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HISTORICAL
The polarographic technique of electrochemicusl unalysis was developed
zbout 30 yeurs ago by Professor Jaroslav Heyrovsky at Charles University,
Prague, Czechoslovakia. The polarographic method involves the interpret:tion
of a plot of current versus the applied potentisl as obtzined when a compound
in sclution is reduced or oxidized at & smsll polarizable electrode., Although
the firsgt ﬁork was done on & manusl apparatus and the curve plotted by hand,

in 1925 Heyrovsky and Shikats'

developed zn instrument for plotting the curve
eutometically. This instrument they named the polarograpl, while the curves
8o obtsined they called polarograms.

The idezl type of polarogram is illustrauted in Figure 1. The "hs1lf-
wave potentisl"® (EL/2) is found to be characteristic of the substunce being
reduced or oxidized. The diffusion current (Id) is, in most cases, propor-
tional to the concentration of the reacting substonce., Using these relution-
ships, it is pocsible in some cuases to cualitatively and quantitatively
enslyze a solution for a&s many as four or five ions or compounds in one
determination.

In the most general terms, a polarogram is obtained by plotting the
current versus the applied potential as the latter is steadily incressed
across an electrolysis cell consisting of = small, easily polarizable elec-
trode (heresiter referred to =s the microelectrode) znd a large non-polari-
zable electrode (called the reference electrode). The reference electrode
maintaine a constunt wvalue throughout the electrolysis, so that the reaction
¢t the microelectroue is the reaction being measured.

A solution that is to be analyzed polerographically ususlly consists
of three components; (1) the solvent, (2) the reducible or éxidizable

moterial, and (2) the c:rrier electrolyte. The solvent may be water, a
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solution of water 2nd some organic solvent, such as methanol or ethunol, or
in some cases en entirely non-agueous solvent, such as acetone. For polaro-
oraphic analysis the reducible or oxidizable materizl to be measured is found

8 :
molar. There are some isolated czses

in concentrations of 10-2 to 10™
where higher or lower concentrations have been used. The carrier electrolyte
is some ionizable substence which acts in the capacity of the carrier of
the current. It is dezirable that this carrief.electrolyte be from 80 to 100
times as concentrated as the reacting substance. The function of the carrier
electrolyte is to minimize the electrical migration of the reacting substance
to the electrode, thus insuring that the diffusion current is really due to
the diffusion of the substance to the electrode surface. Should the reacting
substznce have the same ionic mobility ss the carrier electrolyte, a carrier
electrolyte of 100 times the concentr:ztion of the rescting substance would
carry spproximately 99 percent of the current. This would make the assumption
of a negligible electrical miération of the reacting substunce within the
experimentsl error.

There are three types of microelectrodes in common use today. The
first electrode developed, and the most generslly used, is the dropping mer-
cury electrode (D.M.E.). The dropping mercury electrode consists of a mer-
cury reservoir szrranged to maintain a constant head of mercury, connected to
a piece of very fine cspillary tubing. Suitsble capillzry tubing is svail-
eble from the Corning Gless Works under the name of "mcrine barometer tubing".
Pieces of this tubing can be chosen to have a uniform bore of the orcer of
0.05 mm. in which case & length of 5 to 20 cm. will give the desired flow
rate of & drop every & to 6 seconds. Ilkovicg developed the classical
eﬁuation named af'ter him, relating the diffusion current at the D. M. E. with

the other varisbles in the reaction. The Ilkovic equation states:

1, = 805 n DY/? ¢ u¥/3 /6



where
id = current in microamperes
n = number of electrons involved in electrode

reaction

Lo}

diffusion coefficient of substence rescting
-1

expressed a5 Cme S€Ce

C = concentration in millimoles per liter

=
I

weight of mercury flowing in milligrams per
second

t = drop time in seconds

For any given reaction at any perticuler capillary in a given environ-
ment all these terms except 4 and C are comstants; consecuently, this
ecustion gives the relationship that the diffusion current is proportional
to concentrstion. This equation holds only for reversible reactions at the
D. M, E. Some modifications of the Ilkovic equaticn huve been made recently.
The weakness of the Ilkovic eguation lies in the fact thet the curvuture of
the surface of the Tercury droplet has been neglected. Taking into zceount
the curvsture of the droplet, Lingsne and Loveridg322 and Strehlow =znd
von Stackelberg55 have independently derived the relationship:

1q = 607 n DY/2 ¢ a5 V6 (1+AD1/T12%£)
where A is s constant and the other terms hsve the same meaning ss in the
originsl equation. Lingane and Loveridge found A to be 39 at 25%, and
Strehlow and von Stackelberg found it to be 17. Lingsne and Loveridge22 also
found that the originel Ilkovic equstion could be used if the exponent of 2/3
on the quantity m was replaced by 0.€4.

£lthough the D. M. E. is extremely useful in cathouic studies, its use

anodically is limited. The major problem in trying to use the D, M. E. in



anodic work is that mercury itself is oxidized at about +0.4 v. (versus
the saturated cslomel electrode), undergoing the reaction:
2Hg —> Hg;+ + 2e

The potentiasl of this reaction is dependent on the medium, but +0.4 v. is
near the maximum positive potentisl that can be obtained with the D. M. E,

4L second type of microelectrode that has had some use in polarography
is the stetionary platinum electirode. This electrode hes & much greater
range in ancaic work than does the D. M. E., for the electrode material is
relatively inert. However, the electrode does have the disadvantzge of nec-
essitsating a one-to two-minute wait for ecuilibrium to be attuined for ezach
potential zdvance, an exceedingly slow rate of incre:ssing the voltuge with an

0,813
Wt 2), or the use of

automstic instrument (23 has been used in some cases
high temperstures to incre:ise the speed of attsinment of complete concentra-
tion polarization, as in the work of Skobets, Torov, and Hyabokonss. Hﬁllerzs
has reported developing an apparatus using the stationary plstinum electrode,
where the electrolyte solution flows pest the electrode at a uniform rate.
This apparatus is suitable for use with sutomstic recording polarogrszphs but
is very sensitive to changes in the rate of flow of the solution.

Using Fick's First Lew®, Kolthoff snd Lingenel® derived the following

equation relating 14 to concentrations:

ig = knIC
whare
n = number of electrons in reaction
D = diffusion coefficient of the reacting substance
in cm.? sec.”}
¢ = millimolar concentrstion of rezcting substance

They were able to prove experimentzlly the accurscy of this relationship

for seversl iong tested,.



The third common type of microelectrode, =nd the one used im this
resesrch problem, is the retzting platinum microelectrode. This elsctrode
is usually 0.5 mm. wire projecting about & mm. from éhe side of & shaft
costed with an insulsting materizl sud rotated in the solution at zbout 600 r.pe.n
Leitinen and Kolthofflg have found th:t there is no increase in diffusion
current 2t speeds of rotation greater than 600 r.p.ms They also noted that
nsing the szme solutions with the rotzting electrode &g those used on &
stationary platinum electrode the scme size, they obser§ed about 20 fimes the
diffusion current found with the stationary electrode. It is doubtful if the
rotating electrode ever rezches esuilibrium with the solution, but it maintains
the same percentage of the ecuilibrium current at all times.

Randlesso has done a graphical solution to a rotating microelectrode,
but in his derivation he imposed three conditions which make the resulting
ecuation not applicsble to this worke. These conditioms zre that: (1) the
roteted electrode be sphericel in shape; (2) the reaction at the electrode
be reversible; and (2) the product be soluble in the solution. It is believed
that none of these conditions apply to the work reported here,

The anodiec branch of pelarography has received little sttention compzred
to the large amount of work that has been done at the cathodes 4&s in cathodic
work, most anodic work to dote has been done &t the Do M. E. There have been
several inorginic ions oxidized at the D. M. E. in recent yesrs. E'»t‘ruble56
reports that the titenous ion gives an anodic wave in dilute HCl, while
verdiar§g has oxidired menganous tertrate. More recent work ig that of
Lingahe end Heiteags on the oxidatiﬁn of V+4. There are & number of reversible
organic rgactions that have been stundied. The eystine-cysteine system, both
anodic and cathodie, is the subject of a chapter in Kolthoff znd Linganels.

12
Kolthoff znd Barnum  2lso report results on cysteine st the platinum electrode,

using perchloric acid as the carrier electrolyte. Several oxidation-recduction



potentinls hove been studied zt the D. M. E., including the work of MBller
and Baumbergerzs on the nuinone-hydrocuinone system, snd followed by further
work by Hﬂller27 on quinhydrone. Hﬂlleras also determined the potentiel of
d-hydroxyphenazine. The oxidation potential of the chromocyanide-chromi-
cyanice system wus studied by Hume and Kolthoffa. More unususl types of
reactione are the ones studied by Smith, Kolthoff, Wawzonek znd Rouff>* on
the oxidation\of the hy&rbxj;chromans and hydroxycoumarans. In this case
the electrode resction is reversible, htut gince the reaction products ure
unstszble, the overall reaction is irreversible.

There is another type of anodic reaction that we should congsider at

16 heve found that ions

the dropping mercury electrode. Kolthoff and Miller
which form insoluble or very slightly ionized sclts with mercurous ion will
tend to decrease the positive potential of the mercury oxidstion, und do so
in a manner charscteristic of the ion. Therefore ions of this type give
waves, and may be analyzed. This was done on C17, Br , I", S', 8203=; N,
CNS™ and OH .

There is alsc to be considered the irreversible type of resction at
the D, M. E. The first of these to be reported waus the oxidation of ascorkbic
acid by Kodicek and Wenigll. Skobets and Atamanenkogl’zz ren ascorbic acid
at the stationury platimum anode, and found a sharply defined wave. Vlcek,
etal.,58 oxidized catechol in phosphste buffers, but found some interference
from the reaction of phosphzte ion with mercury. Doschil? repested thie work
in acetate buffer solutioné with kbod results, and also got waves (rom 4-methyl-
o-benzoquinone,ff-naphthoquinone, and pyrogallol. Lester and {}rtzeen'berga0 report
the oxidation of phenylhydroxylamine at the D. M. E. Some recent zrticles on
other organic compounds report the oxidation of sodium diethyldithioczrbam=te

8
by Gregg and Tyler , =nd the snodic resction of thioglycolic acid by Liberti

o 2 ; ; ;
znd Cervone l. The continuation of this type of work unfortunstely is limited
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by the low oxidation potential recuired to oxidize the mercury itself. These

are just the few cases of compounds which have been founua to give znodic waves
below the oxidation potential of mercury in the particular carrier solution
used.

There hzs been some anodic work at the stationary platinum microelectrode
where there is not the potential limitation of the D. M. E. However, the
electrode is rather tedious to use, due to the fact that it must be allowed
to rezch equilibrium at each potential setting—e matter of one to two ﬁinutea.
Leitinen and Kolthoff18 found thst this technique gave good results. Glaastones
first used this electrode for polarographic purposes, and found the diffusion
current proportional to concentration in the oxidation of ferrocyanide iom,
ferrous ion, hydroguinone, and hydroxylamine. Skobets and Fonmmiionis Y
oxidized pyrocatechol and ascorbic aeid to give well defined waves, but
resorcinol, oxalic aeid, ethanol and formic acid gave curves with sharp
maximum pesks, which they did not attempt to explain. Walen and Heissinsky>®
also oxidized oxalic acid, in addition to reporting the formstion of & wave
in the anodic deposition of Pb0s. Julien end Ruby’® have used the stationary
platinum microelectrode to determine the half wave potentials of several
organic compounds. By using an sapparstus which incressed the potential at =
rate of 10 to 20 millivolts per minute they were able to use an automstic
recording device. Between runs they cleaned the platinum electrode with
concentrated HNOz, washed with distilled water, them with chromic acid,
then again with distilled water. They investigated several phenylenediamines
and p-aminophenol.

The electrode used for the research reported here was the rotating

platinum electrodes It has the advantages of being easily used with
the automatically recording polarograph. It also gives a considerably

larger diffusion current than the stationary platinum electrode. Nermst snd

lerrianzg were the first to use & rotsting Pt electrode, before the days of



polarography. Kolthoff and Harrial5 have used the electrode in ampero-
metric titrations. Laitinen snd Kolthoffl® oxidized ferrocyanide et the
roteting electrode using KCl as the carrier electrolyte, but in order to
obtain reproducible results they found 1t necessary to evolve oxygen from
the.electrode for & few minutes before each determination. Delghey and
Stieh12 have reported the oxidation of thallous ion 2t the rotating elec-
troae., Between runs they rinsed the electrode with concentrated HyS0, to

14

remove the product, T1(0H)s;, Kolthoff and Jordan™ also oxidized thallous

ion =t the rotating platinum electrode, storing their electrode in 10M HNO
between runs in order to obtain reproducible results. MacNevin and Sweetz4
have recently reported that they obtained current versus voltage curves for
methanol and sthanol at a platinized rotating platinum elsctrode,

One other work of note in the field of anodic polarography is the work
of Bortmesl. Using primarily the rotating platinum electrode, but occasion-
ally a gold electrode, he was able to obtain good waves for iodide, sulfite,
and gtannous ions. Reproducible wawves were obtained for iodide without
treating the electrode when the runs were made in 0.36 N HyS04 and the maximum
voltuge w:s limited to +1.0 volts vs. the S. C. E. For the other ions, various
treatments were required for the electrode between runs. These will be
discussed later in connesction with the studies covered in the present research.
In contrast with the results reported by Lzitinen sl Ealtnedes”, Bortaei
found thut freshly prepsred solutions of ferrocyanide gave good waves when
0.1N sodium sulfate waes used as the carrier electrolyte and when & freshly-

scraped electrode was used, but gave poor results if the anode was first

polarigzed.
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PURPQSE OF RESHARCH

The purpose of this research is fhreefold; Since thsre hzs been
8o little anodic polarography of orgunic compounds, it was felt that
it would be of Interest to investigate to what clesses of compounds
this method of analysis might be applicable. After this preliminary
investigation, en extensive study was to be made on one or more compounds.
From the results of all these experiments it was hoped that we would be
zble to obtain informetion on the factors influencing the results in
this type of polarography. It was known from Bortmesl work that the
factor of grestegt initerest would probably be the polarizstion effect
that mekes necessary the pretreatment of the electrode before each deter-
minatlon in order to get reproducible results. A general solution to this
problem, including a general treatment for all cases, was one of the major

aims of the investigation.



EXPERIMENTAL
Anparatus

Two polarographs were used in this research, the preliminsry invest-
igations being made on & Szrgent Model XXI recording polarograph while the
later stages of work were done on an instrument of our own construction. In
the latter instrument, the automatic bridge snd photographic recording unit
were parts from a Sargent Model XII instrument. The galvanometer wss a special
one of the type used in the Model XII tut heving a sensitivity of 0.0047
microsmperes ver scale division, a period of 3.5 seconds, an internsl
registance of 200 ohme snd a critical damping resistance of 2200 ohms. This
instrument was equipped with & chsin of genrs providing a variable speed drive,
8o thet the full spsn range, from O to 1.0 on the camers scale, could be
transversed in & time that could be varied from 30 seconds up to 5 hours.
It slso had z preset voltage circuit similar to that on the Sargent Model XXI.
In addition to these features, = Brown Recording potentiometer (Model No.
153x1.2V-%X-30) having & 10 millivolt full-scale sensitivity and a pen speed
of 4.5 seconds was zttached to the instrument, so that either visual or
shotographic records could be made.

The electrode was of conventional design (Figure 2). A platinum or
gold wire was mounted in & steel shaft 12 mm. in diameter. This shaft,
mounted in & brass bearing, was drivem by a 1/20 h.p. rubber-mounted motor,
the motor and shzft being connected by pulleys and & drive belt which served
to reducé the speed of the shaft to 600 r.p.m. The shaft was coated with
ceresin wax and the electrode scruped clean. The electrode thus exposed
was about 0.5 mm. in diameter and 5 mm. long. To insure that, in scrsping,
a reproducible surface area was bared and to prevent injury to the wax insul-

ation, a8 soft-glass bead about 2.5 mm. in diameter wes fused onto the electrode
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Flectrode Assembly
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wire near its bazse, and the electrode znd bead were scldered in place in

the shaft by Wood's Metzl., The glzss bead was set tec protrude about halfl way
out of the shaft and, in sereping the electrode, care wase tsken to scrape to
the glass surfzce each time. Considerable difficulties were encountered in
gealing & glass bezd to gold wire, but by use of a microburncr and great

cure it was found to be possible. It is rel;tively easy to form such a bead
on platinum when & small hot {lame =ach ;5-th&t'producea by =2 small gos-oxygen
torch is used.

The cell employed wss of the H-cell type (Figure 3), with a sintered
glass disk and glass wool packing in the connecting arm to limit diffusion.
The two halves were commected by a ground-glass ball and socket joint. To
reduce resgistance in the cell, the connscting arm was made of fairly large
bore (about 7 mm. I. D.) tubing. With this arrangement and with the solutions
employed, the cell resistznce was found to be of the order of 1000 ohms.

Ager wag not used in the liquid junction, for it was found that in alkeline
solution (0.1N NeOH) spurious waves showed up occasionally, snd evidence
indicated that these irregularities could be due, in part, to the agar.

Agar dissolved in an alkaline carrier electrolyte was found to give an anodie
wave of sorts. -

A1l messurements were nede with the cell inserted in a constant temp-
sreture bath which was connected to a central system supplying water at
25.0% 0.1°c.

Three reference electrodes were used during the course of the problem.

An attempt wae made to use the mercury pool during the preliminary investi-
gations. However, since in this work the reference electrode was to function
as the cathode, it was soon reelized that, except st high voltages, no rezction
could take place at this electrode, and any current flowing would be subject

to control by both electrodes rather than by the micro electrode alone. The
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Figure 8

Resction and Reference Cells
A-Reaction cell

B-Mercurous sulfete reference cell
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next reference cell tried was the saturated calomel electrode (S. C. E.).
As a reference the S. C. E. gave excellent results, but it was found thzt
small zmounts of chloride ion diffusing through the salt bridge from the
reference electrode caused trouble with the determinstions. Since this was
the case, it seemed advisable to use another electrode, and the mercury-
mercurous sulfate electrode was decided on. This electrode was made up to
be saturated with K;504 and it was found that sulfate ioms diffusing through
from this electrode did not cause trouble. Seversl runs were mude inter-
changing the two reference electrodes, and if a preset of 0.% wvolts opposed
was used with the mercury-mercurous sulfate electrode, the results ochbtzined
with the 5. C. E., but without the chloride interference, could he closely
approximated by applying a further correction of 0.1 volt.

Since any oxygen in the solution to be analyzed might react with, and
reduce the concentration of oxidizasble substances, each solution was degassed
for 20 minutes before the run was made and nitrogen was passed over the
surface of the solution while the polarogram was being made. The nitrogen
used was water-pumped nitrogen supplied by the Linde Co., znd befcore use was
passed through a train consisting of concentrated sulfuric zeid, alkaline
pyrogallol, and distilled water.

A1l reagents used were either C. P. or reagent grade, and were used
directly from freshly-opened containers. The only reagent nurified further
was the potassium hydrogen phosphate used in the buffer solutions, in which
cese the C. P. product was recrystallized twice from distilled water,

Some exploratory work was done originally employing 0.1N N=OH, 0.1N KC1l,
end 0.1N HCl as carrier electrolytes. ©Since it was expected thet the resctions
to be studied would be pH sensitive, therefore requiring a buffer solution,
and Bince-it was learned early that chloride ion interfered with the deter-

ain=tions, it wes deemed advisable to use as carriers u series of buffer
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TABLE 1

Phosphate Buffer Solutionsk

pH of Calibration

pH Milliliters of O Solution
NaOH KH,PC, H,80, K250,
Z.00 45.00 4.32 17.0 2480
5.00 0.58 42.00 12.3 4,80
7.00 12.€5 27.00 6.7 7.00
3.00 20.57 20.00 T2 9.90
10.00 24.25 234,50 0 10.20
11.00 2577 23.00 0.2 10.30

#These proportions are on the basis of 100 ml. of buffer solution, the
volume being brought up to this magnitude with distilled water. The
potassium sulfate was added to bring the solutions up to an ionic
strength of 0.142.
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solutions not containing eny chloride icn (see Teble I). The original
solutions were made up and checked withqtha Beckman Model H pH meter.
Standard pH's for calibrations were oltained using Coleman buffer tablets.
Since it was desired to make ull determinztions st the szme ionic strength,
all buffer sclutions were brought upy to an icnic strength of 0.142 before
the determinztions were made. 4 0.2N solution of K 80, was used for this
purpose. Each buffer solution was belleved accurate to its listed pH ¥ 0.05
units.

For the photogruphic determinctions, the paper used wes Eastman Kodak
Kodabromide paper, F-1 speed. It was found necessary to sensitize the paper
for the high-s.eced runs by pre-exposing it for 1 or 2 seconds tc the diffuse
light from a 25 watt bulb, a2t a distsnce of 12 feet.

Depolarization of the Electrode

This section deals with the electrode pretrestments tried in an effort
to make the electrode behave in & reproducible msnner. The ferm polarization
has been applied to any electrode effect that tends to inhibit the passage
of current. It is in that sense that the term is used here, the term being
used to covery any effect produced by electrolysis that prevents the repezted
use of an slectrode without preliminary treatment. There is justification
for the belief that, in the work done with the platinum microelectrode, this
polerization effect is cuused by the formation of reac£ion product on the
surface of the electrode, this being true even if only a cerrier electrolyte
is used. It hzs been found by Bortmésl and salso by this investigator that
the types of polarization present, znd therefore the depolarization trestments
needed, wvary with hoth the earrier elsctrolyte and the oxidizeble substence
being determined. For example, Eortmesl found that in the determinztion of

iodide, if he used 2 0.36N sulfuric acid solution as the carrier electrolyte
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no polsrizztion occurred, the cerrier itself sppzrently ccting &s the
depolarizing egent. In other cases, however, it was necesszry to wesh the
=2lectrode with concentrsted sulfuric zcid. In some csses he founa that
reversing the polarity of the electrode for ¢ few minutes in order to reduce
the oxidstion product gave scceptsble resulis,

Polarization seems to give rise to two difficulties. In the first rlace,
if suecessive runs sare made without depolarizing the electrode, each succeeding
run becomes much wesker gnd less reproducible than the preceding cne--as if
the polarizztion is= bullding up. The second importsnt effect of polarization
is the distortion of the original polarographic wave. The wave rises as if
to follow & normnl polerographic curve, but reuches a maxisum und then
rapidly drops off, leaving s pesk in the curve. Both of these phenomena
indicated thzt some change was taking place at the electrode surface; con-
sequently, the depolarization techniques tried were directed toward the
removel of possible oxidation products and the reconditioning of the electrede
surface,

The various depolarizetion techniques tested will be discussed in detsil
with respect to the type of electrode used, i. e., platinum or gold. The
major pert of this study wes made with the platinum elecirode, so that will
be considered first.

Reversing Current In Resction Solution. This teehnique which was used

by Bortmesl in some cases, was tried on several solutiong at vzrious times,

The procedure wes to reverse the polarity of the polarographic cell, meking
the platinum elsctrode the cathode at & potentisl of -1.2 v. with respect

to the S. C, E. This was done for periods of time from 30 seeconds to several
minutes. In both O.1N NaOH and O.1N HCl the electrode was apparently depoler-
ized enough to show waves, but in the acid medium the depolarization seemed

erratic. It sppeared first that the method would be successful in alksli,
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but socon it was noiticed that & lwmp usuelly uppeared in the curve alter
depolarizing in this msmmer. This luup occurred at about +0.5 volts vs.
the S, C. E. In order to see if this hump was possibly aue to formation
of peroxide zut the electrode, a sclution of H:0p wus rum, the concentration

2 molar. No wave wes found, and further concentration

being about 10~
increcses did not develop & wave.
Copcentrated Sujfuric Acic. Vashing with concentrated sulfuric acid
was tried briefly, but this treutment did nol wppear Lo be as uselul as
5 G 1 4 g : ;

it was in the work of Bortmes . It appeared to give fairly reprouucible
recults, with ¢ slizht weve on the carrier curve just before it went off
the scals. However, wshen this technique was used a wave wnich had a.peared

for acetaldehydie in another instunce failed to show up; conseguently, it

=

wus assumed that a good cleaning of the electrode was not being accomplished.
Similar results were obtuined with 18N Hd;504.

Distilled Waber ifash. This was tried on several occasions, but the
material on the electrode dic not seem to be affected. The electrode
surface was not clean and shiny and poor results were obtuined.

Dilute Sylfuric Acid Wash. This gave the same affect as the other
acid wushes, but in addition, the current would often jump off the scale
at the first small increase in potential at the beginning of the electrolysis.

Titenous Chloride Magh. It was felt that a moderately strong reducing
agent might clean the electrode af'ter an oxidution. Titanous chloride was
tried for this purpose, but the results obtained were guitc erratic. Since
such erratic behavior wes always observed when the electroue came in contact
with chlorides, and since the TiClz huad te be kept in a strong HCL solution,
it was beliewed that ut least some of the difficuliy was due to the chlorice

precent and possibly adsorbed onto the clectrode surfzce.
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Hydrogen Evolution. The next technique appliea in an attempt to
condition the electrode involved the electrolytic evolution of hydrogen
from the surface of the electrode. As a current source two cells of an
ordinary storage battery were used. Since it was realized that some of
the hydrogen would be sdsorbed at the platinum surfece, it was decided to
wash the slectrode a{ter the ewolution with a2 dilute solution of iodine.
The hydrogen waé.evolved from a 1N sulfuric aeid solution. On the first
attempt hydrogen was evolved from the electrode for 30 sec., the electrode
then being washed with distilled water. The electrode was then treated
with iodine solution for 15 seconds, then rimsed with distilled water again.
This procedure seemed to give excellent results and, due to the reduction
of possible oxidation products by hydrogen or to the mechanical loosening
by the bubbles, or both, the electrode surface was clean and shiny and
gave good waves with phenol. Unfortunately, after severazl treatments of
the electrode with hydrogen a secondary wave appe:ured, even in the case of
the carrier electrolyte solution which contained no oxidizzble materisal.

The wave was & well-formed, sharply defined one with & half-wave potential

of about +0.,62 vs. the S. C. E. It was thought that possibly we could
eliminete this wave by washing the electrode longer with iodine, but wsshes
up to one minute did not decrease it noticeably. Other washes were tried,
including one with % percent HzOg. In other cases, oxygen was evolved at

the electrode surface for 30 seconds sfter hydrogen generation for 5 minutes;
then the electrode was washed in an acid solution of ferrous ammonium sulfate
to remove the adsorbed O, from the electrode. In all of these, however,

the wave persisted and could be removed only by unususlly vigorous scraping
of the electrode surface. Figure 4 gives a picture of this wave, run at &

50-second span time., Teble 4 gives the measurements teken on this weve in
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an sttempt to determine the number of electrons involved in whatever
reaction was responaible for the wave.

Since the wave obtsined when hydrogem evolution was used occurred in
the range of some of the waves studied im this research, it was necesssry
to sbandon this method of depolarization in spite of the otherwise desir-
ability of the combined reducing and mechanical wasching action of the
evolved hydrogen.

Scraping the Electrode. The technique of scraping the pletinum elec-
trode between determinations was the method-finally adopted in this reseurch.
It has the advantage of guaranteeing a clesn surface for each rum if the
scraping is thoroughly done., It has the obvious disadvantage of being very
tedious, and over a period of time 1t will cause a change in the are: of
the electrode surface exposed to the reaction. This technigue does give
reproducible results and was found to work wvery welle A sharp razor blade
was used, and care was made always to scrape back to the glass bead in which
the electrode was seateds It was this technique that enabled the successful
work on the determinstion of phenol to be done.

In treating the gold electrode for polerization some of the same
technicues tried on the platinum electrode were used. It was noted that
the gold =electrode did not seem to be as easily polarized in the carrier
solution as wae the platinum and a similsr phenomenon was frequently
observed in solutions of compounis being investiguted. On the other hsnd
it was noted thet when the gold electrode did become polarized it was more
difficult to depolarize thaen in the czse of the platinum electrode. Due
to the much greater softness of gold it was difficult to use the scraping
technique without seriously damaging the electrode; consequently, this
solution to the problem was not satisfactory. OSeveral other technigues were

tried.
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Reversing Current Between Runs. This seemed to give results similar
to those obtained with the platinum, the charscteristic hump being present

ofter a few runs. This method of depolarization was abandoned when it was
found that phenol, which worked well with platinum, gave no wave at the gold
electrode even when concentrations as great as 0.l molar phenol were used.

Conceptrated Sulfuric fcid Wgsh. This method was entirely unsatis-
factor& with fhe gold electrode. FErratic waves invarisbly were obtained
even in the carrier solution slone.

Hydrogen Evolution. This method, which had been tried with platinum,
was also tried at the gold electrode, with entirely similar results except
that the wave came at a slightly different potential. The half-wave potential
in this case was +0,70 vs. the 8. C. E.

At this point it seemed that platinmum electrodes were giving the best
resultsy consequently, the rest of the work was done using platinum for the

electrode.
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Hesults ond Discussion

In the early purt of this work a number of orgsnic substances were
tested in an effort to determine (1) conditions necessary to obtuin good
anodie waves and (2) the clusses of crgsznic compounus likely to yield such
waves. Unfortunstely, most of these compounds were studied using the
Se Ce E. as reference electrode end before it wus realized thet chloride ions
diffusing into the solution froﬁ the 5. C. E. could cause trouble, many
spurious waves were thus obtained and these studies were therefore of little
value. Glucose seemed in such experiments to give some wsves as did methsnol,
formaldehyde, and zcetaldehyde. The work on these compounds needs to be
repeated before any definite stutements u«re made, however, for the waves
obtzined, if due to the compound at all, were certzinly badly distorted both
by chloride interference and polarization.

fniline, though undoubtedly influenced by thece sume factors, gave
rather pronounced weves in O.1H NsOH, snd the evidence wes such as to
indicate th=t it would work well if proper precautions were token. Similer
evidences were noted even when HCl was used as the carrier, the wave spprrently
being strong enough to rise above the polurization (and possible contuminztion)
effects.

The only compound studled with ull known precautions was phenol. 4t
the gold electrode in 0,1N RaCH, three waves were found, one of thece
appecring to be one of the spurious waves mentioned earlier. With platinum,
when the electrcde was depolarized by scrzping, consistent snd reproducible
waves were obtsined. Protection from sir wes necessary in wost cuses for,
unless the solution wes so protected, the wave height on successive runs
decrecsed,

Studies on phenol at the platinum electrode and using the mercury-
mercurous sulfate cathode were made im solutions of pH from 3.0 to 11l.0.

In esch cuss the solutions were adjusted so they would huve a8 nearly ss
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TABLE 2
Hulf-wave Potential of Phenol and Number of Microamps per Millimole with pH.
pH Ey /2 vee Ey /2 vs. Conc.Phenol ) Microamps
HglHg2S04 Elect. S.C.E, Moles/liter microamps per Millimole

Scan Rate 10.5 Millivolts per Second

3.00 0.47 0.87 0.01 .52 0.55
5.00 0.39 0.79 0.001 1.55 1.55
7.00 0.24 0.64 0.001 0,776 0.78
9,00 0.06 0.46 0.001 2e14 2.14
10.00 0.10 0.50 0.001 .21 2.21
11.00 0.07 0.47 0.001 2.48 5448
9.00 0.65% 1.05% 0.001 0.752 0.75
10.00 0.72% 1.12% 0.001 1.13 1.13
11.00 0.60% 1.00% 0.001 0.376 0.38
Scan Rate 100 Millivolts per Second
8,00 0.80 1.00 0.01 8.46 0.85
5.00 0.47 0.87 0.01 12.21 1l.22
7.00 0.28 0.68 0.01 11.40 1l.14
3.00 0.24 0.64 0.0011 5.96 5.96
10,00 0.24 0.64 0.01 10.34 1.03
11.00 0.17 0.57 0.01 12.45 1.25

*Second Veve



Diffusion Current versus Concentration of Phenol

TABLE 8

Carrier pH = 9,00

Concentration phenol solution added = 0,335M in pH 9.00 buffer solution

un

5

ml Phenol

Solution Added

0.2

1.0

2«0

13.0

0.2

1.0

Scan Rate 100

Concentration

Phenol Moles/1

0
1.1x10"°
5.5x10~%

1.08x10™%
3.94x10~%

6.05x10~%

0
1.1x10™°
5.5x10™0
1.08x10™%
5.94x10™%

€.05x10~%

El/2 VEs

S. C. E-

0.47
0.44
0.44
0.41

0.40

0.64
0.64
0.62
0.52

0.59

Iy

Microamps

Scan Rate 10,5 Millivolts Per Second

0
1.86
ReR3
5.06
2.82

3.29

Millivolts Per Second

0
5.96
7.76
8.23
8.94

0,40

Microamps per

Millimole

1.69
0.40
0.28
0.072

0.054

0
5.42
l.41
0.758

0. 227
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possible the sane’ionic strength. In an effort to obtein some ides of

the effect of polarization on the wave shape, runs were made &t two speeds;
i. e., scanning rates of 10,5 millivolts per second and 100 millivolts per
second (a 3.0-volt spen in 4 minutes 45 seconds and in 30 seconds, respec-
tively). Figure 5 illustrstes the types of waves formed at the lower span
speed of 10.% millivolts per second. As explained earlier, the sharp drop
of the wave after the pesk is reached is believed due to polarization.
Figure 8 shows that this effect may be considerably reduced by making the
runs &t a higher speed, such as the 100 millivolt per second speed used in
part of this research. The second wave noted in Curve II of Figure § was
not found in any case when runs were made at high speeds, it being too close
to the cerrier wave to be seen even if it were present. Table 2 gives the
data found on phenol at both scenning rates, including the half-wave potentisls
and the number of microamg.res of current found per millimole of phencl
present.

Phenol was tested to see if any regular relationship existed between
diffusion current and concentration. Tsble 3 gives the date found, and
Pigure 7 gives the plot of Id versus concentration. It is noteworthy that
et higher concentrations the Iy does not change much with concentration
changes. However, at concentrations of 5 x 10~ and below, & more normal
trend is seen. The increased polarization effects noted in the low-speed
Tuns meke this data less reliable than that of the 100 millivelt per second
runs. The fast runs show thst quantitétive determinations of phenol could
be made, but only at concentrations less than sbout 5 x 10'5¥ and only at
high seanning rates. All of these concentrztion curves were made &t a pH of
9.0, in solutions made by adding from a burette a standard concentrzted sol-
ution of phenol dissolved in the same buffer medium. The phenol solution was

17
standardized by the bromine method recommended by Kolthoff and Stenger .



TABLE 4
Curve Charscteristics of Polarization Wave on Carrier Curve

Following Hydrogen Depolarization*

ig = 45.2 mm.

Evs. Sat'de 1 141 EE%E log 1g-1  log 'Iifi

HglHgoS0, E. 10
.39 7.5 57.7 0.199 1.576 -0.701
.46 15.0 30.2 0.497 1.480 ~0.304
.53 2647 18.5 1,453 1,267 0.159
.58 32.7 12,5 2615 1,097 0.417
.59 57.2 8.0 4,650 0.903 0,867
.65 41.0 5.2 7.88 0,716 0.897

#From 2 run made on & pH 7.0 buffer solution at a scanning rate of
100 millivolts per second.



TABLE &

Data for Determination of Number of Electrons per Molecule

in Phenol Reaction

pH 9.00 solution; phenol 10-2¥; scan rate 100 millivolts per second

E vs. Sat'd,

Hg |Hg,50, E.
0.15
0.18
0.23
0.26
0.29

0.31

pH 3.00 solution; phenol l.lxlO‘sﬂ; scan rate 100 millivolts per second

i

18.2
31.2
36.0
40.0

42.5

n

14 = 45.0 mm,

O h

2l.5 0.428
26.8 0.680
1%.8 2+ 26
2.0 4,00
5.0 8.00
Ref 17.00

9.5 « 595
3245 «539
25.0 1.52
18.0 2.50
13.0 3.84
7.0 8.00

4.0 14.75

log ig~i

1.4908
1.428
1.140
0.954
C.622

0.298

1.596

1.512

1.255
1.114
0.844

0.602

log 7oy

32
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15 £
According to Kolthoff and Lingsne , when a substunce which is soluble
in both its oxidized and its reduced form is determined at either the D. M. E,
or a solid platinum microelectrode, the latter acts as 2 noble metal electrode

and, if the reaction is rapid and reversible, the curve follows the equation:

= By SRS 1 7

E
d. -
e 1g-1

From this the slope of a line obtained by 'plotting E; o.ve+ log -IE}{
should be equal to 0.0591 # n where n is the number of electrons per
molecule involved in the electrode rezction. A similar equation for the
reversible reduction of a cation to the metallic state, where the metsl
is insoluble in mercury or is being deposited on a solid microelectrode
and where the deposited metzl is in its most stsble state recuires thst
E; . be plotted against log (14-1) to give & slope equal to 0.0591+ n.
Although evidence acquired during these studies indicated thzt the polari-
zation reaction occurring &t the platinum electrode wzs neither rapid nor
(probably) reversible, both of these graphical methods were applied to the
polarization curve (as obtzined in the phosphzte buffer of pH 7 as carrier,
after depolarization by hydrogen evolution) in an effort to determine the
number of electrons involved. The same curves were likewise plotted for
phenol although it seemed probable that the over-all oxidetion of phenol

would not be reversible.

The plot of E versus log-IE%I— in all three cases used guve straight
lines (see Figure 8 znd Tzbles 4 and 5). Phenol was plotted &t concentrations
of 10~% and 1.1 x lO‘sﬂ, in order to investigate the diffevences in these
curves when the apparent polarization during the run wus found to te low or
high. From the plot of Ij versus concentration it appecrs that the polari-
zation effect is considerably larger at 10~°M. The slopes obtained in this
plot of E versus 1og-IE%I gave no useful information on the reaction tuking

place at the platinum electrode. Theoretically a ome-electron change has a
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slope of 0.06, & two-electron change a slope of 0.08, =nd sc forth. The
values found for the polarization wawve and for the 10~%M =nd 10~y phenol
waves were 0,14, 0.11, and 0.14 respectively.

Using the szme data (see Tebles 4 and 5), a plot of E versus log igzi
was made (Figure 9). In all three cases the graphe obtuined were curves,
with no recognizable, mezningful slope.

One of the most interesting things noted in this research was that
consistently better results, both in wave form and in variation of observed
diffusion current with concentration, were obtained when the runs were made
at high scanning rates and on solutions of low concentration. This evidence
favors the hypothesis that products forming on the surface of the electrode
and rendering part of it ineffective are responsible for the "dips" observed
in the waves and the decreasing wave heights observed when repeated runs
are attempted without depolarization. The current in polarogruphy is a
function of concentration; consequently, at low concentrations, smaller
electrolysis currents flow. Slow scanning rates meen that greater time
elapses during the making of a single run. From Foraday's law it is known
that the cuantity of product formed =t an electrode (in this case presumsbly
the polarization product as well as other products) is proportional to both
time and current; consequently, if the theory of polarization postulited is
correct, a decrease in either concentration or scemning time should have the
effects observed.

Salicylic acid — This phenol was run at a pH of 10.0 in a phosphate
buffer solution. The electrode wes depolarized by scraping, but no wave was
found even 2t concentrations of 0.01M. It would seem, therefore, thst the
compound is not oxidized below the potential of the carrier weve uncer the

conditions of the experiment.

4-Hydroxybenzoic acid - This compound was run at & concentrstion of



0.66]
I
[o]
[o)
0.40]
II
& 1II
3
~
Q
» (]
0.14 n )
0.4 1.0 ] 1.8
log ig-~1i
Figure 9

Graph of E vs. log 15-1 (Reference Electrode Sat. Hg |Hg2S0,4)
I - Polarization Wave
II - Phenol 10~°M

III - Phenol 10~%M



37

0.01¥ in a pH 10.0 phosphate buffer solution. No wave was found.
4-Hydroxyigophthaljc acid - This compound w=s run at a concentration of
0.005M, in a pH 10.0 buffer solution, this concentration being the limit of
the solubility of the compound in this buffer solution. Again no wave was
found, the phenol apparently being too difficult to oxidize at the potentials

afforded by thie carrier solution.
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CONCLUSIONS
In view of the resesrch presented in this paper, it is obvious that

using these technicues, it should be possible to analyze many of the more
easily oxidizable organic compounds at the platinum electrode using auto-
metically recording polarographs of high scanning rates. In the czse of
phenol, it has been ghown that this compound gives a reproducible wave at
the rotating platinum electrode and that, over limited concentration ranges,
the diffusion current is roughly proportional to concentration. It has also
been shown that better current-voltage curves msy be obtained by decreasing
the length of time of a determination or (within limits) the concentration,
thereby decrezsing the effects of the polarization tsking place at the
electrode.

Other compounds investigated in a preliminary manner, and which appear
to have good possibilities for further study, include esniline, formaldehyde,
acetaldehyde, and glucose. The explorstory studies on these compounds indicate
thet they should, with proper technique, give good polarographic waves at the
anode. ‘

There are two principal limitations to the methed as seen at this time.
The major problem is still the one of depolarlzation of the electrode between
runs. The method of seraping the electrode is adequate for research purposes,
but is unduly tedious, and unless done very carefully, does not give =
reproducible surface for each run. Further work should be done to determine
the cause of this phenomenon and if possible, to develop a universally app-
licable technique for the prevention or removel of these effects. The second
problem to be solved is the problem of a carrier electrolyte-solvent combination
which will allow the positive potentizl to be increased past the point now
possible using these buffer soclutions. This may not be possible, but it is

a worthy subject for further work. Extending the range of the carrier
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electrolyte-solvent would greatly increase the number of compounds =+hich
could be oxidized, and thusly increase the usefulness of the method. Sub-
stences such &s the other phenolic compounds tested in this research might
then be oxidized, and the general value of anodic I_)olarography grestly

enhanced,
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