

The main trouble with the mechanism of Brdicka is that it does not ex-
plain the role of the cobalt ion; once at the electrode surface, the RS™
is re-cycled through the process, and cobalt ion does not enter into the
picture anymore.,

In a more recent study, Brezina (1), using the hanging drop mercury elec~
trode, indicatea that the formation of a cobalt amalgam is not involved., In

his series of experiments, Bregina allowed cobalt amalgam to fom. on the
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mercury drop by electrolyzing for several minutes at -1,1 volts versus SCE
before taking the polarogram of the catalytic maximum, It was found that a
decrease, rather than an increase, in height of the catalytic wave occurred,
Brezina also found that ethylenediaminetetracetic acid could remove the
catalytic wave; this is probably due to the effective removal of cobalt from
the reaction series by the EDTA,

Bregzina reports (1) that certain amino acids, namely histamine, histidine,
and uric acid, give catalytic waves, and states that "almost all sulfhydryl
compounds give the catalytic effect in cobaltous solution, whereas only a few
nitrogen compounds without sulfhydryl groups are catalytically active'.

Brezina also states that the cobalt(II) and nickel(II) ions form chelates

with proteins and amino acids, and in doing so, facilitate the electrode re-
duction of hydrogen. Since Brezina's theory requires a chelate at the potential
at which the maxima occurs, he has to assume that the metal "remains in the
catalytically active complex for some time after its reduction". Thus,

cobalt in oxidation state zero would have to form a complex which is stable
enough to act as a catalyst,

Kalous (8) also studied the catalytic deposition of hydrogen at the hanging
mercury electrode, and came to the conclusion that it cannot be excluded that
cobalt, reduced from some complex other than the hexamine, takes part in the
catalytic reaction.

Fraser, Owen, and Shaw (L), in a study of a series of mercapto-acids, found
that only the alpha-mercapto acids gave catalytic waves in the usual sense
(a recognizable peak at 10~M concentration), the beta-mercapto acids giving
only a poorly defined inflection point under the same conditions, Also, it
was reported by Shaw et al. that the presence of an amino group greatly in-
creases the height of the maxima which a compound will produce. For example,
these authors found that 3-mercaptopropionic acid does not give a peak, while
homocysteine (gamma-mercapto-alpha~aminobutyric acid) gave a wave, These
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authors also concluded that a compound would not give a catalytic peak unless
it contained a carboxyl group.

Up until this point, all the theories discussed considered the catalytic
maxima to be due to the evolution of hydrogen. Weronski (13), however, proved
that the catalytic peak was due to an increase in the rate of the reduction
of cobalt, not the evolution of hydrogen, Weronski passed equal currents
through identical solutions (10~3M cobalt(II) chloride, 10’5M cystine, O.1M
ammonia, and O.1M ammonium chloride), at two different potentials, -1.35 volts,
and =1.65 volts. The only reaction occurring at =1.35 volts is the reduction
of cobalt(II) ions while at =1,65 volts, the potential of the catalytic peak,
there are two possible reactions. First, the deposition of cobalt alone, or,
second, the combined deposition of cobalt and hydrogen., After the passage of
equal amounts of electricity through the soclutions at the two different
potentials, it weas found that the cobalt waves were reduced by the same amount
in both cases. Thus, the same reaction must have taken place at both potentials
i.e., deposition of cobalt, Weronski goes on to suggest that the cobalt iona
are probably transported to the electrode surface in a manner similar to that
observed in a polarographic maxima, that is, by movement of the solution at
the solution-electrode interface,

Stricks and Kolthoff (1) have devised a rotated dropping mercury electrode
(RIME), the sensitivity of which is about ten or more times as great as the
conventional DME,

This electrode consists, essentially, of a rotated U tube from which mercury
droplets are dislodged upwards into the solution., The speed of rotation is be-
tween 100 and 300 revolutions per minute,

Currents at this electrode are actually maxima of the second kind, that is,
currents caused by motion of the mercury in the drop. As currents at the RDME
are usually controlled by stirring, it will be of interest to see whether

catalytic waves also occur at this electrode,
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MATERIALS AND EQUIPMENT
Sargent Model XXI Automatic Recording Polarograph, Constant Temperature Water
Bath, Beakers and Pipets of various sizes, Volumetric Flasks, 1000, 500, 100,

and 50 ml,

Reagents Sources Molarity of Stock Solution
CuSO},+5 Ho0 Mallinckrodt 10-2, 10-3
Ag2S0), Mallinckrodt 10-3
HgCl2 Merck 10~3
CoSOl»7 Ho0 Mallinckrodt 10~2
CoC12.6 H20 " 10~2
Co(NH3)6C13 G. Frederick Smith Chem. Co. 10-2
NiCl2.6 H20 Mallinckrodt 10~2
NH),C1 Baker 2

KCl Mallinckrodt 2

KI " 2

KNO3 " ]

NHy du Pont 5

Gelatin Atlantic Gelatin Co. 0.5%

Mercaptans Used: (all stock solutions of mercaptans being 10™3M).

Aminoethylisothiouronium bromide hydrobromide, HoNCHpCH2SC(NH2)(NH)-.2HBr
Walter Reed Institute of Research, representation: AET

Note: the compounds sminocethylisothioronium bromide hydrobromide and amino-
propylisothiocuronium bromide hydrobromide undergo rearrangement in alkaline
medium to form the respective mercaptoalkyl guanidines, mercaptoethyl guanidine
and mercaptopropyl guanidine:

H2N CH2CH2SC(NH2) (NH)-2HBr + NaOH = HSCH2CH2NHC(NH2)(NH) .HBr + NaBr + H20

Aminopropylisothiouronium bromide hydrobromide -~ HoNCH2CH2CH29C(NH2)(NH)«2HBr
Walter Reed Institute of Research, representation: APT

Mercaptoethylamine hydrochloride - HCl°*H2NCH2CH2SH
Walter Reed Institute of Research - representation: MEA

2-aminoethanethiosul furic acid - H2NCH2CH2SSO3H
Walter Reed Institute of Research, representation: RSSO3H
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2-aminoethaneselenosulfuric acid - HoNCH2CH2SeSO3H
Walter Reed Institute of Research, representation: RSe303H

2-mercaptoethanol - HO CHpCHaSH
Eastman Organic Chemicals

Je-mercaptopropylamine hydrochloride - HC1 - H2NCH2CHoCH2SH
Walter Reed Institute of Research

N-decylaminoethane thicl - (CyoH21)HNCH2CH2SH

Walter Reed Institute or Research - Note: the sample was not soluble, but
gave a colloidal suspension after treatment of 0.1087 g. of the sample
with 10 ml. of 1M sodium hydroxide and dilution to 500 ml.

N,N'-bis(mercapt.oacetyl) hydrazine - HSCH2CONHNHCOCH2SH
Walter Reed Institute of Research

Diethyldithiocarbamic acid (sodium salt) - (CaHg)oNCSSNa<3 H20
Eastman Organic Chemicals

L(+) cysteine monohydrochloride monohydrate - HSCH2CH(NH2 ) COOHe HC1 « H20
Pfanstiehl, representation: CSH

3-mercaptopropionic acid - HSCH2CH2COOH
Eastman Organic Chemicals, representation: PSH

Mercaptoacetic acid, or, thioglycolic acid - HSCH2COOH
Eastman Organic Chemicals, representation: TSH

Thiomalic acid - HOOCCHSHCH2COOH
Evans Chemetics

Thiclactic acid - CH3CHSHCOOH -- Evans Chemetics
Thiosalicylic acid, or, O=hydroxybenzoic acid - HO CgH),COOH, Evans Chemetics

N,N-dimethylaminoethanethiol hydrochloride - HC1+(OH3) 2NCH2CH2SH
Evans Chemetics

2-amino-l-pentanethiol -~ CH3CH2CH2CH(NH2)CH28H
Walter Reed Institute of Research

The characteristics of the DME used are: m = 1.985 mg/sec
t = .07 sec.
h - 67.8 Che

These characteristics were measured in O,1M potassium chloride, at 25°C, with no
potential impressed on the DME,
The characteristics of the RDME used are: m = 15,28 mg/sec

t = 3,9 sec.
he 52.0 cm.
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These characteristics were measured in 0.1M potassium chloride at 25°C, with

no potential impressed on the FDME.

PROCEDURES
Preparation of Solutions:

A1l solutions were prepared with double distilled water. Mercaptan solut-
ions were prepared in water which had been made oxygen free by passing a stream
of nitrogen (Linde, 99.996% pure) through for 15 minutes; these solutions were
preserved by continmuous passage of nitrogen through them. Fresh solutions
were prepared daily., These precautions were not taken with the disulfides and

the Bunte salts, RSSO3H and RSeSO3H, as these are not oxidized by oxygen.

Sample Experiment: Into a beaker were added enough ammonia, ammonium chloride,
inert electrolyte (if any was added) gelatin, and water to make the final
volume of solution, including cobalt(II) or any other metal ion and mercaptan,
exactly LO.00 ml.

The background electrolyte (without metal ion or mercaptan) was deaerated
with nitrogen which had been passed through three bottles of ammonia~ammonium
chloride solution of the same concentration as that of the solution to bs
electrolyzed. To the deaerated electrolyte was then added, by means of a pipet,
the proper amount of cobalt(II), or any other metal ion solution. The electro-
lyte-metal ion solution was then deaerated, and the proper amount of oxygen
free mercaptan solution was added.,

The potential of the DME was varied continuously from O to =2.0 volts vs,
SCE, and the current was recorded automatically with a Sargent model XXI Polaro-
graph. The current was then measured at the appropriate potentials, The drop
time of the electrode and the pH of the solution were measured after each
experiment,
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RESULTS AND DISCUSSION

The effect on the cobalt(II) ammine wave of the mercaptans and Bunte salts,
mercaptoethyl guanidine, mercaptopropyl guanidine, 2-mercaptoethylamine,
2-aminoethanethiosulfuric acid, 2-aminoethaneselenosulfuric acid, 2-mercapto-
ethanol, 3-mercaptopropylamine, N-decylaminoethane thiol, N,N'~-bis(mercapto-
acetyl) hydrazine, diethyldithiocarbamic acid, cysteine, 3-mercaptopropionic
acid, mercaptoacetic acid, thiomalic acid, thioclectic acid, thiosalicylic acid,
N,N-dimethylaminoethane thiol, and 2-amino-l=pentane thiol were investigated.

The compounds listed in Table I gave catalytic maxima at concentrations
of L x 10~M or greater, while the other compounds investigated gave catalytic
maxima only at concentrations of the order of 10~UM or greater. (See Table IV)

The particular effects noted for the eight compounds found to give catalytic
maxima will be discussed in the order of conditions varied.

Variation of Concentration of Mercaptan: The polarograms obtained with the
various mercaptans listed in Table I are all similar in appearance, and resemble
that given in Fig. 1, as well as those determined by Brdicka (3) for cysteine.

The concentration range over which these mercaptans were able to induce
the catalytic effect was found to begin at about 10‘6M and to continue to about
107lw,

In general, it was found that peak height varied linearly with concentrat-
ion of mercaptan over the range 2 x 10'6M to 2 x 10“5H, although there is some
variation among the compounds themselves. For example, the peak height due to
thiomalic acid varies linearly with concentration up to a concentration of
L x IO'SM, while that of CSH was linear only up to 107, (See Fig. 2),

Concentrations higher than 7 x 10-5M were not investigated in the cases
of those compounds which gave a peak at low concentrations because the height
of the catalytic peak becomes independent of the mercaptan concentration at
these high concentrations; this is illustrated by the levelling off of the

concentration versus peak height curve, (See Fig. 2).
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Effect of Concexatr-tion of Mercaptann on Peak Height
All Solutions: 0,1 ¥ Ammonia, O.1 M Ammonium Chloride, and Varlable
4) XN,N-dimethylaminoethane thiol, 10=3 N CoCl,, and 0.00125% Gelatin
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36,

Height and "Pesk Potential" of the Catalytic Waves of Various Mercaptans (RSH)

at Various RSH Concentrations.

A1l Solutions: 1073M, CoCl2, 0.1M NH3, O.1M NH4Cl, and 0.00125% Gelatin.

L

ua®* voltsk ua volts

RSH x 10-6 2
N,N-Dimethylaminoathane
Thiol - -
2-amino-l-pentane Thiol 2.4 =1.64
MEA (1) - -
RSSO3H (1) - -
Thiolactic Acid 3.4 =17k
CSH 9.0 =1.65
TSH (2) 6.8 -1.80
Thiomalic Acid S.8 -1.68
10

ua volts
N,N~Dimethylaminoethane
Thidl 2.6 =1l.70
2-amino-l-pentane Thiol 10.5 ~1.68
MEA (1) 8.2 =l.6L
R3S04H (1) 8.8 <=1.66
Thiolactic Acid 17.8 =1.80
CSH 36.8 =1,72
TSH (2) 33.0 -1.83
Thiomalic Acid 30.8 -1.72

0.7 =~1.66
Lol =1,66
2.4 =1.60
3.0 -=1.68
646 =174
17.6 =1,68
13.4 -1.81
13,8 =1,69

20
ua volts

7.5 «1.70
22,5 =1.69
18.8 =1,69
20.0 -1.69
36.0 =1.81
572 =1.77
76,8 <1.89
$9.9 ~1.78

6 8

us volts ua volts

- - 801 "1067

h.6 "106’4 5.6 "1.66

- - 702 "1.66

- = 13.2 -1.78

- - 31.6 -1.70

- - 2)408 -108)4

- - 2706 -1.71

Lo 50 70

ua volts ua voltsua volts
18,6 -1, 74 ~ = 39,1 -1.80
38.5 "'107,4 - - 58.2 -1.80
3840 =1.7h 186 «1.B634T =177
hlcl-l "107h - - 62.6 -1.78
6606 "1.81-1 - - 10105 “1090
73.8 "1.79 - - 91.8 "1.821

12907 ‘1095 - - - -
116,0 =1.84 = =~ 161.0 -1,.89

*ua refers to microamperes, volts refers to the potential at which the peak

was measued

(1) 10~3M CoS0), not 10-3M CoClp, and no Gelatin

(2) The actual mercaptan concentrations are 2,01, L.0l, 8,02, 10.3, 25.5, and
0.1 x 10~6, rather than 2, L, 8, 10, 20 and L0 x 10~3,
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It will be noticed that the graphs of Figure 2 do not pass through the
origin as would be expected. This effect was also noted by Brdicka (3) who
attributed it to the absorption of mercaptan on the walls of the apparatus,

For a given mercapten, the potential at which the peak occurs, denoted
here as "peak potential", shifts to more negative values as the concentrations
of mercaptan increases, (See Table I).

For different mercaptans at the same concentration, the pesk potential
shifts to more negative values as the height of the wave increases, Thus, at
8 given mercaptan concentration, the mercaptan which gives the highest peak
probably will have the most nefjetive peak potential,

If one combines the trend in the peak potential with variation of mercaptan
concentration, and with that of variation of the specific mercaptans, the peak
potential becomes more negative as one goes from left to right, or, from top
to bottom in Table I. In general, the trends indicate that the higher the peak,
the more negative the peak petential,

It happens quite often, because of the large currents involved in catalytic
maxima, that the current-voltage curve, as recorded by the automatic instrument
is quite irregular, This situation was usually remedied by the addition of a
trace (0,00125%) of gelatin. It was found that gelatin, in concentrations of
up to 0.00375%, has very little or no effect on the height or peak potential
of MEA, (See Tsble II).

The relatively small effect of gelatin indicates that the process controll-
ing the catalytic maxima is not the same as that in other polarographic maxima,
since polarographic maxima are usually reduced in height by the presence of
trace amounts of gelatin,

It should also be mentioned that the anion of the cobalt salt (either
sulfate or chloride) has no observable effect on the height or peak potential
of the peak of MEA, (See Fig. 2, curves C and D),

It vas found that the height of the peaks produced by RSSO3H and MEA are



Table II,

Effect of Gelatin on the Height of the Catalytic Maximum of MEA

All Solutions: 10=3¥ CoS0),, O.1M NHy, O.,1M NH),Cl, and Various NMEA
Concentrations in the Absence of Gelatin and in the
Presence of 0,00375% Gelatin,

MEA X 100 R 6 10 20 30 Lo 50 70
ua, no Gelatin 2.4 L6 8.2 18.8 29.Lk 38,0 L9.6 63.7
at... volts 1,60 =1l.6L4 ~1l.64 -1.69 1,72 @l 7h «1476 =1.77
va, 0,00375%

Gelatin 3.0 Lok 8.2 18,0 274 39.4  LS5.8 65.6
at... volts -le6Lh <16k  -1.66 -1.70 <1470 =1.7h =1.75 ~1.78
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quite similar. The Bunte salt can be reduced to MEA, the proposed reaction

being (12)

RSSO3H + 2 e = MEA + SO03® (6)
the halfwave potential of this reaction being about ~l.1 volts versus SCE.
Thus, RSSO3H is converted to MEA at the electrode surface, and the MEA is the
actual species involved in the catalysises The amount of MEA present at the
electrode surface will be controlled by the differences in the rate of diff-

usion of RSSO3H to the electrode surface and the rate of diffusion of MEA away
from the surface, Because of the similarity of MEA and RSSO3H, and probable
small difference in diffusion coefficients, the rate of diffusion to and from
the electrode will be sbout equal, It follows then that the system with RSSO3H
near the electrode surface can be treated the same as if the bulk of the
solution were a solution of MEA of the same concentration as the actual concen-

tration of RSSO3H. Thus, provided that the diffusion coefficients are nearly
equal, MEA and RSSO3H should give catalytic waves of the same height,

Concluding, it can be seen that the catalytic maxima depends on the species
of mercaptan at the electrode surface, and not on the species in the bulk of
the solution.

It is of interest to note that experiments with 2-aminoethaneselenosulfuric
acid (RSeSO3H) revealed that this compound does not give a catalytic effect.
The effect thus seems to be specific for sulfur compounds,

The formulas of the compounds found to give catalytic waves are given in
Table III,

The most interesting and obvious difference in behavior of the compounds
investigated can be seen by comparing the data for 2-mercaptoethylamine and
thioglycolic acid with that of the next highest homologs, 3-mercaptopropylamine
and 3-mercaptopropionic acid, At a concentration of 2 x IO‘SM, the first two

compounds give peaks of 18.8 and 76.8 ua, respectively, while at the same
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Table III.
Formulas of the Mercaptans Found to Give Catalytic Peaks:

HoNCHpCHpSH 2-mercaptoethylamine
CH3CH2CHRCH(NH2) CHoSH 2-amino-l-pehtane thiol
HaNCHaCH8809H 2-aminoethanethiosulfuric acid
(CH3 ) oNCHoCHoSH N,N-dimethylaminoethane thiol
HOOCCH(NHp) CHSH cysteine

HOOCCHoSH thioglycolic acid

CH3CHSHCOOH thiolactic acid

HOOCCHSHCH2COOH thiomalic acid
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concentration, the second two do not even cause any irregularities in the
cobalt diffusion wave,

The compounds which give a catalytic wave all have one thing in common
with each other, and one thing different from the compounds which do not give
a catalytic wsve, and that is an ethyl "stem" with a mercaptan group on the
number one carbon atom, and a carboxyl or an amino group on the number two
carbon atom, respectively, The compounds 2-mercaptoethylamine and thioglycolic
acids are of this form, On the other hand, the compounds 3-mercaptopropylamine
and 3-mercaptopropionic acid do not give a catalytic peak, and they do not
have the ethyl stem with sulfhydryl and amino or carboxyl groups on adjacent
carbon atoms.

The addition of a ~COOH group increases the height of the catalytic peak.
For example, the catalytic peak of cysteine (stem plus -COOH) im three times
as high as that of 2-mercaptoethylamine (plain stem), the heights being 57.2
and 18,8 ua resvectively, for solutions which were 2 x 10‘5M in mercaptan,
10~3M in cobalt(II), 0.1M in ammonia and ammonium chloride, and 0,00125% in
gelatin,

This increase in current caused by the addition of a carboxyl group or an
amino group is in agreement with the results published by Fragzer, Owen, ‘nd
Shaw (L), and Brezina (1).

Frazer, Owen, and Shaw found that all the alpha-mercapto acids investigated,
namely alpha-mercaptopropionic acid, mercaptosuccinic acid, alpha-mercapto-
glutaric acid, alpha-mercaptoadipic acid, and alpha-alpha'-dimercaptoadipic
acid all gave catalytic peaks in the range -1.8 to -1.9 volts vs, SCE. This
study (L) also showed that the beta-mercapto acids gave only a slight inflection
point at -1.8 volts vs, SCE,

It 1s also of interest that the alpha-alpha'~dimercaptoadipic acid (L)
which has two clusters of functional groups, each having one sulfhydryl group

and one carboxyl group in close proximity, gave a wave which was about twice



as high as that of alpha-mercaptopropionic acid, which has just one such
cluster. The structural formulas of these compounds are:
HOOCCHSHCH2C HoCHSHCOOH alpha-alpha'=-dimercaptoadipic acid
HOOCCHSHCH3 alpha=-mercaptopropionic acid

These authors (L) state that homocysteine (gamma-mercapto-alpha-aminobutyric
acid) gives curves almost identical to those of cysteine. From these data,
the authors (L) concluded that the presence of the amino group greatly increases
the sensitivity of the catalyzed reaction of the mercapto acids,

In the second study (1) it was found that the compounds histamine, histi-
dine, and uric acid (none of which contain an -SH group) gave catalytic maxima,
although these maxima were considerably lower than those compounds containing
an =~SH group.

Our results, and those of Fragzer, Owen, and Shaw, and Brezina are in
agreement, The data of 8ll three studies indicate that the amino group not
only increases the sensitivity of the catalysts, as in (L) but can actually
bring about the reaction. For example, 3-mercaptopropionic acid does not give
a wave, whereas cysteine (2-amino-3-mercaptopropionic acid) does. All three
of these studies indicate a general rule, and that isy; the species causing
the catalytic peak contains st least two or three different types of functional
groups, the possible groups being the sulfhydryl, amino, and carbaoxyl groups.
It the compound contains only two functional groups, they must be in the alpha
position to each other, as in the case of 2-mercaptoethylamine. If the species
contains more than two of the three possible functional groups, these groups
need not be in the alpha position, but can be further apart fram each other,
especially apart from the mercapto group, as in homocysteine (alpha-amino-
gamma-mercaptobutyric acid),

As a qualitative rule governing the relation between the height of the
catalytic wave and the structure of the compounds, it can be stated that the

more carboxyl, amino, and sulfhydryl groups the compound contains, and the
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closer these groups are together in the molecule, the higher will be the
catalytic peak,

Apparently, the stability and kind of complex formed between cobalt and
the sulfhydryl compound greatly affects the height of the catalytic peaks.

The behavior of four mercaptans which do not give waves at low concentrat-
ions (10'6 to IO'SM), namely mercaptoethyl guanidine, 3-mercaptopropionic acid,
3-mercaptopropylamine, and thiosalicylic acid were studied at higher (up to
10-3M) concentrations. It was found that all four compounds gave rise to a
catalytic maxima if the concemtrations were high enough. (See Table 1V),

The atudy of the compounds which give waves at high concentration only was
limited to the investigation of the effect of mercaptan concentration on peak
height. The effects noted are described in the following paragraphs,

The effect of concentration of AET on the height of the catalytic maxima
cannot be determined because the wave is small, and merges with the normal
hydrogen wave at an AET concentration of 7.5 x 10-Lm,

3-mercaptopropionic acid gives a catalytic wave whose height varies
linerary with concentration over the range 7 x 10"S to 6 x lo‘hM; at higher
corcentrations, the height of the peak becomes independent of concentration
of thiosalicylic acid.

The peak potentiasls of the catalytic waves of this second group of sub-
stances was found to shift to more negative values as the concentration in-
creased. This phenomena is similar to that observed for substances which give
catalytic waves at low (10~5M) concentration.

It is interesting to note that 3-mercaptopropylamine gives rise to two
catalytic waves, This behavior is similar to that of AET in the presence of
hexaminocobaltichloride, to be discussed later, (See Figures 9, 10 for a

comparison).



Table IV.

Mercaptans Which give Catalytic waves at High Concentration Only.

Heights of the Catalytic Waves and "Peak Potentials" at Various Mercaptan

‘Concentrations,

All Solutions: 10-3M CoCl2, O.1M NH3, 0.1M NH,C1l, and 0.00125% Gelatin,

l. Mercaptoethyl guanidine

'rsH] x 10-5 2.50  50.0  75.0
ua 3.0 5.6
a at... volts -l -1.k2
2. 3-mercaptopropionic acid
[=sH]| x 10~5 6,855  9.753 19.59
ua 2.8 L.k 8.8
at... volts -1.82 -1.82 -1.80
3. Thiosalicylic acid
[RsH] x 10-5 6.95 13.9  33.5
ua 1.6 3.l 6.2
at,.. volts =1.54 =1.56 -1.54
L. 3-=Mercaptopropylamine
[RsH] x 10-5 2 3.986 10
ua, first step . 0 0 1.8
at... volts, first wave = - 1.60
ua, Second Step 0 0 0

at... volts, second wave

39.17 £8.76

18.2 28.8
"1.88 -1.90

66.9 99.3
8.6 8.0
-1.56 -'lush

19.L8 39.86

2.0 6.6
<1.40 -1.38

€8 22,6
-10611 "1 .68

198.6 297.9
8.2 9.0

"1056 ‘1.58
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Variation of Ammonia and Ammonium Chloride Concentration:

The effect of the concentration and composition of the buffer on the height of
the catalytic peaks of RS303H, CSH, and TSH were noted. The results are given
in Figures 3 and L.

Examination of Figure 3 shows that although there is some vertical separ-
ation of the graphs of the compounds because of their "inherent" ability to
cause waves of different heights, the similarities of the trends af the
three compounds is unmistakable.

Increases in ammonium chloride concentration, at constant ammonia, cobalt
(II) chloride, and mercaptan concentrations, causes a decrease in the height
of the catalytic peaks of CSH, TSH, and RSSO3H, at ammonium chloride concen-
trations greater than 0.1M. Ammonium chloride concentrations lower than 0.,1M

were not investigated because of precipitate formation, probably Co(OH)p,

which occurred in 0,05M ammonium chloride, O.1M ammonia, The decrease of the
peak height due to ammonium chloride concentration is most noticeable for

TSH, (see Fig. 3, curve E), the peak height being reduced from 65 to 30 ua

by a change of 0.1 to 0,25M ammonium chloride concentration. The peak of
R3803H is also severely reduced by increasing ammonium chloride concentratio n
(see Fig. 3, curves A, B, C), the peak being effectively removed by 1,0M
ammonium chloride,

The peak due to CSH is not as severely reduced as those of TSH and RSSO3H,
especially at low concentrations, It was seen that the peak height of TSH
was more thanhalved by a change from 0.1 to 0,25M ammonium chloride; that of
CSH 18 reduced from 58,4 to 57.6 ua for the same concentration change.

It can be seen from Figure 3 that there is some buffer concentration
which will give maximum height to the catalytic waves., Comparing and comprom-
ising the data for the three compounds investigated, this optimum buffer

concentration was found to be near 0,1M ammonia and 0,1M ammonium chloride,



Flgure 3, Part 1II

45 A,

Effect of Variatlon of Ammonia and 4mmonium Chloride Concentration

on Peak Height.
4) 2 X 10-5 N RSS0zH,
B) 2 X 1072

Strength 1 (conBtant)

M RSSO3H, 1073
C) 2 X 10°5 M RSSO03H, 10=3

103 M CoS0,, and no Gelatin

M CoSOy4, and 0,00125% Gelatin
M CoClLp, and 0,00125% Gelatin, Ionic

D) 2 X 10°5 M OSH, 10" M CoS04, and 0.00125% Gelatin
E) 2,044 X 10=5 M T8H, 10-3 M CoCL,, and 0,00125% Gelatin
x = varlable NH;, 0.1 M NH4uCl
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It was suspected by Brdicka that the effect of buffer concentration
was not strictly a concentration effect, but also, a pH effect. The
effect of pH on peak height can best be seen by re-plotting the data
used to construct Figure 3 on axes of pH versus peak height, as was
done in Figure L. HLowever, only in one case (Figure L, curve B) was
the ionic strength kept constant, and the other curves, therefore,
represent data at varying pH and varying ionic strength. Inspection
of Figure L, curve C, shows that there is a definite trend in peak
height with change in pH in the case of CSH, at variable ionic
strength, and RSSO3H at constant ionic strength (the ionic strength
being adjusted to unity by addition of the proper amount of potassium

chloride), the height of the wave increasing with increase in PE,

The results for R3S03H and TSH, both at varisble ionic strength,
are less conclusive. The heights of the waves of these two compounds
increase with increasirg pH up to pH 9.6, and then decrease with

further increase in pH.

Effect of Nther FElectrolytes: Potassium Chloride, Potassium

Iodide, and Potassium Nitrate on the Peak of RSSO3H.

It was found that the height of the peak of RSSO3H was reduced
by about 50% by the addition of potassium chloride or iodide at a
concentration of 0.9 M. The height of the peak of RSSO3H was also
reduced to about 3% of the "optimum" value (in 0.1 M ammonia and
0.1 M ammonium chloride) when the ammonium chloride concentration was

increased from 0.1 to 1.0, It can be seen from this that at constant



Figure 4, Fart III 45 A,
Effect of pH on Peak Helght
A) 2 X 1095 M RSSO0sH, 1073 1 CoClpy, and 0,00125% Gelatin
B) 2 X 107> M RSSOsH, 10™> M CoClp, and 0.00125% Gelatin,, = 1
0) 2 X 10=5 M CSH, 10=3 M CoSC4, and 0.,00125% Gelatin
D) 2,044 X 1072 M TSH, 103 M CoCl,, and 0,00125% Gelatin
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ionic strength, the height of the catalytic wave is affected not only

by the electrolyte, but also by the pH.

The catalytic peak of RSSO3H was hardly affected by low (1072,
2 x 10'5M) concentration of potassium nitrate. The addition of an
amount of nitrate ion equimolar to the RSSO3H present merely reduced
the peak height by about 2% of the optimum value in the absence of
nitrate ion., The chief interference due to nitrate is caused by the
reduction of nitrate ion (8) which occurs at a potential near the
peak potential of the catalytic wave, (See Figure 5). If the concen-
tration of nitrate is high enough (0.1 M), its cathodic current will
completely mask any other waves which occur at a similar potential,=
that is, nitrate ion present in this concentration will entirely

eliminate the catalytic peak,

Effect of Metals on the Height of the Catalytic Maxima; Effect

of Cobalt and Nickel.,

The effect of concentration of cobalt (II) sulfate on the height
of the MEA peak, and the effect of concentration of cobalt (II)
chloride and nickel (II) chloride on the height of the RSSO3H peak
were investigated, and graphs of peak height versus concentration of

metal were prepared. (See Figure 6).

Upon examination of Figure 6, it can be seen that the effect of
cobalt (II) sulfate on the MEA wave, and the effect of cobalt (II)
chloride on the RSSO3H wave are quite similar; this is not surprising,

F ¥

as the species (probably) involved in the reaction, namely Co' and

MEA are the same in both cases.
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[

Effect of Nitrate Ion on the Shape of Iolarozrams

1

1) Polarogram of 103 M CoSOy, O.1 M NHs, Os1 M NH4C1, 0.00125%
Gelatin, and O.1 M KNO3

B) Polarogram of 1o~3 M COQOﬁ 0.1 M NH , Os1 M NH;Cl, 0.00125%
Gelatin, 2 X 10=5 M RSS04 and O,1 Kcl
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The curve indicating concentration of cobalt (II) versus peak
height is a smooth, almost linear, curve over the concentration
range 10~4 10 10"3 ¥, A well defined peak could not be obtained at
concentrations lower than 10l M cobalt (11), while the height
of the peak seems to become independent of concentation at concen-

trations greater than 1073 M.

The variation of peak height with concentration of nickel (II)
chloride shows the same trend 2s the variation of peak height with
the concentration of cobalt (II) chloride, an increase with increas-
ing concentration in the range 10'h to 1073 ¥, and independence of
peak height from concentration of nickel (II) 2t concentrations
greater than 10-3 M, as reflected by the levelling off of the peak

height versus concentration curve. (See Figure 6).

The greestest difference noted in the behavior of these two metals
is in their "catalyzing ability". A given conceutration of cobalt
{II)will cause a2 peak which will be two to two and one half times as

high as the peak caused by the same concentrastion of nickel (II).

Also of interest is the less than additive nature of the
"catalyzing ~bility" of the metsl ions, cobalt (II) and nickel (II).
For example, it can be seen in Figure 6, that a solution 10-3M in
cobelt (II) chloride, L x 10°5 M in RSSO3H, 0.1 M in ammonia, 0.1
ammonium chloride, snd 0,00125% in gelatine will give a peak height
of L2 ua, and the same solution, and 10-3 M in nickel (I1) chloride
will give 2 pezk of 17 ua. From this, it could be expected that

the same solution, 10”3 M in both cobalt (II) chloride and nickel



Pigure 6, Part III 48 1.
Effect of Concentration of Cobalt and Nickel on Feak Helght

4) 411 Solutlons: 4 X 1072 M MEA, 0,1 ¥ NHsz, O.1 M NH,C1, and

various CoS04 Concentrations

B) A1l Solutions: 4 X 10-5 M RSSOsH, C.,1 M NHz, O.1 M NH4Cl, 0,00125%
Gelatin, and various CgClgConcentrations

C) A1l Solutions: 4 X 1072 M RSSOsH, O.!1 M NHx, O.1 ¥ NH,Cl, 0.00125%
Gelatin, and various NiCl, ConCentrations

Points: All Sclutlons: 4 X 10-5 M RSS0sH, O.1 M NHz, O.1 N NH,CI,
0,00125% Gelatin, and

Xy++10"3 1 CoClp, 10-3 M NiCls, Co™@ + N1*2 = 2 ¥ 10"3 ¥

Xp++10=3 M GoCls, .5 X 10=4 ¥ ficl., ©Co*2 + Wi*2 = 1,5 X 1077 M

X3ee5 X 10=% M 50012, 5 X 10~% M 51012 Co*2 + Hi*e = 103 M
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Table V.
Effect of Other Electrolytes on the Height of the Catalytic Maxime
of RSSO3H.

A11 Solutions: 2 x 10-5 M RSSO4H, 103 M CoSOy, 0.1 M NHy, 0.1 M

NH),Cl ond Various Amounts of Other Electrolytes

iKCIj 0 0 0 0 0 0.90

k11 0 0 0 0 0.90 0

[kNoglx 10 0 1 2 w04 o 0

ua 20,0 19.8 19.6 No 10.8 L.
wave

Lt. - .VOlt»S ‘1.70 '1.70 -1-72 - "1'70 "1070
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(II) chloride would give a peak of 42 4 17, or, 69 ua. The observed
peak height of a solution of this composition is L6 ua., Actually,
the height of the wave produced by this solution (103 M in both
cobalt (II) and nickel (II) is closer to the height of the peak pro-~
duced by a solution which is 2 x 10=3 M in cobalt (II) chloride (51 wa).
This observation, along with the previous one that peak height becomes
independent of cobalt or nickel concentration at concentrations greater
than 10-3 M, scems to indicate that the total metal ion concentration

has an optimum value at around 103 M,

Effect of Metals on the Height of the Catalytic Maxima: Effect

of Metals Other than Cobalt and Nickel,

The effect of copper (II) sulfate, mercury (II) chloride, and
silver (I) sulfrte on the catalytic peaks were detc.mined, It was
found necessary to plot the data on a logarithmic scale because of
the large concentration ranges investigated (2 x 10-6 to 8 x 10~L M).

The data are piven in Figures 7 and 8,

Examinotion of the data (Figures 7 and 8) indicotes that the
effect of » given metal is almost thc same on the two mercaptans
investigated. This c¢an be seen from the very similar shapes of the

curves of Figures 7 and 8.

Although all three of the metal ions under consideration form
complexes with mercaptans, it was not expected that these metals
would decrecase the height of the cotalytic peak. The reason for
this is that thc reaction

M(S-R), 4+ ne= Me nRS



Figure 7, Part III

Effect cf Metals on Peak Height of the Catalytic CoClo-CSH Peak

Polarograms of 10=3 M CoClp, 0.1 M NH3, 0.1 M NH)Cl, and (A) 0.00125% Gelatin, (B) 0.00375% Gelatin
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Figure 8, Part III

o  Effect of Metals on Peak Height of the Catalytic CoClp-MEA and RSSO3H Peaks
W Polarograms of 1073 u CoClz, O.1 M NH3, O.l M zmrn“_.. 0,00125% Gelatin, and
(1) 2 X 10~ M MEA, and various [ HgCl)
me 2 X 10~ M RSSO3H, and various THgCl)
c) 2 X Ho..m M MEA, and variousiCuSOp) _
(D) "2X 10™° M MEA, and various iAg,SC)|
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51.
where M-S-R represents the metal complex, M the frece metal, and RS™
the mercaptan, occurs at a potential more positive than that necessary
to cause the catalytic maxima, In this case, the uncomplexcd mercaptan
would be present at the electrode surface, and should still be able to

cause the catalytic peak., This expectation, however, was not realized.

The suppressing effect of the metal ions investigated on thg
catalytic peaks does not appear to depend on complex formation in the
bulk of the solution. Thus, the lowering in peak height for the Bunte
acid, RSSO3H, and for the disulfide, CSSC, which do not form complexes
with the metals, is the same as the lowcring of the pezk height for

the mercaptans ME! ~nd CSH, which do form complexes.

Ls 2lready mcntioned, complex formeation at the electrode surface
cannot be involved beccause the complcxes are reduced at the negative
potential at which the catalytic maxima occur, and hence, the complexes
could not exist at the clectrode surface. 1In general, it may be said
that the metal ions copper (II), mercury (II), and silver (I) reduce
the height of the catalytic woves, the «ffect of silver (I) being
greater than that of copper (II) and mercury (II), which are about

equal in suppressive effect.

The rcason for the decrease of the catalytic peaks in the
presence of these metnls appenrs to be the displacement of cobalt by
the metals at the surfacc of the electrode, cobalt being the only

metal which is responsible for the catalytic effect,

Catalytic Peaks obscrved in Alcoholic Medium:
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Polarograms were taken of solutions which were 103 M in cobalt
(II) chloridc, 0.1 M in ammonia, 0,1 M in ammonium chloride, 0.00125%

in gelatin, and of various mercaptain concentration. (See Table VI).

The heights and the peak potentials of the waves were of the

same order of magnitude in water and in 75% ethyl alcohol.

This observation casts some doubt on Brdick's theory according
to which only catalytic discharge of hydrogen ions is responsible for
the appearance of the waves. If the catalytic discharge of hydrogen
ions were responsible, such a drastic change in solvent would be

expacted to produce a chanye in peck height ~nd potential,
Catalytic Maxima in the Presence of Cobalt (III) Chloride:

It. had been previously noted (Tablc IV) that both rercaptoethyl
guanidine and 3J-mcrcaptopropyleomine give poorly defined waves in the
presence of cobalt (II) chloride, cven at high (2.5 x 10~4 M) concen-

tration, (Sce¢ Figures 9 and 10 for o compnrison),

In contrast to this, it has been found that both of these
substances give well defincd, two step catalytic maxima in the
presence of 10=3 ¥ hexominocobalt (III) chloride, in the concentration

range § x 102 to 3 x 1073 M. Sec T-bles VII ond VI1I).

The hedi 'ht of the catalytic ponks of LET in the presence of
cobalt (III) ion werc found to increase nlrmost linearly with concen-

tration at concentrations up to 1.2 x 10‘3, and then become independent
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Catalytic Maxima of AET

A1l Solutlons 2.5 X 10'4 M AET, C.1 M NH;, 0.1 M NH4C1, 0,00125%
Gelatin, and

4) 10°3 M CoCl,
B) 1 073 M Co(NH3)g01s

(1) Pirst Peak
(2) Second Pecak
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Pilgure 10, Part II1I 52 B,
Catalytic Maxima of 3-mefcaptopropylamine
Both Solutions: 1.948 X 10=4 M 3-mercaptopropylamine, 0.1 M NH3,
O.1 M NH,C1l, 0.00125% Gelatin, and
4) 1073 M CoCl,
B) 1072 ¥ CoQlNH4) 01y
(1) FPirst Peak

(2) Second Peak
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Table VI,
Catalytic Waves Observed in /Alcoholic Medium,
All Solutions: 75% ethanol, 0.1 M NHy, 0.1 M NH)CI, 0.00125%

Gelstin 1073 M CoClp, and Various Mercaptan

Concentrations.
Mercaptan RSSO3H CSH TSH  A=T RyySH DDTC
RsH[x 10-5 2 2(2) 2 L2717 2 7 2 1
ua, 75%

at...volts,
75% cthanol =1.62 -1.56 -1.81 =-1.87 - = - - 1) (1)

wa, in 100%
water ?1.)4 - 57-2 76.8 - - - - - -

at...volts,
100% Watel‘ "1 - 68 - -1 . 77 '1 L] 89 - - - - - -

Hyphen *_" indicetes no wave
(1) Covalt wave very irrcgular in the prescnce of DDTC

(2) Cobalt concentration = § x 10'h M, not 1073 M.
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of LET concentration at higher concentration, a behevior similar
to that of the mercaptans which givc catalytic waves with cobalt

(I1) chloride at low (10~ M) concentration. (See Table VII).

The first caetalytic wave becomes indistinguishable from the

sccond wave at . ET concentrations equal to or higher than § x 10~L M,

It is scen in Teble IV that the catalytic wave of the /ET-cobalt
(II) system mcrges with the normal hydrogen wave at a concentration of
7.5 x 107L M, 2nd that the peak potentizls and the height of the first
wave in the "ET -cob2lt (III) systems ~nd those of the only wave in the
AET-cobzlt (II systems both at 2,5 x 10'h M ET, 0.1 M 4ET, O.1 M
ammonia, 0.1 M ammonium chloride, and 0.00125% gelotin are -1.41 and
-1.Ll volts, respectively, while the heights are 3,0 and 0.L us,
respectively., Thus, although the p:nks are of considerably different

height, the similarity of the perk potentials is striking.

3-mercaptopropylemine wos found to give rise to two catalytic
maximg in thc presence of both cobalt (III), (one 2t -1.L0 volts, the
other at -1.58 volts) and cobalt (II), (one at -1.LO volts, the other

at =1,70 volts. (See Table VII and Figure 9).

The height of both woves, and the sum of the two waves, of 3-
mercaptopropylamine varies lincarly with concentration of mercaptan
at 1ow (1073 M or lower) concentration, but becomes indcpendent of

concentration »t higher concentration,

The effect of variation of the heipht of the mercury column on
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Effect of Voriation of Concentration of 'ET on the Crtalytic Peak.

[11 Solutions: 10-3 M Co(NHz, 0.1 M NHy, 0.1 M NE)C1, 0.00125%

Gelatin, and the ET concentrestions Given Below.

{rsH First Wave Second Wave Total Wave
x 10~5
Ua at..Volts ua at..Volts ua
5.0 2.6 -l.ko 1.6 -1,56 L.2
10.0 L.66 -1.l1 3.h ~1.57 8.0
25.0 9.4 -1,l1 8.6 =1.57 18.0
50.0 (1) 3L.b -1.61 3h.L
80.0 L8.L -1.6h L8.L
120,0 6L.0 -1.6k 6l.0
300 10k -1.74 104

(1) The first wrve merged with the sccond wave ot concentration

equal to or greatcr than S x :).0'h N LET,
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Table VIII,
Effect of Variation of Concentration of 3-Mercaptopropylamine on the
Catalytic Peak.
11 Solutions: 1073 M Co(NH3)6CI3, 0.1 M NHy, 0.1 M NHC1, 0.00125%
Gelatin, and the 3-Mercaptopropylamine Concentrations

Given Below,

E'{'SHJ First Wave Second Wave Total Wave
x10-5 ua at-volts ua at-volts ua

5.0 1.0 -1,38 . 0.5 -1.56 1.5
10.0 1.7 -1.36 1.5 =1.56 3.2
19.5 3.8 -1.37 2,8 -1.%6 6.6

39.0 7.1 -1.40 549 -1.59 13.0

60.0 10,6 -1.42 9.1 -1.60 19.7

8o.0 13.1 -l 11.3 -l.6¢ 2L.b
120.0 17.9 -l.a 16.1 -1.60 3L.1
300.0 only onc wave 50.0 1,62 50.0

observed
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the heights of the catalytic peaks of the cobalt (III)-*ET and

cobalt (III)-3-mercaptopropylamine systems was studied.

It was found that the value of 1/h% for the first peak of both
the mercaptoethyl guanidine and 3-mercaptopropylamine systems was a
constant, (See Tables tX and X). This indicates that the electrode
reaction producing the first catalytic peak is not kinetically con-
trolled. In view of the high mercaptan concentrations, it seem poss-
ible that this first "catalytic pezk™ is in reality the polarographig

wave of a cobalt-mercpptan complex.

The values of i/h% for the second peaks of both the ccbalt (III)-
mercaptoethyl guanidine and 3-mercaptopropylamine systems are not
constant, increasing as concentration increases. This variable 1/h%

indicates a kinetically controlled current,

The value of i/h% for the combined waves of both systems are
also included in Tables IX and X. These values merely indicate the
sum of the constant value for the i/h% of the first peak, and the

variable value for the second peak.
Catalytic Waves at the Rotated Dropping Mercury Electrode (RDME)

The chief concern of this series of experiments was to see whether
or not catalytic waves similar to those obtained at the DMB could be

obtained at the RDME,
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Table IX.
Effect of Variation of the Height of the Mercury Column on the Height

of the Catalytic Peak of Mercaptoethyl Guanidine.

A11 Solutions: 10-3 M Co(NH3)6 Clj, 107! M AET, 0.1 M NHy, 0.1 M NH)CL,
and 0.00125% Gelatin,

H  H  First Wave Second Wave Total Wave
cm cmd  ua at..V uza/}{a?l ua at..V ua/H% ua ua/H%
48.1 6.95 3.8 -1.L2 0.5L7 2.2 -1.58 0.317 6.0 0.86L
62.3 7.90 4,5 -1.l1 0.570 3.3 -1.57 0.L18 7.8 0.988
67.8 8.23 L.6 -1.40 0.559 3.4 -1.57 0.113 8.0 0.972
76.0 8.72 L.8 -1.L1 0.551 L.l -1.57 0.470 8.9 1.021
89.5 9.L6 5.8 -1.l1 0,550 L.6 -1.58 0.LB6 9.8 1.036

101.6 10.1L S.h -1.L0 0.532 5.3 -1,58 0.522  10.7 1.054
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Table X.
Effect of Variation of the Height of the Mercury Column on the Height

of the Catalytic Pe&k of 3-Mercaptopropylamine,

A1l Solutions: 10"3 M Co(NH3)6 013, 8 x 1o‘h M 3-Mercaptopropylamine

0.1 M NHy,; 0,1 M NH),Ck, 0.00125% Gelatin.

q H% First Wecve Second Wave Total Wave
cn omE ua at..V ua/H% ua at,.V ua/H% ua ua/H%
L8.1 6.95 12,0 -1.h2 1.72 749 =1.60  1.14 19,9 2.86
62.3 7,90 13.2 -1.43  1.67 9.3 -1.60 1.18  22.5 2.8%
67.8 8,23 13,1 -1.01  1.59 11.3 -1.60 1.37  2k.L 2.97
76,0 8,22 1L.2 -1.k2 1.53 13.4 -1.60  1.56  27.6 3.19
89.5 .46 15.1 -1.Lk2  1.60 1h.6 <161  1.54  29.7 3.2k

101.6 10.1k 15.9 -1.43 1,R7 15,3 -1.61 1.51 31,2 3.08
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Two experiments were carried out -t the RDME, using CSSC and
cobalt (II) sulfate. The polarograms obtained are given in Figures
11 »nd 12 below, along with similar curves obtained from solutions of

different concentrations at the DME, for comparison.

Firure 11 clearly indicates the greater sensitivity of the RIME,
The two graphs of Figure 11 were obtained from two solutions whose
cobalt (II) concentrations were in a ratio of ten to one, and whose
CSSC concentrations were in a ratio of 2,5 to one, yet, the peaks are

of comparable height.

It should be noted (See Figure 11) that the current-voltage curves
mcasured at the RDME becomes irregular in the potential range -1.8 to
=2.0 volts versus SCB, as indicated by the crossmarked line, This
irregularity is due to changes of the electrode surface caused by

hydrogen evolution.

Figure 12 shows the shape of the c-talytic penak of MEA in the
presence of 0.010% gclatin, the wave being quite regular at this
gelatin concentration. & polarogram of a cobalt (II) - MEA system

is included for comparison,

Preliminary investigntions thus show that catalytic maxima occur
2t the RDME as well ns at the DME, the RDME bcing about ten times as

sensitive as the DME.
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- CONCLUSIONS -

The effects of some variables on the catalytic cobalt wave were
investigated. Unless specified, the conclusions refer to mercaptans

which give waves at low (10'5 M) concentrations.

2-Mercaptoethylamine, 2-aminoethanethiosulfuric acid, 2-amino-l-
pentane thiol, N,N-dimethylaminoethane thiol, gysteine, cystine, thio-
glycolic acid, thiolactic acid, and thiomelic acid were found to give

catalytic maxima at the DME at concentrations as low as L x 10"6 M.

Mercaptoethyl guapidine, mercaptopropyl guanidine, 2-amino-ethane-
selenosulfuric acid, 2-mercaptoethnnol, 3-mcrcaptopropylaminc, N-decyl-
aminoethanethiol, N, N'--bis(mercaptoacetyl)hydrazine, diethyldithiocar-
bamic acid, 3-mcrcaptopropionic acid, and thiosalicylic acid do not
give a catalytic maxima ot concentrations of the order of lO‘5 M,
Mercaptoethyl guanidine, 3-mercaptopropylamine, thiosalicylic acid, and
3-mercaptopropionic acid give catalytic waves at higher (20-b M)

concentrations,

Examination of the structural formulae of compounds which give
catalytic peaks shows that they 211 have at lenst one thing in common,

and that is, 2 stem of 2-aminoethene thiol, or, mercaptoscetic acid,
0

L | " ot

=N-C-C-S-  or =0-(-C-S5= ,
t

L |

the "open" bonds indicating prsitions for possible substitution.

Substitutions of on ncid group in one of the "open" positions on the
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basic stem scems to increase the catalyzing ebility of the mercaptan.
For example, cysteinc gives a higher weve then 2-mercaptoethylamine,

and thiomalic acid gives a higher wave than mercaptoacectic acid.

The two carbon atoms seem to be very specific. For example,
2-mercaptoethylamine and mercaptoacetic acid give waves at low (10‘5 M)
concentr~tions, while 3-mercaptopropylamine and 3-merceptopropionic

acid do not,

The relation between concientration and peak height for a given
mercaptan was found to be almost linear in the range 2.5 x 10"5 M down
to zero; this system then seems to offer some possibilities for quant-
itative analysis, once the proper calibration curves have been deter-

mined,

Disulfides and thiosulfrtes ~re indirectly able to produce a catalytic
peak if they can react at the elcctrode to form a mercaptan which
gives a catalytic pcak. The ective species in this case is the

mercaptan formed at the electrode,

The height of thc catalytic peak is apparently dependent on both
pH and ionic strength, the highes¢ peaks being obteined with solutions
0.1 M in both amonia =nd ammonium chloride for most mercaptans, with
a trace of gelatin prescnt to minimize current irregularities. The
presence of substances whosc reduction waves may mask the catalytic

peak, such as nitrate, should be avoided.

The hcight of the catalytic peak increases almost linearly with

concentration of cobalt (II) and nickel (II) =t concentrations less
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than 10~3 M, The "catalyzing ~bility" of cobalt (II) and nickel (II),

in solutions containing both, is not strictly additive.

The compounds mercury (II) chloride, copper (II) sulfate, and
silver (I) sulfate all have the ability to lower catalytic peaks,

the effect being most marked for silver (I) sulfate.

In vicw of the fact that the mctal-mercaptan complexes formed
would be unstable at the electrode surface at potentials where the
catalytic peaks occur, it may be said that the lowering of the
catalytic peaks by these metal ions is not caused by complex formation,
either in the bulk of the solution, or, at the electrode surface.
Catalytic peaks were observed in 75% alcoholic medium, The height of
the wave was suppressed not more than 10%, snd the peak potentizl was
virtially the same, as in 100% aqucous medium., This data supports

the mechanism proposed by Weronski (13), i.e.,

RSH
Co ++ * 2 e = Co®.
NHB-NHhC1

The substances mcreaptoethyl gunnidine and 3-mercaptopropylamine,
which do not give cetalytic pcaks with cobalt (II) chloiide, give
well defincd, two step, catalytic peaks at conccntrations as low as
S x 105 ! in the presence of hexamino-cob~lt (III) chloride. Pre~
lininary invcstigntions indicate that the first of these two waves,

that is, the onc which occurs at the more positiwe potential, is not

a kinetic werve, but rather, is diffusion controlled.
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Catalytic waves were also obscrved 2t the rotcoted dropping

mercury electrode,

The two proposed mechanisms for the reaction which produces the
catalytic peaks of the cobalt-sulfhydryl system, namely those of
Brdicka and Weronski, do not fully explain the data which have been
collected, The Brdicka theory, involving the catalyzed evolution of
hydrogen, neglects to explain the role played by the cobalt or nickel
jon, while the Weronski theory neglects the role played by the

merceptan,

It 1s reasonable to assume that a cobalt maximum can occur only
if the cobalt occurs at the eclectrode in the form of a mercaptide of

the proper structure and composition.

The reduction process of the cobalt or nickel at the electrode,
and therefore the peak, seems to be highly affected by the nature of
this complex. This explains our obscrvetions that only certain mer-
captans which fulfill the conditions for the formation of the "proper"
complex, and at only the proper ammonia and ammonium chloride concen-

trations, allow the full development of the peak.

idthough the phenomena involved cannot be explained yet in a
quantitotive way, cxperiments of the kind reported in this report
are helpful in the qualitntive deduction of the mcchanisms involved

in the catalytic pcaks.
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First Year

Polarogra,ii.c shudies of sev rol mercapbton.tiyl compounds show
thet these compounds hehave in o similar oy 48 werco.tans stud=-
led previously, s5'ch as cyatelne or reduced <lut-thione. The
polarosraphic bhelhavior of the dlivulfides differs to o greaer
extent, Gurnidinocethyidisulfide »eliives iIn thy same way as oX=
i1ized glutathilone, while tle ctlier disulrides studied are re-
duced irrveversihly at the ‘lrop.ia~ mercury electrode, The dis-
soclation constants of the sllver mercaptiies of 4he three mer-
captans in question re of the came order ¢ mi-nltude 28 that
of silver cystelnnte., The same iras found for toe dissoclation
constants of the cuprous mercaptides. The studles of the equil-
1brium reactions betreen disulfides 2ad onlfite reveal that the
eullibriun constants of the reacticns of the three disul fides

compare fovoera™l- ith the corves gundlinrt eonstant for tho reaction

between cystine ani ~ulflte

Second Yenr

Anpeructric mercuvritoirie ditratliong 7 nercajsans cueh
as m:rco; Loethyl waniilne, mercaptopropyl o iniiine und nmer-
captoetiyl alie i leate tihit tiese componitds form well defined
conplexes it worevay in the ~toleniometiric rrtiod t70 mercap-
tans t. one worenry. The re:ctlc s betseen acresoctans and sil-
ver are @i Woere zomplleated and B tind ot ctasiloty of the
cilver co o ulex dovrrel aeronits cn ot funetic el rowt s in the
marvesptan an oon the exporimeinta’ oo tlons,.

Peaminociie nethiooaluric cid ( RSS(‘-.),H ) and Z-aminveth-

~naeselenesn” furie acid 50303l ) nom Loty redaced irrevecsivly

” v

7

b bhe dropslao werenrr Yaare e RSICZH -tvinc one wave i ile
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RSeSOsH exhibits :+ two wuve poleropram, The prolucts of the

electrochiemical reductlion of the tiro compounds are sulfite and
mercaptan ( RSHI ) and sulfite and hydrosen selenide ( RSeH )
regscectively., In acild medium sulfite is reduced at the dropping
mercury electiode, thus givin-: rise to an increase in the height
of the thlo- and selenocacid waves at acid pH.

The catalytic effects f verious mercaptans, disulfides,
wnd thilosulfates in ammonizcal cobalt solutions have been stud-
led at the dropwinz mercury electrode, The abiliiy of a mer=
captan to ~lve 2 c~talytlc wave depends largelr on the struct-
ure of the mercaptan and >n the kind and number »f functional
groups , such as amino or carbox 1 z.oups. Disufides are re-
duced at the electrode and also .~ve catalvtic ~raves, the heisht
of shiel depends oun the uture of the mercaptan yroiuced ot the
electroile, 2-aminocethanetiitosu:furic ncid is 2lso0 reduced at
tihe droppiy einctrede nnd t'.y helght of its catalytic wave 1s
the same as that of mercaptoethylamine, which 1s one of the reduct-
lon products of the 2-aminoethanethiosulfurlc acid. A4t a ce-
balt concentration less than 19'3 M the helcht of the catalytic
reak 1s almost proportionul to the cobalt concentration., Var-
lation of the zmmonia and ammonium chloride concentrations in-
dicate that tue héghest catalytlc peaks can be cohtained with a
buffer which is Oe¢1 M in both ammoni. and ammcnium chloride,

The presence of metal lons such as mercury, copper and silver in
the solutlion decreases the heilsht of the peaks, the effect being
most pronounced for silver, Catalytlc waves are. . also obser=-
ved in 2 medium containing 75% ethyl alcohol. These observae
tions support the assumption that the catalytlc peaks are

rather the result of an evcessive cobalt deposition than that of

hydrogen evolution at the slectrodes
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B) Significance of Results

In order to understand the mechanism of action of antl-
radiation drugs it is necessary to study first some of the phys-
1cal chemic1l prope~ties of these compounds., These propertles
can then be compared with the prophylactic activities of these
drugs.

With this aim in mind the polarographic studies of several
antiradiation drurs have been performed and 1t was found that
although the mercaptans behave alike a remarkable difference
exists in the polarography of theilr disulfides,

Since the action of these drugs may be affected by thelr re=~
action with blologically important trace metals, a study cf the
interaction of such metals with mercaptan was initiated with the
copper mercuptan system. Studies of mercaptan-mercury systems
resulted in the development of a rapid and accurate method for
the quantitative determination of mercaptans and disulfldes.

The catalytic mercaptan wav s were studied for two reasons.
Under favoratle cxvoerimental conditions these waves can be
applied tc the quantitative determinntion of traces of mercaptans,
disulfides, and thiosulfates, St1ll mere important is the
application of the catalytic 'aves to studles on the interaction
between radlation protective drugs and proteins which also give
catalytic wuves. Thls may be best 1llustrated by an example.
Preliminary exveriments on the ultraviolet irradiation of cry-
stallized horse serum albumin indicated that tihe catalytic
waves of thils srotein morkedly dccwense and cven disappear upon
prolon ed ultraviolet irradiation. “Then albumin is irradiated in
the presence of mercuptoethylsuanidine, which does not give cat-
alytic waves nt the conecentratlons used, tla heljut of the cat-

alytic albumin rove rowalinc unchanzed upon irradiction. This
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seems to lndicote that mercaptoethiylzuanidize precludes denat-

uratlon of albumin throurh ultraviolet irradlation, Catalytic
waves thus represent a new anproach to he study of densaturation

problems,
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