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Historical

The type of dropping elecirode that is now commonly employed in
polarographic analysis was originally designed by Professor G. Kucera
at the Charles University sbout fifty years ago for a quite different
purpose, namely, for investigations of the electrocapillary curve of
mercury in various solut.i.ons.l During the course of his investigations
Kucera observed certain peculiar inflections in the electrocapillary
curve when the solutions contained reducible substances, and further:
investigations by Heyrovsky ultimately led to the development of' the
polarographic method of analysis,>

The polarographic method of analysis was invented in 1922 by
Professor Jaroslav Heyrovsky of Prague, and its development during the
first fifteen years was largely due to the efforts of this investigator
and his collaborators. The method is based on the interpretation of
the current-voltage curves that are obtained when solutions of electro-
reducible or alect'rogxhiiaabh substances are electrolyzed in a cell
in which one electrode is a dropping mercury or other microelectrode
and the other a non-polarizable electrode. Irom the unique character-
istics of such current-voltage curves both the species and concentration
or the electroreducible or electro;xid!.zahle substances present in the

solution can be determined., Originally, Heyrovsky worked with a

1 G. Kucera, Ann. Physik, 11, 529 (1903).
2 J. Heyrovsky, Chem, Listy, 16, 256 (1922).



manual apparatus, and he introduced the term polaromentry (polarized
electrodes) for voltammetry carried out with the dropping electrode.
Later, when Heyrovsky and Shikata (1925) constructed the self-registering
apparatus for the determination of current-voltage curves, thie word
polarography was introduced. The apparatus was called the polarograph,
and the current-voltage curve obtained with it a polarogram, The steep
part of the eurrent-voltage curve is called a wave,

As many as five or six different substances may be simultaneously
detected and determined from a single polarogram under favorable
conditions, The method is especially suitable for small concentrations
(1070 %0 20 mlar), and aknce the analysls oan be performed with a
small volume of solution, mere traces of substances can be determined.
A large number of substances, both organic and inorganic, which are
reducible, and a smaller number which are oxidizable at the dropping
mercury electrode give characteristic polarographic waves, The develop-
ment of the rotating platinum mieroelectrode by Laitinen and Kolthotf3
in 1950 considerably increased the number capable of being oxidized with
the self-registering apparatus. These facts, coupled with the advantage
of obtaining a simultaneous qualitative and quantitative analysis in a
single operation, make the polarographic method a valuable new addition
to present analytical methods, Under ordinary conditions the accuracy
of the polarographic method is of the order of * 2 per cent in the
concentration range from about 107 to ].0"2 molar, and about X 5 per cent

3 H, A, Laitinen and I, M, Kolthoff, J. Phys, Chem.,, 45, 1061 (1941).



between 10”2 and 10™% molar. By taking special precautions it is possible
to obtain greater accuracy in some cases. Considering the small concentra-
tions that are involved, this degree of accuracy is quite satisfactory and
compares favorably with the accuracy of other methods.

Publications on polarographic analysis did not begin to appear in
American journals until 1937, at which time the subject had already
enjoyed fifteen years of active growth in Europe and about three hundred
papers pertaining to it had been published in foreign periodicals. In
addition the well known monographs by Sameraml‘, Heyrovslq5, and Hohn®
had appeared. The first monograph:oh polarography in English did not
make its appearance until 191.17, and by that time the publications in
the field numbered nearly nine hundred. During the last eight years
the bibliography of the subject has increased to more than fifteen
hundred works. The task of keeping abreast of these has been lightened
in no small measure by the excellent bibliographies which Heyrovsky
is continuing to publiahs, and the bibliographies being distributed by
the Leeds and Northrup Co, (literature up to 1941) and the E, H., Sargent

Co. (literature up to 1945). The present well established status of

4 G, semerano, Il Polarografo, Padova, A. Draghi, 1933.

23, Heyrovsky, Polaro ¢ Method. Theory and Practical
Applications, (in Russian), Leningrad, 1937.

% 4, Hohn, Chemische Analyse mit dem Polarographen, Berlin,
Julius Springer, 1937.

7 1. M. Kolthoff and J. J. Lingane, Polarography, New York,
Interscience Publishers, 1941.

8 7. Heyrovsky, Collection Czechoslov. Chem. Commun., 10, 153 (1938);
11, 98 (1939); 12, 156 (1947).



polarography in modern analytical practice is demonstrated by Strong's
recent statistical m.t:ﬁmjr'9 of all research papers published in the field
of analytical chemistry during 1946 which places polarographic analysis
among the five most popular instrumental methods.

9 ¥. C. Strong, Ind. Eng. Chem., Anal. Fd., 19, 968 (1947).



Introduction

Dropping Yercury Electrode: A capillary suitable for use as a dropping
mercury electrode may be prepared by drawing out a piece of 0.5mm. pyrex
capillary tubing. The tubing should be allowed to thicken somewhat in
the flame so that the drawn-out capillary will not be too slender and
fragile. The tip should have a uniform internal dlameter of about
0.03mn. for at least 2 em, of i's length, Capillary tubing such as

marine barometer tubing produtéd by the Corning Glass company is
comnercially available, and suitable pleces may be used directly as
electrode capillaries,

In order to obtain repradlt.wi.bls results, the capillary must be

kept immaculately clean. The drop time should be from three to six

seconds and should be exactly reproducible for a given capillary., In
order to maintain a constant rate of flow through the capillary it

is necessary to have a constant head of mercury.

On the basis of diffusion theory, Ilkovicl® derived the following
equaﬂ.on for the diffusion current at the dropping mercury electrode:

14 = 0.63 nrepY/2r?/341/6

in which the numerical factor 0.63 arises theoretically from the
geometric characteristics of the dropping electrode, nF is the number
of coulombs involved per mole of electron reaction, C is the concentration,
D is the diffusion coefficient of the diffusing material, ) is the mass
of mercury f{lowing through the capillary per second, and Lt is the drop
time. In the equation iy is expressed in amperes, C in moles per

10 p, Ilkovie, Collection Czechoslav, Chem. Commun., 6, 498 (1934);
J, Chem. Phys., 35, 129 (1938).



milliliter, D in square em. per second, M in grams per second and t in
secorxis, The measured diffusion currents for various substances have

been found to be in essential agreement with those calculated from the
Ilkovie equation.u

The quantity ¥/2t16, wnich is determined by the characteristics of
the capillary and the head of mercury used, may be used to establish a
relationship by means of which diffusion currents measured with different
capillaries may be compared. It is necessary only to determine the mass
of mercury flowing per second through each capillary, and the drop time
at the diffusion-current region.

Lingane and Inveridgcm tested the predicted linear relation between
ig and Hz/ 3?.1/ 6 with capillaries covering a range of ¥-values from 0.9 bto
16 mg. per second and a range of drop time from 0.5 to 9 seconds. leasure-
ments were made with lead ion in 1 M potassium chloride and with zinc ion
in 1 M ammonium chloride with 0.0L per cent gelatin as a maximum suppressor.
All known precautions were taken to prevent experimental errors, and a
percision of £ 0,5 per cent was attained, The results showed that the
equation holds quite well at drop times above 3 seconds, but that it fails
seriously at drop times of 1.5 seconds or less.

The surface tension of mercury, and therefore the drop time of the
capillary, varies according to the charge on the mercury. It has been

reported’® that the quantity ¥2/2t%/0 1s practically constant from 0 to

11 ;. J. Lingane and I. ¥, Kolthoff, J. Am. Chem, Soc., 61, £25 (1939).

12 5, J. Lingane and B, A, Loveridge, J. Am, Chem. Soe., 66, 1425 (194L);
68, 395 (1946).

13 1. ¥. Kolthoft and J. J. Lingane, Chem. Rev., 2i, 1 (1939).



~J)«8 volts vs. the saturated calomel electrode, but is 10 per ®nt lower at
a potential of -1.9 wolts, In the analysis of mixtures this variation of
u2/ Btlfb with voltage may be quite iLmportant.

Whenever a solution of an indifferent electrolyte is electrolyzed
with the dropping mercury electrode, a small residual current flows before
the decomposition of the solution begins, It arises from the fact that, as

each electrically charged mercury drop grows, it is necessary to build up a
charge on the mercury corresponding to the applied potential, This residual

current must in each case by subtracted from the observed current in order
to obtain the true diffusion current,

The advantages and disadvantages of the dropping mercury electrode
are summarized below,

Advantages:

1. The surface is reproducible,

2. The electrode is continually renewed, which tends to prevent
contamination and erystal growth,

3« The value of t.ﬁe overvoltage of hydrogen is high on mercury
so that work can be done at high negative potentials and in
acid solutions without interference from the evolution of
hydrogen.

Le The current assumes a steady value immediately and is
reproducible.

Disadvantages:

1., The electrode is limited in the direction of positive poten-

tials by the anodic dlssolution of mercury. This occurs at

about +0.35 volts vs. the S.C.H.



2,

3.
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The residual current is relatively large owing to the condenser
effect produced by the mercury drops,

Oscillations occur in the current-voltage curve due to the
growth of the mercury drops, these oscillations making it
difficult to obtain accurate readings.

The electrode requires fairly large quantities of highl.ypnre
mercury.

Maxima frequently distort the current-voltage curves produced
with the dropping mercury electrode unless measures are taken
to prevent thelr occurrence. The use of a dilute solution of
gelatin, 0,01 per cent, is generally sufficient to suppress

their appearance.,

speclal Mercury Electrodes: In order to increase the size of the mercury

drops R.tchesu‘ suggested the use of a dropping electrode capillary with

the radius at the orifice greater than the radius higher in the tube,

The electrode is constructed by sealing a short length of relatively

large capillary tubing to the bottom of a conventional dropping

eslectrode capillary, and by proper cholce of dimensions an electrode is

obtained with a normal drop time but with a large flow of mercary.

Because of the large !2/3*'1/6 factor the diffusion current measured with

this type of electrode is much larger than with the conventiomal type.

Unfortunately, however, the residual current, which also depends on the

rate of flow of mercury, is increased correspondingly and consequently

there is little, if any, net gain in accuracy.

14 3, .

R. Riches, Nature, 157, 520 (1946).



The use of a multiple-tip electrode, four tips joined to a common
tube, has been reported by De Vries and Barnhart15 as a means of increasing
the diffusion current. Here again the residual current increases as the
diffusion current increases so that no real gain in accuracy is produced,

Heyrovsky and Forejtlé invented the streaming mercury electrode for

use in oscillographic studies. It consists of a jet of mercury issuing
upward from a capillary tube into the test solution., It constitutes a
eylindrical electrode whose surface is continuously renewed but which
retains a constant area defined by the size of the capillary tip, which
is about 0.1 mm, in diameter, amd the distance between the capillary
tip and the surface of the solution (4L to 8 mm.). The jet electrode is
supplied with mercury at about 50 cm. pressure from the usual type of
leveling bulb reservoir. The reported reproducibility of the electrode
leaves much to be desired,
Solid Microelectrodes: The stationary platinum microelectrode consists
of a platinua wire about 4 mn. long and 0.5 mm. in diameter sealed into
a piece of glass tubing into which mercury is introduced for electrical
contact.

Although the stationary platinum miercelectrode is simple in
principle, it has certain disadvantages in practical work which has led

to the development of other types of microelectrodes in polarography.

15 7, De Vries and W. 3. Barnhart, Ind. Eng. Chem,, Anal, Ed,, 19
934 (1947).

16 g4, Heyrovsky and J. Forejt, Z. physik, Chem., 193, 77 (1943).

it



The current does not immediately become constant after applying a given
potential to the microelectrode and it is necessary to wait approximately
two minutes before a steady current state 1s reached at each applied
voltage, The attainment of a steady current state depends on reaching

a state of uniform and reproducible diffusion in the solution so it is
necessary to perform the experiments in a solution maintained at
constant temperature to avoid thermal convection. Also any mechanical
disturbances, such as vibrations from the thermostat stirring motor,
must be avoided.

In contrast to the dropping mercury electrode, when a steady state
of diffusion is attained at solid microelectrodes, the actual diffusion
current is given by the following expression which is derived from
Fick's first law of diffusion: i4 = A% nFC where C is the concentration
of the electroactive material with a diffusion coefficient D, diffusing
through a diffusion layer of effective thickness 1, to an electrode of
area A. n is the number of electrons involved in the electrode reaction,
and F is the faraday.

The influence of temperature on the diffusion current may be expected
to be quite significant, because the equivalent conductances of most ions
increase about 2 per cent per degree, With a stationary platinum micro-
electrode the temperature coefficient of the diffusion current is larger,
being about 4 per cent per degree, In order to measure diffusion currents
with an accuracy of £ 1 per cent, the temperature should be controlled to
at least * 0,5° with a dropping mercury electrode, and to * 0.25% with
stationary microelectrodes.

10
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Workers at the Oak Ridge National I.a.!:m:n-at.ory’*7 have recently reported
attempts to employ the usual polarographic procedure with stationary solid
microelectrodes, Time maxima were found to occur whose magnitude seemed to
depend on the rate of increase of the polarizing woltage., Reproducibility
was poor in comparison with that of the dropping mercury electrode.

The disadvantage of having to wait two minutes at each value of the
applied voltage for a steady current state is eliminated by the use of
the rotating electrode, HNernst and Werriam'® were the first to describe
current-voltage curves obtained with a rotating platinum electrode. They
reported constant regions of diffusion current, which were found to be
proportional to the concentration in the electroreduction of iodine,
bromine, chlorine, silver ions, and permanganate ions in an excess of
indifferent electrolyte. In other cases, such as the electroreduction
of dichromate, chlorate, ferricyanide, and persulfate ions, and the
electrooxidation of ferrocyanide, ferrous, and a_tannous ions, a much
smaller current was observed than was expected and no well defined
diffusion-current regions were observed.

A similar type of investigation was carried out by Hosenthall,

Loreh and Hammett!? on the kinetics of the electrode reaction of the
system guinone-hydroquinone, using very rapidly rotating electrodes. It
was reported that a speed of rotation could be reached beyond which an

17 L. B. Rogers, H. H. Willer, R. B. Goodrich, and A. F, Stehney,
Anal. Chem. _2_].-_, m (19:&9).

18 7, Nernst and E. S. Merriam, Z, physik. Chem., 52, 235 (1905).

19 3. Rosenthall, A. E. Loreh, and L. P, Hammett, J. Am. Chem. Soc.,
59, 1795 (1937).



increased rate of rotation no longer influenced the current. Under

these conditions the current was determined only by the rate of the
electrode reaction itself, which was strongly influenced by the catalytie
properties of the electrode surface.

A rotating platinum microelectrode to be used at a constant speed of
rotation is described by Laitinen and Kolthoff20, The electrode consists
of a platinum wire 3.2 mm. long and 0.5 mm, in diameter on one side of an
iron shaft. Two flanges on each side of the electrode protect it from
mechanical damage or bending when the electrode is inserted into a
rubber stopper. A mercury-seal device is used to prevent the entrance
of air, and also serves to make electrical contact to the electrode. The
entire iron shaft is coated with several layers of ceresin wax for electri-
cal insulation, and the wax carefully scraped away from the platinum wire.
The bearing surface of the shaft consists of two 1/2 inch portions of the
brass cover section, with a one~inch portion in the middle machined away
from the shaft to decrease friction., This electrode was rotated by means
of a synchronous motor operating at exactly 1800 rpm. A small pair of
gears served to reduce the speed to 600 rpm.

The advantages to be sought in applying the rotating platinum micro-
electrode rather than the dropping mercury electrode are increased
sensitivity and greater simplicity and convenience. Increased sensitivity
is brought about by increasing the rate of diffusion by stirring. The
absence of a condenser current decreases very markedly the residual
current. The fact that the diffusion current is steady rather than

fluctuating is an obvious advantage in simplifying measurements.

2 H, A. Laitinen and I. ¥, Kolthoff, J. Phys. Chem., 45, 1061 (1941).
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However, bhe scope »of the rotating electrode is much nperower than that of
the»droppiag pereury eiectrade. ¥irst, many systems yield highly irrevep-
sible current-voliage curves at rotating mieroelectrodes. For emample,

dichromate doos net-yiuld a cathodie diffusion current. Zecondly, the low

hydrogen overvoltage o <2 limltation in the range of nepative

elactrode potentinls, alectrole surface is not renewed
continually during operation; hence the Lehavior of a solid microelectrode
v depend somewhat upon its previocus history.

s x

In splie of the ‘e limitations, may be said that in general ifa
given analysis may He performed with both the dro g mercury eiscltrode
and the rotating platinum microelectrode, the latter is preferable for
routine work. This is especially true of smpercomeiric titratiosns.
*”ul‘eer devized & now technlmu@ of polarographic measurenents with
a platinom microelecirode whieh involves flowine the solution past the
electrode in a comstricted gl@ss tube. Under opbtizum conditions the
limiting currents were found‘%a be a linear fanction of the concentration

of ithe eleectroactive substance and the logarithm of the rate of flow.

23
)
~2
&3

2l 5, 4. tuller, J. Am. Chem. Soc., 89, (1947).

:'
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Ycope of lMegearch

Tha purg:vasa é;t“ the following experimental work was to devise and test
new forms of @1@6%1‘0&@3 which aizht bLe anplicable to polarographlc snalysis
s the indicator electrads. ‘There was an attempt Lo relain as many as
nossible of the afivar tages of ex tigting electrodes while removine thelr
ﬁisa dvantages. The orincipal characteristles sought wores

1. Heproduoibility.

2. Tiide rangs.

wooth current-voltage curves vhen used with the automtic
polarogra ph...'

e Mindiman ?2"1&1.31 gurrent.

5, Simple sturdy design which would reguire 2 minimue of manipulation.

6. ZYenewable surface,

7. Elixinstion of the use of relatively large cunntities of mercury.



Yetails

Heagents and Solutions: ALl chemicals used in the invastigation were

reagent grade, anz all solutions were prepared with distilled water, The
concentration sf all sslatlon\ ware known within one ver cent.

Tank nltrogen, wh@n used for removiny oxygen Irom the polarographic
cell, was freed of oxygen by passing 1t suceessively Uhrough two gas-
ﬁashing nottles of Qlﬁ&liﬂe pyrogaliol folloued by one of concentrated
sulfuric acid. Wheﬁevervgassiblﬁ sodium sulfite was adied to the solution
to remove oxygen.

Apparatus: FPolarograph Fodel RIL, manufachured by the I, H. Sargent Co,
nas used as the continuous-recording ilnstrument. The basic cireuit for
the polarograph is shoun in Fig, 1. Fssontially it eonsists of a uniform
slide wire around a drum, comnechod by a set of gears +o & cylinder

-

housed in s light~tight comparbment and carryins a sheeb af photographie

£

paper. The potential dfap acwocv the slide wire is adjusted to any

of a batrery, a gseries resistance, and a volimebsp,

The drum carcying the slide wire iz rotaled either manwlly or by asans

or an slectric mobor, and as it revolves continually increasing voliage

g applied to the elsclrolysis cell., The mebter is 2 sensitive d'hroonval

P

galvanoneter, wﬁich §bsse$sas a long period. 4 line of light from a
galvanoneter lamp iz reflected by the moving mirvor of the glvanoueter
on %o both the shotsgraphie paper and a visusl scale on the front of Lhe
instrusent case, The housing of the photographic evliinder iz provided
with a narrow slit, m:l can be opaned or closed by a shatter on the

revolving drue assensbly and t'wmough which the light beam of the mlvano-

meter enters,
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"A reversing switech is provided to 2llow eilther anodic or cathodic
: %oltages to be applied to the microelectrode, In one position, a shunt
is connected by means of which one electrode may be connected to the
midale of the slide wire allowing the other elecltrode to pass from
positive'through zero to negative potentials. In the other position,
the slide wire is co&nectéd'so as to apply a gradually increasing
potential from zero to the maximuﬁ‘value given by the voltmeter,

The current sensitivity‘kﬂob manipulates an Ayrton shunt in
parallel with the gélvanometér. The readings indicate the fraction of
the to;él current actually passing through the galvanometer.

As was indicated, 1t 1is possible to use this instrument to obtain
manual current-voltage curves. However, the manual curves obtained in
this research were abtaiméd by means of a manuval apparatus assembled by
Professor Paul Arthur of the Oklshoma A. snd ™, Chemistry staff, A

wall-type Leeds and Northruo galvanometer was used in this assembly.

17
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Assemblies and Results

Flowing Mercury Electrodes: The flrst foram of microeleetrode gstudied

utilizing a flow of mercury is shown in Fig, 2. The capillary, which
determinés the area of mercury exposed Lo the test solution, was 1.5 mm.
in diameter, and with a flow of percury of one gram per second gives
approximately the same sensitivity as the dropping mercury electrode.
The capillary atthéfend of the tubing through which the mercury flows,
makes the flow of mercury steady. The size needed to producevthe
necessary back pressure was determined experimentally.

This electrode ﬁhen used with the automatic polarograph acted
egsentially like a stationary elecﬁrode, i.e., large time maxima occurred
and the diffusion current region,‘ﬁhen present at 311, was 1ll-defined.
Then used with the wanual apparatus, reproducible current-voltage curves
were obtained when a one-minute period was allowed to elapse éﬁ each
applied voltage befbre the current was recorded. As the waiting period
for a stationary microeleétrade is two minutes, the advantage gained here
is insignificant.g

This elect,i-ode hag the advantage over a statlonary eleectrode in that
there is some renewal of the electrode taking place; howeber, as the
glectrode demonstrabed_that.ib is not applicable to automatic recording
instruments it was not tested further.

" 4 second type of.flowing mercury electrode studled is shown in
Fig, 3. Contact betﬁeen’thé mercury and test solution is brought about
by drilling a hole 2 mm; in diamgter into the tube conducting the mercury.

The remainder of the electrode is as the one previously described,



Test solution

[ R (R £ -

fig. 2, flype or Flowing Wercury Klectrode

M\‘_[ﬂ_wv 4%_§;nercury

reservoir

lest solution

/
,92 mm, ‘(,%{z;> N

\ meI‘C\_Lr‘y
k / reservoir

Fig. 3. Type of Flowing Mercury Electrode
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A typical polarogram obtained with this eleseivode using the automatic
polarograph is shown in Filg. h. Uaxims sueh as the one shown occurred in
zll cases; however, thelr magnitudes varied under apparently ldenticesl

il

conditions, The maxima tend fo indicale that the rate at which the

system reaches diffuslon squilibrius is slower bthan the rate at which the

. \ 22 - . .
voltage changes. Zvidence Tor such 2n exnlanation is found in the

observation that tﬂese m&x;na are nob of the same type as those encounbtered
with the dropping mercury el@@@rade, in that the preséﬁéc»@f gelatin does
not suppress them. 17 thig : be the eage, one would expeét'slmmer rates of
oolarization to p?éﬁuce‘é&fﬁéq sith small mexima, Attempis were made to
verify this canclmsiﬁn, hot the irregular occurrence of the maxima and
bhe émali va?iatians:in rate which conld be attained with the apraratus
availabl e, prevent£a any muantlzat ve conclusion concerning this eftect,

Sl vht dwfferenves in the angle of the horizontal tube contalning
the mercury had congiﬂerable effect on the diffusion G{‘?éﬂt and was
probably larpely reapemsible Par the relatively poor pé&cisimn atiaing
whigh,was about 5 per cé@%.

The seoenrrence Qf the maximz and the relatively poor re?raﬁucibility
of resulbs obtaimgd vit§ this electrode discouraged further work on this

type of alectrode,

Bot&tiqg,%&gchroéesi' In view of the facts listed shove, the irvestigation
was Qiractedvtaward}different-typ@s af electrodes, The following is an
investigation of the massibility of measuring half-wave potentials and
diffusion eurrest with-rahatihg aralgamnted electrodes at potentials

where the rotating plabtinum eleclrode iz ineflectivs.

22
(1939).

H. As Laiticen and I. 1. Eolthoff, J. im. Chem. Soc., 61, 3344
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hmalgamated eiectrodes were chosen so that the high hydrogen over-
voltage of mercury could be utilized and to form an unstable surface so
that metals which tend to deposit as crystals on platinum would fall off
the surface and thus. not appreciably increase the electrode area. The
metals wefe plated on platinum instead of using the pure metal so that
ﬁhe_eiectrede could ne cleaned with acid and replated without signiticant

~change in its éréa. ‘With this procedure various metals éould be studied,
removed and replaced with relative ease and good comparability.

The rmtating—électrode asgembly 1s shown in Flg. 5. The 2lectrode
consisted of a platiﬁum ﬁire 3.5 ma. long and 0.5 mame. in diameter on one
sidé‘of an iron shaft;’ The iron chaft was coated with several layers of
ceresin wax for eléétrical insulation, amd the wax carefully scrapedr

away from tne platinum sorface. One application of a thick coating was
found to last indefinitely and bto provide excellent electrical insulation
and good protectionvifxb'béa corrosioh. The bearing was an ordinary bicycle
front axle with a éflé—inéhvshaft. The electrode was rotated with a
variable-speed stiffing motor whose rpm was checked occasionally by
means of a tachometer. In all cases the speed of rotation was kept at
600 fpm. in accordaﬁcevwith the findings of Laltinen and Kol thoff.”>
Ot the various typéé»of electrical connections used, a brush contact;
made of a strip of spring brass touching the shaft, proved to be the
best.

A cork fitted inte the electrolysis cell, with suitable openings,

allowed an atmosphere of nitrogen to be kept above the solution in
E P

23 4, A. Laitinen and I. M. Kolthoff, J. Phys. Ghem., 45, 1061 (1941).



those cases whave oxvygen would interfere, 'Thenever possible, sodium

sulfite way used as the deoxygenabing agent,

The e:}.ectm ies uxmed were gold and copper along with thelr amelgams.
Trey were prepared by plating the metal on the platinunm elecirode with a
knovin voltage and curr{«:nt; A 1 per cent ailkaline solation of gald chloride
containing potassiun eyanide and a 5 per cent solubtion of cupric ehloride
in 57 per cent etuham;}. *;;tére_use;d as the plabing solutions, A potential of

]

a eurrent or o milliampere for five minubes was used in

o volbs witin
both cases. The gold “electrode vas amal ganated by dipping momentarily
into mercury whereas iy was found fecessary bo dip the coppor elsclbrode
into 2.1 H mereuric é;%:lariﬁe for one minube and then rub it Llightly with
filter paper. As the poléf@gmphic get-up vag used as the source of
poteabial and the voltage and current measuring devise, the eleckrodes
could be pregaved m & fow nminubes. The electroies were cleansd between

and rinaloy with distilled

runs by washing in aboul 5 par r:en’f nitrie acid o wity
water, it being found that several runs could be pade in this wsy without
z"'eplating.

The va'l. tage at v:mch hydrogen was produced by decomposition of the
solvent is c¢learly mdwdted in Pig. 6. It can be seen that copper,
copper amalgam, and g\’;}lﬂ spalgan ecan be used at considerably nore

negative poten tials than can platinum.

The Deposition of Silver Ionsg

ks the half-wave notential of silver is positive, it is possible o
use the votating platinum eleectrode to obtain its polarvogram. 4 number
of curreni~voltage curves for warious concentrations of silver lon in

oy

potassium nitrate were made using the rotating platinum electrode. In
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tae first erperiments a flat residual current line followsd by & steadily
increasing current beginning at the decomposition poteniial of silver
W s observed. This seemed to be caused by & too high esll resistance,
for when the salt bridge was red signed to decrease the resistance, a
diffusion current region was found, The diffusion current s0 obiained,
however, increased with tiume aﬁ@ wag not entirvely reproducible. At the
aend of the eleetxal&Sis relatively larpe crystals of silver could be
seen on thedectrode, rather than a smooti coauxnb.. Thic would have
the effect »f incraasing the eiec&rade aras considerably and thus the
current should inerease as ths slectrolysis proseeds. 4 slmple

caleulation will show that the increase in area due o the formation
of a saonth vcatmﬂg is qulﬁp small, On the addition of J.01 per cent
selatin a smooth 311ver meacsxt was 3utnln 2] and the diffusion curvent
was found to be daf¢nitv and "eaaonavly constant.

In the use of the amalgamated gold elecirode the diffusion current
ie found to be constant with or without the use of gelatin., In this case
no crystal growkh igiobééfved‘presumably owing to the formation of a
dilute silver am&lgvﬁfand to tﬁa unstable nature of the surface to which
the erystals would héve‘tavcling. & typlecal current-voliage curve
obtained 1 Lth 10 -2 1 silver nitraﬁe in 0.1 ¥ potassiun nitrate is shovn

i k.

in Fig, 7.

The Tepositinn of Cadmium Jon

Ergellent current-wvoliage curves (which could not be dunlicated with
the rotating platinuwa electrode owing to its limited voltage range) were
produced with the rotating amalgamated electrodes. 4 itypleal polarogran

is shown in ¥ig. € for 5 x la = ¥ ecadpiwn chloride in 2.1 ¥ potassion



chloride, 4s is bo be expected, the difrusion current is much larger
than with the dropping mercury electrode wherees the residual current is
smaller. This, alémg with the fact that no oseillations occur, constitutes
the pyimcipal advantages of the rotating clectrade.

Pige 9 shows the relationship between the diffusion current, as
measéred'at a potential of —é.@& vall vee the 3.0.E.; and the concentration

of eadimm. The amglgamated gold eleclrpde was used.

ckelous Ions

»
]

The Teposition of Cupric and ¥

“The diffusion current for nickel was found to be much smaller than
vas expected and erratic resulis were obralned at concentrations greater
than 1074 . Az it canmobt be assumed thal concentration polarizatlon is
the only type of electrode reaction taking place with the rotating
electrode, the action of each substance cannot always be predicted.
Enlthoff znd Laiﬁiﬁénaﬁ found ferrocyanide ion to give perfectly conmstant
dirfusion-current regions with the stationary platinum electrode but with
the ratating electrade no well defined diffusion-current region was found.

Fvidently the appearance of a horizontal diffusion-current region on a

current~-voltage curve reguired the electrode reaction to be rapid in
comparison with the rate of diffusion. With a rotabing electrode the
current dengity is incressed greatly for a glven solution zs ccmpargd

with a stationary electrode, and it is necessary to deterpmine for each
particular case whether current-woliage eurves with vell defined diffusion

currents can bhe obtained,

?h 1, b. Teitinen and I. ¥ Tolthoff, J. Phys. Chem., 45, 1061 (1941).



LLoYoamneres

LY 3]
A 4
1

P

5 ] )

Potentlal of ieroelasctrode, Volts (ve. S.0.E.)

v 8 ol . o > & "'l B 21 + 2 \ ey a
Fig. &. Flectrolysis of 5 x 1077 Cd 1in 0.1 X ¥CI using the amalgameted

zold elecirode.

32

pYo I

L~ ™

44 -

©

é}, -]

S 15t
o

o

R .

o

= -

£

—tt —

-3 £ St
2 1

@ o

o

3 -

3 -

.‘S

o §—m
s} .

b

Gt -

£3 -

6

R
| 1 2 'ii )

Joncentration {¥illimoles per

e . . o w5t .
Fig. 9. Helationship between concentration of Cd and the
current using the amelgamated gnld electrode.

1]



‘The current-vollage curve of cupric lon wis unione in thal a maximum
invarlably sceurrad which was not supprecsed with gelatin., The height
of the maxima eould not be aaticlpated but the diffusion current regions

beyond them were ressonably well defined,

Typical polarograms for the electrolysis of cupric and nleckelous

inn are ghown In Fig., 10,

Eleetrolysis af Potagsiun Di-lodate

This eleetrolysis was run in order to deﬁonstrate the usability of
the amalgamatod electrodes near thelr limits in the more negative reglons.
1t can be scen from Fig. 11 that hydrogen evolution beglns betore the
difrusion current ic well defined with the amalgamated gold electrode.
Yith the amalgamated copper aelecirode the diffusion current is well
defined but represents slmost the 1ilmit of usability of this electrode

in the negative direction.

28
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Stationary Dlectrode with Stirred Solubion: One would sexpecl the resulls

frow stirred solutions o be similar bo those oblained either with a
rotating electrade or by floving the test solubion st the elecirsde,

: Y
NVE3TLE

:-p-‘
H

o
[
<
&

?'.have reported, however, that stirring mavkedly decreases
the resroducibility of botl: the half-wave potential and Lhe difrasion
current, and that in many cases no diffusion current platesu could be
obtained. MNevertheless, it appesred reasonable that umder properly con-
trolled siirring cénditians_the malf-wave potential and aiffusion current
would be well defined,

Yith this in mind 3 cell was made by sealing a length of thin-walled
capillary tubing with an intornal dianmeter of 2 mu. into the botrom of a
test tube 2 ca. in diameter, The btubing projected L om. into the tesd
tube, the other end being atbached to the wsual leveling bulb, Ilercury,
which was placed in the leveling bulb, was allowed ito flow inbo the
capillary tubing until the peniscus was level wmith the top of the
capillary. It was found in practiee ihat the interfacial tenslon »f the
systenm mercury-solution changed enough o vary the height of mereury in

the capillary bobe by as auch as 2 mm., a3 a8 varying pstential of +2,5

g

to -0,5 volts was apolied. This change in helghb was minimized by
replacing the rubter tubing with glass and inserting a stopesnck which

when slosed prevented flow of so-cury hebwesn the caplillary and the

b

leveling bulb., ‘ihe clesirode as used is shown in Fig. 12, The piece

. . . . v Ty s 5 , .
0¥ glass tubing sesled inks the test tube apmd bent at 907 connscts the

25
26 : . - G u e . : :
Le He Hogers, M. H. Miller, X. B. Uopdrich, and As F. Stehaey,
,fhi?ia:!-. s}i&-xﬁa ¥ g.;_-' 7’?7 i l@!*g} - :

He A. Lattinen argd I. . Tolthoff, J. Phys. Chem., 45, 1061 (1941).
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To stirring motor
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Fig. 12. Stationary Mercury Electrode employing controlled stirring

burette for
adding
mercury
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beasd

cell to a saturated calonel half-cell by means of & salit bridge.

BE‘.'

arrangenent produces an elecbrode that is reproducible and which may be

.

renewad alter each run. Yo venew the elsetrode a cuantity of mercary is

[%g

added {rom the buretre anl the stopeack apened, which allows mercury io
flow from the capillary.  Small cuantities o7 percury are then &dﬁed Zrom
the burette unbil thelkeﬂxsvw“ af ths smereury is level with the top of
the gapillary., Yhe stopeock iz then closed.

4 test solubion af 5 % l@'a ¥ cadmiun nitrate in 0.1 § potassiua
chloride was used. Sodiwn sulfite was used to remove axyzen tfrom the

solution. ‘The addiilon of 0.1 gram of sodiun sulfite to 50 ml. of

test solution removed all traces of wie oYy

""D. TAYE,

Stirring was {irst accomplish ed py means of a glass rod § mm. in

diametor rotated by means of a variable-speed stirring nmobor. ‘'ihe end of

the rod wag placed directly over and 1 om, above the microelectrade. It
wag found that by stirring at 600 rom, approxicately the same sensitivity

was attalned as with the drooplar mereury slsctroge.

zmg were obtained im which the

inder these conditions polaros
dlffusisn current ﬁas not well defined. A typleal polarogras is shown
in Fig. 13. It woula appear that the fluctuations in the diffusion
current are dus cither to vibrations, which may vary the size of the
microelectrode, or Lo stray eddies ia the snlution. Subsecuesnt investi-
gations in which vibration was deliberastely incressed and decreased
showad thalt vibration was not the orimary cause of the fluctuations.
To reduce eddiez in the soluilon, stirring wes accomplished by
means of 7 mne. glass tu@img {internal diaceter of 5 mu.), the lower

end of which enclosed the capillary containing the microelectrode
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far & distance af 5 s, Under these onditlons the Aiffusion current vas

guite well defined. A Lypleal polavogrem is shown in Fieg. 14, The sam

in order to mm&aiﬂ polarograms free of fluctuations., ‘then the tubing is

P

inserted iato the chuck of the stirring motor in such a way that a wobble
ie obtained, the nolarogrars have the sare appearance ag that shown in
13, Hy vsing the best of a half-dozen chucks insrected and by

keeping the subing short (aboub 5 em.), the polevoprass were kept iree

Az would be expecied, inereasing the rate or stirring resulte 2d in
an increase in corrent. The increase, however, iz guite slight for
rotations greater than 552 rom. With the apparatus used, irregulsrities

ware obgerved 1in LH@ currant-voltage curves when the speed of rotation

e

was increased above 730 rpme Tt is cossible thalt iz

o
&
s
U
Ha

ting shatfid
was enclosed with & bearing which would keep the rotor running true at
these higher speeds, the irregularitiss would not oecur. Iowever, as

the current does not inecrease appreciably for rotations greater than 550

rp. s Lhere appears to be no reason for using hipher spoeds of rotation,
In the cuaniitative determinations a spead of 575 vpm. was used,

“The height of mercury in the capillary alse has sore effect on the
carrent and in these investigations the meniscus of ths rercuary was

3. % Ay e e d 2
PErCUrY 2 Ml

adjusted level with the top of the capillary.

P

below the top of the capillary the current is decresssd aboub L0 per cent
and at a distance of 3 ma, 2 tire maximum occurs in the current~voltage

curve, Hith the mercury meniscus adjusted level with the top of the

capillary, slight variations in height had no great effect on Lhe current,



Tithout the use of gelatin the gcla?crvams 5§ cadmium ion showed
irrepularities at voliages above 1.2 volts ws, the S5 C.E. In a few
cases the irregularities showed up at somewhat lower voltages., It might

be thooght thabt crystal i

tion was resposnsible for the variations, yeb

o

when the wvoliage was hold at same ooint on the diffusion-current platean
ities occurred, the diftusion curreat
vepained steady for a perdiod 57 tlme exeeeding that of the morsel eleciro-
lysis. Ko fatisfacﬁary explanation o this phenpnenon was Tound.

ined with the statlonary electirnde is comparable

[
s
(6]
3
=3
o
[¢]
e
o
ey
o
[t
;19
ff.

to that attalned with the dropping mercury electrode, Fig. 15 shows the
propor tlonality that exists botween the diffusion ewrrent at a solential
of —;.Q volt {ve. 5.C.2,) and the concentration of ;adﬁaum, using the
stationary and dropping mercury clsecirode. The average of three dunlicate

.

ruas ie shown in both cases,
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Discussion of Hesults

The results obtained with the two types of flowing electrodes studied
indicate that congiderable differences in design would have to be made
before they would be applicable to polarographic analysis. The lack of
reproducibility and the occurrence of the maxima are the two major obstacles
that would have to be overcome., One serious disadvantage of the dropping
mercury electrode would, however, be overcome in that oscillations im the
- earrent-voltage curves Would be eliminated,

: The rotating aﬂalaanatcd glectrodes proved to be superior to the
rotating platinum electrode 1n that crystal formation was minimized or
ﬂlmnated and the I-ange .m the direction of negatlve potentlals was
con81derably 1ncreaSed;ﬁ Thefcharacterlstlc advantages of bhe rotating
platinum electrodeiéf§ fetaiﬁéd iﬁ that the diffusion curfént is increased
éonsiderably whereag”th? residual current is small. Alsovsﬁaoth current~
voltage curves are §btéi§¢é;z The cases in which the notating electrodes
maj be used nust beb determined expérimntally as the current densi’ﬁy ig
~:incréased'bremend0dsly an@»effechs othef than cancentratish polarization
may occur, ‘ ‘ ~

+.-8p far as has}Eséﬂ'ihvestigated the stationary mercary selecirode

‘empiéying controllé& sﬂirring seemé to be superior in some respects to

the dropping mercuf&“éieétfode; The two chief disadvantages of the
_dropplng mercury clectrode, hlgh residual current due to the condenser
efzect and OSPlllatlonS in the current-voltage carves; are eliminated.

The electrode used-was approximately three times as sensitive as the
drcpﬁing mercury electrc&e, énd it seems reasonéble-to suppose, could

be made still more sénsitive without injurious effects. With this
electrode an ordinai'y microammeter could be used in place of the sensitive

galvanome ter,



Sunmary

A review was conducted of available literature pertaining to indi-
cator elecirodes applicable to polarographic analysis.

It was decided that the ideal electrode would (l)‘give reproducible
resulis, (2) give smooth current-voltage curves, (3) have a wide range,
(L) develop a small residual current, (5) have a rensuwa
(6) be of a simple and sturdy design which would reguire a minimum of
wanipulabion, and (7) not reaguire large quantitles of mercury.

Electrodes were designed employing the following features: (1) flow
of mercury past the solutiom, (2) rotating amalgamated microelectrodes,
ard (3) stationary mercury surface employing controlled stirring.

¥lecirode (1) did not preve.ts be applicable to polarographie

nalysis., Time maxima occurved in the current-voltage cuvrves which

2

m

sgeped to be dnberent in the nature of the elecirode and the reproduci-~
bility, as compared bto that of the dropping mercury electirode, was poor,
Electrade (2) possessed the characteristic features of the rotating
platinum electrode in that smooth current-voltage curves were obiained
with a minilmum of residual current and a high diffusion curvent. In
addition the range in the direction of nepative potentials was

sxtended and crystal formation on the electrode was minimized or
eliminated. Tlectrode (3) gave the best results, and insofar as it was
studied, seemed superior in some rvespecits to the dropping mercury
eléctrode. Smooth current-voliage curves werc optained with a minimuwa
of residual current. The electrode as used was more sensitive than the
dropping mercury electrode and could probably be made more sensitive

without injurious effects.
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