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Historical

In 1903 Kuceral5 constructed a dropping mercury electrode for the
purpose of studying the electrocapillary curve of mercury in solutions of
various electrolytes. During the course of his investigations, Professer
Kucera noted some peculiar inflections in the electrocapillary curve when
reducible substances were present, and it was at his suggestion that
Jaroslav Heyrovsky commenced the investligation of these phenomena which
eventually led to the development of the polarographic method of analysis. /»?

Although this method of analysis was applied to organic as well as
inorganic compounds almost from the beginning, 29 the major develorments
came in the inorganic field, since the reduction of many simple metal ions
is reversible and these gave waves capable of interpretation in the light
of electrochemical laws known at that time.

There were many suggestions among the early workers for fixing some
reference point on the wave so that identifications could be made. One of
the earliest suggestions7 was that the potential at which an increase in

the applied voltage produced an increase in the current of 21.0"'s amperes be

taken and called the "deposition potential® of the ion. In 1932 Semerano 28
suggested that the applied potential at which the wave had a slope of 35°
16' was more characteristic. Shikata 30used that value of the applied
voltage at which an increase of 10 millivelts produced a rise in current
of 1.9 x 10™° amperes, calling this value the "redution potentisl®.

All of the above methods were strictly empirical, and were unreliable,
since the observed potential changed with the concentration, with galvanom-
eter sensitivity and with too many other factors. Consequently, polarography



was placed on a sound scientific basis only when Heyrovsky and Ilkd'icm
showed the theoretical significance of the polarographic wave, and suggested
the use of the half wave potentlal for each substance. This value is, for
many substances, independent of concentration, and is in general independent
of drop time and galvanometer sensitivity.

The development of the theory of the half wave potential and diffusion
current stimulated a large volume of work in both organic and inorganie
polarographic analysis. OSeveral rather complete bibliographies of polaro-
graphie literature have been published, the most recent being that of the
Leeds and Northrup CoX7 which covers the literature up to 1950.

Early workers in the field’>> reported that dissolved oxygen inter-
feres with the wvave of the substance under study. Oxygen is easily reduced
at the dropping mercury electrode to give a polarogram of two waves. The
first wave is believed to be due to the reduction of molecular oxygen to
hydrogen pu-oxido.s |

0, + 20" 4 2¢ ==y Hj0, (acid solution)
Op 4 2Hy0 + 2¢ -——3 Hy0p + 200 (neutral or alkaline solution)
The second wave is believed to be due to the reduction of hydrogen peroxide,
either to water, or to the hydroxyl ion.
HyO0p + 2H* 4 2¢ -——+ 200 (acid solution)
H)0p 4 2e --——+ 20H" (alkaline solution)
A1l of these reactions are irreversible at the dropping mercury electrode,
and the overvoltage of each is high.

Strnad 33 reported that small concentrations of heavy metal ions exert

a pronounced effect on the waves of oxygen. Vitek3J noted that the diffusion

current of oxygen is several times larger in anhydrous methanol than in
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water, and attributed this to the greater solubility of oxygen in methanol.

Although a large volume of work has been published using mixtures of
organic solvents and water .g., that of Page et 1123, Smith et 3131, and
Wawzonek et a136) there has been comparatively little published work on
polarography using anhydrous organic solvents.

In 1942, Bachman and Astle published two papers dealing with polaro-
graphy of inorgenic compounds in glacial acetic ncid.s"' These authors
obtained normal waves for Pb**, Ca**, Zn**, Co**, Cr**, Sb** and Ni**,
using a chloranil-glacial acetic acid electrode as a reference. They were
unable to obtain good curves for Cu**, Fe***, Hg** or Pb****, Bachman and
Astle also studied the electrocapillary curve of mercury in ammonium acetate
solutions in glacial acetic acid, and found that a double maximum was present
in the curve. Upon the addition of water this double maximum coalesced into
the usual single maximum.

In 1949 Lewis, Quackenbush, and De Vriesi®

studied organic peroxides
polarographically, using a solution of equal volumes of absolute methanol
and thiophene-free benzene. These authors claimed that a resistance of
4,000 ohms through the cell was the maximum which would permit good results
to be obtained with automatic recording. They used a mercury pool anode as
reference in neutral solution, and an external saturated calomel electrode
when acid or alkaline solutions were to be used.

In 1950, Porks and Hansen? suggested the use of glycol ethers as
nonaqueous solvents in polarographic analysis and described the use of
Cellosolve (ethylene glycol monomethyl ether) as a solvent for the direct
polarographic determination of tetraethyl lead in gasoline using either

tetra-n-butylammonium iodide or anhydrous HCl as the carrier electrolyte.
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These authors had earlier tried purified dioxane as a solvent and reported

that it gives satisfactory results when fresh, but deteriorates rapidly in

storage due to peroxide formation, etc. In their work with Cellosolve,

Porks and Hansen used the mercury pool anode as a reference electrode.
tia‘rent.r,\r6 briefly described some experiments using ethylene glycol as

a solvent in polarography.

At Oklshoma A, and M, College, Black”’ and Allison® investigated polaro-
graphic behavior in anhydrous methanol solutions. Black reported that no
limiting current for nickel was discernible in methanol-water solutions
where the methanol concentration exceeded 91% by volume. He also failed
to obtain a wave from a solution of benzaldehyde in n-butyl alcohol.

Allison noted the extreme importance of thorough removal of oxygen prior

to the making of the polarogram. By bubbling tank nitrogen through a
solution of sodium pyrogallate, he was able to eliminate the masking

effect of the oxygzen, and obtained good waves of lead in anhydrous methanol.



Introduction

Polarographic analysis is based on a study of the current-voltage
curves obtained when solutions of electro-oxidizable or electro-reducible
substances are electr.lyzed in a cell in which one electrode is very small
and easily polarizable while the other electrode is large and practically
non-polarizable., These current-voltige curves may be plotted manually,
or they may be racérdod automatically on an instrument called the polaro-
graph, which was invented by Heyrovsky and Shikata.ll The curves them-
selves are called polarograms.

In order for the discussions which follow to be more easily comprehen-
sible, a typicﬁ polarogram, with its characteristic parts labelled, is
shown in Figure 1.

The "half{ wave" potential is, under the proper conditions, character-
istic of the substance producing the wave. This potential is determined
graphically, by measuring the potential at which the midpoint of the wave
between the projected residual current line and the flat upper portion of
the curve, (the limiting current line) occurs. The half wave potential
will shift slightly with temperature, and with changes in the nature and
concentration of the indifferent carrier electrolyte. Literature values
usually specify the half wave potential versus the saturated calomel
electrode for a specific carrier salt solution.

The diffusion current is a function of the concentration of the ion

whose deposition potential has been reached. If conditions are held con-
stant, and suitable standards are available, the wave height gives quantita-
tive information. Accuracy is limited by the reproducibility of the wave,

and the accuracy with which measurement of the wave height can be made.



L.C.

Fig. 1 A Typical Polarogram
L.CLimiting current line B - Zero current line (base)

I; - Diffusion current V -~ Zero voltage line (base)
R - Residual current line



Tayla':”" has recently discussed the merits of various methods used for

obtaining quantitative results.

The apparatus used in making polarograms consists of a battery which
operates through & potentiometric circuit to supply a variable, known
voltage, a current measuring device such as a galvanometer or microammeter,
and the polarographic electrolysis cell, The cell itself is made up of a
dropping mercury electrode or other microelectrode, and a non-polarizsble
reference electrode.

The dropping mercury electrode consists of a mercury reservoir
connected to a fine capillary tube of about 0.05 mm, internal diameter
from which drops of mercury fall at regular intervals, usually 3 to 6
seconds. Capillary tubing of this size may be obtained as "marine baro-
meter tubing" from the Corning Glass Works, Corning, New York. A pool of
mercury at the bottom of the eleetmluil vessel is frequently used as a
reference anode and,providing the carrier electrolyte contains an anion
which forms a reversible system with the mercurous ion, this will function
satisfactorily as the non-polarizable electrode. This is true because the
reaction at the anode will inwlve the oxidation of mercury to mercurous
ion, which will then react with the anion to form an insoluble salt, and
thus provide a reversible system.

The galvanometer is usually one with approximately a 15 second period,
and is further damped to a 20 to 40 second period. The galvanometer is
extremely sensitive, the one in the Sargent Model XII instrument having a
sensitivity of 0.003 microamperes per millimeter scale deflection.

The range of the ylmtcr is greatly extended by the use of an
Ayrton shunt which provides means for measuring currents in various steps



up to 1000 times the normal range of the galvanometer,

A potentiometer and battery are used to apply various known voltages

across the electrmodes.

General Diffusion Current ITheory

The phenomenon of the limiting current obtained with the dropping
mercury electrode, and unier certain conditions with solid microelectrodes,
is caused by the extreme state of concentration polarization which results
from the depletion of the electro-raducible or electro-oxidizable substance
at the electrode surface by the electrode reaction. Under the conditions
of a limiting current, the reducible or oxidizable substance is reduced or
oxidized as rapidly as it reaches the electrode surface and its concentration
at the electrode surface remains negligible as compered to its concentration
in the body of the solution. Under these conditions, the limiting current
is substantially independent of the applied E.M.F. within certain limits,
and is governed solely by the rate at which the reducible or oxidizable
substance reaches the electrode surface from the body of the solution.

The reducible or oxidizable ions mey arrive at the electrode surface
as a result of two forces, an electrical force proportional to the electrical
potential difference between the electrode and the solution, and a diffusion-
al force, propertional to the concentration gradient between the electrode
surface and the bulk of the solution. Therefore, for reducible or oxidi-
zable ions, the limiting current may be regarded as the sum of the diffusion
current and the electrical migration current.

By the addition of a large excess of an indifferent salt (one whose
ions do not take part in the electrode reaction, axd whose concentration is

50 to 100 times that of the ion to be analyzed) the forces of attraction or



repulsion by the electrode can be made so small as to be negligible, and
in this case, the ions will arrive at the electrode only as a result of a
diffusive force, and the limiting current will be a function of the rate
of diffusion to the electrode. This "blanketing out®™ of the electrical
forees on the reacting ions is made possible by the fact that all of the
ions in solution take part in current transport, and the fraction of the
total current carried by any species of ion depends primarily on its
concentration, and to a lesser degree on its charge and intrinsic mobility.

In the case of reducible or oxidizable uncharged substances, diffusion
plays the major role in determining the limiting current, even where the
ionic concentration of the solution is quite small, In the case of dipolar
uncharged molecules, however, there may be an appreciable amount of electri-
cal migration when the ionic concentration of the solution is low.

The theoretical equation for the current "1 ", at any time, "% during

t
the life of a mercury drop was originally derived by Ilkovic and is

1t =0.732n F l?i C n2/3 tl/6

where '11:" is expressed in amperes, 0.732 is a combination of numerical
constants arising from the geometry of the dropping mercury electrode,
"n" is the number of electrons involved in the electrode reaction, "F" is
Faraday's constant and is expressed in coulombs, "D" is the diffusion
coefficient of the substance involved in the electrode rcaction and is in
- aec-l,"{?', the concentration is in moles per cm’, "m" is the welght of
mercury flowing from the capillary per second and is in grams per second,
and "t" is in seconds.

Since the magnitude of the currents involved is quite small, it is

more convenient to express “11'." in microamperes, "C" in millimoles per
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liter and "m" in mg. sec.™l; evaluating "F" (96,500 coulombs), the equation
thus becomes
1, = 706 n 2 ¢ y?/3 (1/6
The average current is defined as the hypothetical constant current,
which, flowing for a length of time emal to the drop time, would produce
the same guantity of electricity as the cquantity associated with each

drop, Mathematically, the average current i; is defined by

. _—
4y =7t f i dt
o
By substituting the second form of the Ilkovie equation, we obtain

1 = 06 1/2  2/3 Pmax (1/6 .
3

; mex o

and after integrating,
1. = 60sn D2 ¢ /3 (1/6
d max

where "tm" equals the drop time in seconds.

The fact that the preceding form of the Ilkovie eqation is not wholly
adequate has been recognized for some times In particular, it does not
account for the observed variation of the diffusion eurrent "constant"

i,/c m2/3 t1/6
of the dropping electrode.?® Recently Strehlow and Von Stackelberg,32

with the characteristics (rate of mercury flow and drop time)

and Lingane and I.overi.dgea independently demonstrated that the fault of
the Ilkovic equation lies in its neglect of the curvature of the electrode
surface, ard they developed a modified equation which takes this curvature

into account. This new equation is, at 25%

/2 .1/6
2/3 1/6 il* ADY? g

( m

1, = 60 /2 ¢



where the various quantitles are expressed in the customary units, and the
value of constant A has been evaluated at 17 by Strehlow and Ven Staci_c\elbs‘g
and at 39 by Lingane and Loveridge, '

It is evident from the foregoing relations that the maximum current
and the true average current are both directly proportional to the concen-
tration of the electro-reducible or electro-oxidizable substance in the body
of the solution, It is not possible to measure the maximum current accurate-
ly because the galvanometer usually used is too sluggish to follow the total
change in current during the life of a drop, and hence the maximum of the
observed oscillations is smaller than the true maximum current. For this
reason, the average of the galvanometer oscillations is usually measured
in practical work and it is assumed that this average is equal to the true
average current. A visible recording polarograph employing an undamped,
high speed recording system has recently been placed on the market by the
Rutherford Instrument Co. With this instrument Schulman, Battey snd Jelatis®!
recommend use of the maximum recorder oscillations, claiming that increased

sensitivity is gained by this method of measurement.

Theory of Half Wave Potential

This theory will be discussed first for the simplest case, the reduction
of simple metal ions, It is recognized that the term "simple metal ion" may
be a misnomer, since in polar solvents the ions of metals are more or less
strongly combined with molecules of the solvent. Although the "aquo complex
ions" are true complexes, they are unique, end may be classified as separate
from other complex ions, and for the sake of simplicity they will be referred

to as "simple metal ions".
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There are four possibilities in the reduction or oxidation of simple
metal ions at the dropping electrode:

1, Heduction to the metallic state of ions of metals that are soluble
in mercury, resulting in the formation of an amalgam on the surface of the
dropping slectrode.

2, Reduction to the metallic state, where the metal is insoluble in
mercury, and is deposited in the solid state at the dropping electrode.

‘3. Reduction or oxidation from one ionic state to another, as Cr***

e

toCr .

L., Combination of 3 with either 1 or 2 so that two or more waves are
obtained, e.g. Cr*"* —— Cr** -y crl.

Reduction of Simple Ions That Are Soluble in Mercury

In this case, the electrode reaction is

M™ 4+ ne + Hg = M (Hg) Eqs 1

If this reaction is reversible and rapid compared to the rate of diffu-
sion of the metal to the electrode surface, the dropping mercury electrode
will be subject only to concentration polarization, and its potential at

any point on the wave will bol9

o
‘a...“"‘gh%ﬂ? e
where Op is the concentration of the amalgam formed on the surface of the
mercury drops. G: is the concentration of the reducible metal ions in the
layer of solution at the surface of the drops, f‘ and 1" are the correspond-
ing activity coefficients, and allg is the activity of mercury in the amalgam,
Eo is the standard potential of the amalgam, that is, the E.M.F. of the cell

Reference Electrode/M™ /M (Hg).



13

Since the amalgams formed at the dropping mercury electrode are very
dilute, alg will approach the activity of pure mercury and may be regarded

as a constant. Therefore,

o
RT c, £
Be, * B - gy il

where E' = E + & In alg

When an excess of supporting electrolyte is present to eliminate the
migration current, the reducible ions will reach the surface of the dropping
mercury electrode only by diffusion, and the values of G: and the current
are governed by the rate of diffusion. In order to express CJ as a function
of the current, Heyrovsky and Ilkovict® assumed that the rate of diffusion
was directly proportional to the difference in concentration between the
depleted surface layer and the body of the solution., On this basis, the
current at any point on the wave should be given by the equation

i=k, (g -0]) Eq. b
where C; is the constant concentration of the metal ions in the body of the
solution, and the proportionality constant ka is defined by the Ilkovie
equation, and at 25°% is equal to 605n D2 a?/3 ¢2/8,

When a constant diffusion current, 1d, has been attained, cz has
decreased to a value which is negligibly small compared to the concentration
of the metal ions in the body of the solution. At this point C] in the
preceding equation can be neglected, and we have

i,=k cs Eq. 5

By combining the previous two equations, the following expression for

Cg at any point on the wave is obtained



¢ zc, -4 == Ea. §

cC =¢ 1d'i Eqe 7

The value of G': decreases in direct proportion to the increase in
current., At the midpoint of the wave, where i = ..j:.d.., C: is equal to one
half of ca, and so forth for other points on the wzave.

The concentration of the amalgam formed at any point on the wave is
directly proportional to the current;

czkcizi—n Eq. 8

where ka is similar to k‘ except that it is a function of the diffusion
coefficient of the metal atoms in the amalgam rather than that of the

meal ions in the solution.
When the relations expressed in equations 6 and 2 are substituted

into eguation 3 which is

o
RT . Cy £y
E = E' - 1n .
d.e. D 5l
where E' = Eo + EE 1n asHg
we obtain Ed. o X rE 1d"1 Eq. 9
where Ed and i are the corresponding values at any point on the curve.
The half wave potential, E}, is defined as the value of E, o 8t the
«Cs

iy

midpoint of the wave, where i = - At this point, the last log term

in equation 9 becomes zero, and we have
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BT £y kg
B = E' - =2 1In Eq. 10
ni s kg 9
and at 25% equation 9 simplifies to
_ ., 0.0591 i _
Ed.e._ =B - T n log id_i g, 11

This is a fundamental equation of the polarographic wave and was Tirst
developed by Heyrovsky and Ilkovic.'lo

It is common practice to employ a stationary layer of mercury on the
bottom of the cell as the non-polarizable electrode. When this is done,
the halfl waﬁre potential is obtained by messuring the ELTF. vo;‘ﬁ’ this cuiet
electrode against an external reference electrode, and algebraically
subtracting the value obteined, from the half wave value of the total
applied u’.F.u& |

If there is any appﬁeci‘.able-i E drop in the cell circuit, it must be
subtrscted from the total applied &.H.F. before ccmputing the half wave
potentials The cell resistance is usually less then 1000 ohms in aqueous
solutions, and, in the presence of sufficient supporting electrolyte, this
correction is usvally negligibly smalls In the case of non-aqueous solu-
tions, the cell resistances are ﬁsually considerably higher, and the
correction for i E drop may be significant.

From equation 11, it may be seen that a plot of & versus log

di =

» 0.0
—-2— should produce a straight line with the slope equal to 9"%22;
i-i

4

at 250(}‘ , and the potential where the log term becomes zero should be the
half wave potential. These predictions have been verified experimentally. 12
It should be noted that although the slope of the wave ibtsell depends on
both the concentration of the reducible ion,, and the value of "a", the

slope of the log plot depends on "™n" only, and is independent of
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concentration, because the ratio F) is irdependent of concentration at
. d- :

any given value of E, .
de€e
The most iwmportent characteristic of the half wave potential is that
it is constent and independent of the concentration of the reducible metal
ions, provided that the supporting electrolyte concentration and the
temperature are kept constant.
The temperature coefficient for the shift in half wave potential has

been experimentally determined {or thallous ion in 0.1W KC1 solution at

25°C =nd found to be -0.9 mv./deg.

Reduction of Ions of Metals That Are Insoluble in Mercury

The reduction to the metallic state of the simple ion of a metal that
is insoluble in mercury may be represented by
™ s one = Mgy Tge 12
If the activity or the deposited metal is assumed to be constant and
independent of current deiisity, then Ed.ea at any point on the wave should
depend only on the activity of the metal ions in solution, and should be

given by

' = g ®1 0 i
B =B inG  f Hge 1
d.es m + nf 5 S e 13

O s . <2
where.E]n is the ordinary standard potential of the solid metal, C, is the
concentration of the metal ions at the surface of the dropping clectrode;

wd £
and £ s

is the corresponding activity coefficient. 4s in the previous case,
o, . - .
Cy will be given by equation 4 or 7, ard hence the eguation of the polaro-

graphic weve will be

.
o RT e AT . -

hry = — — P b - o A

B, . 5 F = In T. " oF In (i i) Egs 1k
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and the hall weve potential should be given by

2 - 5@ _ BT o Eﬁ EI iﬂ :

B -t F 3 e, 15
or, since 1, =k C_ Eg. 5

21 = , BI BT 3, S ;

2 S *’E?’ln £+ = In Eﬁ Lg. 16

where CS is the concentration of the metal ions in the body of the solution.
From this esusation, it appears that the half wove potential will nol be
constent, but will be shifted by o volts to a more pesitive value for
& tenfold increase in concentration of the metal ions. 4n exact test of
‘this conclusion is rendered difficult by the fact that there are very few
metals which are sufiieiently insoluble in mercury for emuations 12 and 13
to be valid., The ions of the metals that are sufficiently insoluble in
mercury, (Fe, Cr, Mo, W, V, ete.) are usually present as cqmpléxes in

aqueous solution, and sre reduced irreversibly.

Reduction and Oxidation of Metal Ions From One Oxidation

State to Another

The reduction of a simple metal ion to a lower oxidation state may be
represented by : .
B 4 2e = én-a)+ | Eé. 17

In this case the dropping mercury eiectrode functions as an indifferent,
or "noble" electrode, and ii the foregoing reaction is rapid and re?ersible,

its potential should obey the equation

o
B = g0 . BRI 4, Creg Tred Bq. 18
do ei nF CO f . . -
oxX ox
where C:ed and ng are the concentrations of the metal ions in the lower

and higher oxidation states at the electrode surface, the "f" terms are



‘the corresponding activily coefficients, and 5° is the standard potential
of the resction.

The equation of the polerographic wave will depend on whether or not
any of the reduced form is present originally in the solution. If noue
of the reduced form is present originally, then the concentration of the
reduced form produced at the electrode surface at any point on the wave

will be directly proportional to the current:

O - . i .
C..=k'i=gx Eg. 19
red kr od
where kre d is proportional to the sguare root of the diffusion coefTicient
of the reduced form.
The following eguation may be derived,
o 0.0591 .  freq Kox 0.0591 i .
:‘d =5 . log 77 - log = =y Eg. 20
-9 a ox Spred 8 ig
 0.05¢ frnq K '
and B = 52 - 9—'—25'21? log .522‘1:..9.?5 Eg. 21
ox “red
and hence we have
_ 59 i )
i, = ES - 0.0591 log 3 Hg. 22
d.e, a gt

i‘i’his equation iz similar z‘.nb form to eguation 1l which wes derived
for the reduction bo the metallic state of simple ions of metals that are
soluble in mercury, and nence, the wave characteristics of the two cases
may be expecbed To be similar, |

Under the foregoing conditions, the wﬁ*&re is entlrely cathiodic. If
the original solution also contains the reduced form, the wave will lie
nartly above and partly below the ;éro current line on the polarcgran,

provided that the reaction is rapid and reversible. If the original
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solution does nolt contain any of the oxidized form, the wave will be
entirely anodie. The convention usually followed is that of giving a
negative sign to an aneodic current.

The anodie limiting diffusion current is directly proportional to ﬁhe

concentration of the reduced form in the body of the snlution,

oy 1 oty 4, i: T o /
(ld) Y “red Cred Ho. 23

The constant “kr ed“ is the same as that in eguation 19, and is proportional
to the square root of the diffusion coefficient of the reduced form.

then the reduced form is present in the original solution, its concen-
tration at the glectrode surface at any point on either a cathodic or anodic

wave will be givem by

CO =0 - S .E.id)a ’ ir
red  red K4 k

For the concentration of the oxidized form at the electrode surface, the

following equation applies:
O = (ld)a -1

ox T T .
¢ ox He 25

¢

ihen these relations are substituted into eguation 18, the following

general equation is obtained

T f sk A0 4~ {4,)
. . w0 Us0591 red ox  D.0591 d‘a
o) =0 - log 11— - log 7T = Ig. 26
dees ~ 7 & & Tox - Frea & ¥ tde - 1 -
when ‘Cre g 0 and hence (i d)a = 0, this equation becomes identical with

equation 20, and the wave is entirely cathodic. Uhen Cox = 0, s0 that

(id)c = (0, and the wave is entirely anodic, equation 25 becomes

‘i - (id)a
-1

log

g0 _ 00591 . fred * Kox 0.0591 2q. 27
a k) a L R

£
= B og 7

E : =
d.e. ox * Fred



02,0591 i
. — o w5
& ol . T - 1oz
or, &, P Py logz

i a’a 1

It may also be shown that the half wave potential of & composite

cathodic-anodic wave is the same as elther ¢ separate cathodic or anodie

wave, Therefore, the general emation for all three typss of waves is

£

. » N
I L - 12

n = 5L . 0.0591 Tog 7= ( d)’ e 29

= 2 5 G, -1 o

then t© wncentration of the oxidized snd reduced foruws in

E

KN

the
original solubtion are equal, the retio of the csthodie and anodic diffusion

currente is given by the eguation

ud)c - kox

N
FiV¥sing

= - e 30
’kred ‘Dred);

Thie relation can be used to determine experimentally t
¥ox

3y
i

he ouantliby

whaich is reoquired for the caleulation of the hall wave potentiel
red
by equation 2l.

Stepwise Zeduction of Simple Metal Ions

When the free energics of the various oxidation states o

& metel ion
are sufficiently different [rom each othexn reducticn from higher

K
L

£ o lower
oxidation states can take place in steps at the droppins mercury electrode
to give 2 polerogram consisting of two or more separate waves.

Orgoanic Polsrogrephic laves

Drzanie polarographle waves ere most siuilar to inorganic waves irvolv-
ing the change from

data ot

one ioniz oxidution state to anobher, since in both
g, the dropping mercury or other indicabor electrode acts as an imdif—-
ferent or ”mbie“ zlecirodes fin excellent discussion of this subject is
presented by 0. H. Rvﬁ’iller.zz



For reversible organic oxidation systems the same types of waves are
obtained as in inorganic waves invelving changes between two ionic oﬁda—
tion states, depending on whether the oxidi-zed or reduced form, or both,
are present in the original solution.

In organic polarography, an organie solvent is frecuently added to

f;'i?

the agueous solution to disselve enough material for analysis, is

or

e

1#

ranle solvent may have an effect upon the diffusion coeificient of the
reacting substence, and alse wpon the surface tension of the mercury. This
lotter effect Will be nobted by changes in drop time. These changes will
ardinarily have little effect upon the diff‘{lsicm current since "t% is
raised to the 1/6 power in the Ilkovic equation. Killer states that as a
r'ule; the diffusion current should be irversely proportionsl to the sguare
root of the viscosity of the solubtion.

Since most organic oxidations and reduetions invelve hydrogen, it is
apparent that the half wave potentizl will be significant only if the pH
at the interface is known and constant, which means that sdemate buffering 7
is very impoft.ant.- At the Fourth fnnual Symposiuvm on Analytical Chemistry
in 1951, P, J. Elving also stressed the important influence of ionic stremgth
upon the reproducibility of organic pblarographic Waves.

lost organic oxidations and reductions are irreversible, aind s ince
polarograpaic theory is based on reversbility of reactions, it is 'surpris—
ing how closely the polarographic behavior of a large number of organic

systems follows that of systems which are reversible.



Purpose

The purposec of this work was to investigate the veriocus factors:
upon which the obtaining of reproducible polaregraﬁs in anhycrous
organic solvents depends, snd to attempt to develop a techmigue that
would be generally appliceble to sach solvents, In addition to the
ghove, a furbther alm was to atbempl to demonstrate the uwiility of nou-
aqueous polarography by applylng it o the detection or estimation of

substances which are not susceptible to agueous polarographic analysis.



Lxperimental

T

Host of the polarograms prepared during this investization were made
on the Sargent-Heyroveky Model XIT Automatic Polarograph. The principal
electrolysis cell was a Sargent Ho. $-29306 cell. This is o glass cell
fitted with gas inlet and outlelt tubes for degassing the solution in the
cell snd means for admitting the dropping mercury electrode through s
Fairly clese fitting opening so as to restrict the access of air to the
solution in the cell, & platinmum wire (used for making electrical contact
with the mercury pool) is sealed into the base of the cell. A dropping
mercury clectrode of conventionsl design was used for all polarograms.
Special pains were taken to keep the capillary dry, and it was nol used
for agueocus solutions., Since it was found necessary to develop & special
reference electrode and 2 specisl apparatus to determine the pool poten-
tial versus this electrode, these will be described in a later section.

Lach solutioﬁ was fresd of oxygen by bubbling a stream of nitrogen
through it for foriy minutes. The nibtrogen was previously washed by
bubbling through two towers of alkaline pyrogallate splultion to remove

oxygen, dried by passing through a concentrated sulfuric acid tower, and
then bubbled through a tower containing the solvent under study.

The early part of the experimental work was directed toward repeating
gsome of the work reported by M1lison® and Black5 to determine vhether any
variables which mmst be controlled to obtain reproducible polarograms had
been unaccounted for., This work was largely done in anhydrous methanol
solution. The techniques lesrned in this phase of the work were then

extended to other solvents and other reducible substances.
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Lead Chioride - €, P. lead chloride from the J, T, Baker Co. was used

without further ,r;ur:x.ilcatlon.

Lithium Chloride - C. P, 1ithium chloride from the J, T. Baker Co.

was dried st 110°C before use.

Hercz,r?f - Redistilled Heagenl (rade mercury {Doker ard Adasson Chemical)
from the General Chemical Co. was dried in a desiccator over concentrated
sulfuric acid before Us .

Hethanol - Zesgent (rade, Beker and ldamson pethanol from the Uensral
Chemical Cos was used without furbher purification.

itrogen — VWater-punped tank nibrogen was washed by bubbling through
tw fowers of alkaline pyvogellale solution to ramove oxygen; dried by
passing thiough & concentratsd sulfuric acid tower, and then bubbled
through a tower coﬁtaini% the selvent wnder study.

Potassium Carbonate -~ Reagent Grade anhydrous potassium carbonate

-

from the Herck Co. was used without further purificstion.

empmnyl Bromide ~ White label proplonyl bromide frowm the Hastman

Rodak Co. was used without further purification.

Propionyl Chloride ~ White label propionyl chloride from the Hastman

Kodak Co. was used without further purificabtion.
Pyridine ~ Analyticel fizagent Grade pyridine from the Mallinckrodb
shemical Co. was redis*tilled over WaGH and stored over NadH.

Ie’\ra—n«~ l::r;:con.nm Lou.Lde ~(mep. U1 C) was preps r’ed according to

. , . 1€ . L .
the method described by Laltenen snd Wgwzonek,”  Ifrom tri-n-bubtylamine

and n-butyl iodide and recrysiallized thres times Irow snhydrous ethyl
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HMethanol

Early attempts ‘m get reproducible and characteristic polarograms in
methanol, using LiCl (0.1M) as carrier, resulbed in failure, for even when
ne redveible substonce was added, irregular and unrsproducible waves were
obtained, The technlique followed during these early unsuccessful runs
was to place the solution in the polarogrzphic cell ever a mercury pool
gnode, and then pass in tresbed nitrogen for fority minutes, prior to the
making of the pola,zfograsn,

FPurther experiments showed thet the irregularity could be eliminated,
and meaningful curves obtained in methanol, if the solutions were degassed
in the cell befgre the addition of the mercury pocl: 24 similar phenomenon

13

for aqueous solutions is explained by Holthoff and Lingane™ on the banis
. - Rt

that 1€ mercury is added to the solubtion before the oxyzen is removed, the
metal reacts with the oxygen and woter to form }1202, which is veduced at
about -1.0 volts. If some such reaction should occur in arganic solvents,
both the peroxides and the merveury ions formed might explain the irregu-
larities obtained. IHelatively large amounts of mercury may disseclve vhen
such 2 solutlon contains ions such as salfide, iodide, thiosulfate, or
large amounts of chloride or bromide, which hove a greal affinity for
mercury. Allison had used the technique of degassing belfore sdding the
mercury pooi, bub apparently had not recognized its importance.

411 other runs made during this work were made by degassing the
solution prior to the addition of the mereury pools

Polarograms were made of methanol solutions which were 0.002 ¥
with lead acetate snd 1 i with lithium chloride. These polarograms had

characteristic flat residual current and diffusion current lines, and a
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fairly steep and regular wave. The obaerved half wave potential was -0.36
volts versus the mercury pool anode. This value agrees quite well with
the -0.35 volt hali wave potential reported by Allison for the same system.

4 seriss of four polarograms was run in cuick successien on s single
solution of ©,005 ¥ cadmium chloride in methanol containing 0.1 M lithium
chioride., & normal 2a™ wave wes obtained in the ficet run with 2 nalf
wave pobential of -0,66 volbs versus the mercury pool anode. Begimning
with the second polarogrem, and increasing in helght with each suceessive
polarogran, & second wave appeared. The cadmium wave height decreased
in sach éase by an anount approximately egual to the height of the second
vave, which appeared at a less negative potential than the cadmium wave,
{(¥ig. 2) The half wave potential of the seccond wove was not constant, as
resdings of -0.33 wlts, ~0.26 volts and -0.20 volts were obtsined versus
the merenry pool.

It is believed that thisr second wave was due to gradual absorption
of oxygen from the air despite atbauplis to maintain a r;.itm;gen atmosphere
over the solution during the runs. The first reduction wave of oxygen in
water coyresponds to the production of Hgoz + OH in neutral or alkaline
solution, and if a similar reaction should occur in methanol, the OH™
thus liberated could react with Cd’  to form insoluble Cd (OH) o0

In order ito determine whether the gsecond wave was due to alectrol;ysis
products or to oxygen from the atmosphere, a polarogram was run on 0.005 I
CaCls in methanol containing O.1 ¥ lithium chloride, out to ~1.0 volt
getting & normal curve with onc wave. The solution was then let stand
for 45 minutes while nitrogen was passed over its surface as during the

making of & polarogram end then another polarogram was run. This
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polarogram gave a definite second wave, as deseribed before. The same
solution in the cell was then degassed for an additional 30 minutes,
and a polaregram prepared which showed only & single wave, the normal
ca™ wave. The results of these experiments indicated that the sscond
wave was due to atmospheric oxygen sbsorption, and pointed to 2 great
need for adecuate protection from the atmosphere if a series of polaro-

grams are to be run on the same solution withoult intermittent degassing,

Lthanol

A polarogran of 0,005 ¥ cadmium chloride in ethanol conbaining 0,1 H
1ithium chlovide was made. A smooth end cheracteristic wave for Cd™* was
obtained, its half wave potential being -0.63 volts versus the mercury
pool anode. When three polerograms wers made in rapid succession on the
same solution, a second wave, with a halfl wave polential of -0.L40 volts
Versus the merecury pool, appeared on the third run, and it was noted
that there wes a decrease in the wove height of the Cd™™ wave, the decrease
belng approximately ecqual to the height of this new second wave. It was
suspscted that this second wove was due to oxygen absorpltion from the
atmosphers, as in the case of the methanel soluticnyand the folloving
experiment was performed to investigate This possibility.

£ 0,005 i solution of cadmiua chlordde in ethonol that was 0.1 M in
lithium chloride was degassed in the usual menner, and a series of polaro~
grams made. The first twe polarograms were normal cadmium waves with
half wave potentials of -0.:63 volts versus the mercury pool. The third

polarogram gave a definite second wave, and this second wave was sccompan-

ied by a decrease in the height of the Cd** wave thet was proportional to



30

its own hei,ght.r This solution was now degassed for an additional oneﬁzalf‘

hour and additional polsrogreoms were then run. The first two of these
gave only normal 4™ waves, and the next three co ntained, in addit:ion to
ne ca** wave, the second wave which increased in wave helght with each

run, The increase in height of the secomd wave was again sccompanied by

a proportionabe decrease in the height of the Cd"‘" WAV,

4 polarogran of 0.002 ¥ lead acetate in 1 M lithium chloride in
ethanol was made. Although the lead acetate was poured into the ethenol
solution containing a large excess of chloride ion, the solution turned
cloudy duc to the- precipitation of lead salts. A smooth, regular polarce
graphic wave for Pb™T was obtalned, with a half wave potential of -0,36

volts versus the mercury pool anode.

Aeetic dcld

4 polarcgram of 0.1 M lithium chloride in glacial acetic acid wWas
mades Owing to the high resistance of this solutiony it was found
necessary to mske these runs with the tip of the dropping mercury elec—
trode lowered to within 0.5 cm of the surface of the mercury pools 4
flat residual current line was coblained up to a potlential of -1.2 volls,

3 3 0

at which point the slope of the residusl curreant line increased sharply,
to give another straignt line.

A 04001 ¥ cadwium chloride solution in acetic acid that was 0.1 M
in lithium chloride gave a someuwnat flatbened wave for od™ with a
half wave ;;:»atentiél Olf ~0.76 volts versus the mercury pool alfter correc-
tion for i B drop through the cell. This {lattened effect wes slso noted

in the waves reported by Sachman and Astld in glaecial acetic acid.
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In order to demonstrate the necessity for close electrode spacing
in solutions of high electrical resistance, COI’IS@C:H'E:LV:, nolarograms
were run on a 0.001 ¥ cadmium chloride solution in acetic acid contain-

ing 0.1 M lithiuw chloride, first with a O.6-cm electrode s

jre]
Y
0'

\»
g8
£,

then with 5-em electrode spacing. Although the wave with a spaeing of
0.6 cn was somevhat flattensd, it was still recognizable as & definite
polarographic wave, whnile the wave with a 5«cm spacing was so Tlattened

and drawn out as to be useless for polarographic work. (Fig. 3)

Pyridine

A solution containing C.1 ¥ lithium chloride was prepared in pyridine
that hed previously been distilled over HaQH and stored over the same
chanical. A series of three polarograms was made. A flat residual current
line to azbout -1.1 volis was obtained, at which point the slope increased
quite sharply, and the current becams somewhat erratic, Ispeated runs,
poth on this sample, and»other samples of untreated pyridine gave the
same results. (Fig. &)

A series of polarogrzms wes made on a 0.005 ¥ cadmiun chloride solu-
tion in 0.1 M lithium chloride in pyridine. Very erratic waves resulted,
There was evidence of a Cd™t wave, but it was of too poor a cuality for

any measurements to be made. The diffusion curfent wes extremely irregular,

(Figs k)

Acetone

The major part of this investigation was done in acetone solution.
In addition to lithium chloride other carrier electrolytes were tried in
this solvent in en attempt to extend the negative voltage range. Tetra-

methylommoniuva chloride was found to be too insoluble in acetone to be
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of prectical value. The same lack of solubility eliminsted tetraethyl-
ammonium bromide and tetrasthylamwonium iodide, Tetra-n-butylammonium
iodide was found to be of sufficient solubility to be of practical value.

A 0,1 soluntion of tetra-n-bubtylammonium ipc!;ide& was found to give a
flat residual current line out to -1.9 volls while a ssturated lithium
chloride solution (approx. 0.09 M) gave a flet residusl current line out
to ~1.65 volts.

A polarogram of 0,001 ¥ cadmium chloride in acebtone containing 0.1 M
tetra-n-butylammonium iedide gave a rouﬁd‘ed maximum on top of & small wave
at ~0,31 volts, and & suggestion of another wave at about -1.8 wlts,.

Since this possible second wave coincided with the carrier wave, it was
not possible to make certein of its existence, or to make any measurements.

In order to check on the sbove results, a 0.002 ¥ solution of cadmium
iodide was prepered in 2 0.1 Y acetone solution of tetraz-n-butylammonium
iodide. Two successive polarograms were made on this solution with somew
what anomalous results. What appeared to be a double wave appeared at
about -0.30 volts, with the half wave potential being difficult to measure
with any degree of accuracy due to the two waves appearing to run inte each
other, The diffusion current on the first run was mueh larger than on the
second, and both runs showed the same type of rounded meximwm that was noted
in the preceding experiment. There was also definite evidence of a second
wove at ~1.54 volts. (Fig. 5)

& series of expex‘imen£s on cadmium chloride in acetone solutions
containing 0.09 ¥ lithium chloride was run to compare with the above
results:. In anhydrous acetone, a2 sclution containing 0,001 M cadmium
chloride was found to give no wave at the usual potentisl ‘fﬁr a Ca™t

wave, but to give what appeared to be a definite wave al much more
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negative potentials. UWore experiments showed that this wave shifted in
half wave potential with concentration. UWith more concentrated cadmium
chloride solutions, this wave showed a definite maxj.mum. On the addition
of small quantities of water, this wave was observed to shift to more
posibtive potentials.,

Since the preceding resulls strongly indicated the formation of
cadmium halide compléxes in anhydrous acetone solution, it was decided
to investigate whether there was any polarographic evidence of gimilar
conplex formation in aqueous solutions in which a very large excess of
halide ion was present.

As a control, a polaregram was made of an agueous solution contain-
ing 0.09 ¥ ithium chloride and 0.001 H cadmium chloride. This solution
-gave a characteristic wave with a half wave potential of -0.70 volts
versus the mercury pool anocie.. This value could be changed to correspond
to the usual values reported in the literature, that is, versus the
saturated calomel elsetrode, by measuring the difference in potential
between the pool and the saturated calomel electrode, and a,lgeﬁr'aically
subtracting this difference from the obsefved potential. Since a vo.l N
call.@mel electrode (Which is essentislly what the mercury pool rej:»resents
in this case) is + 0.089 volis with respect to the 5.C.E., the corrected
half weve poltentisl would be -0.61l volts, which corresponds to the value
usuelly given.

A saturated agueous solution of lithium ehloride containing 0.001 M
cadmium chloride was run on the polarograph. This polerogram shewsad kz
greatly reduced diffusion current for the G‘d’”, the half wave potential

being -0.66 volts versus the mercury pool anode. The cgrrier wave occurred



much earlier than usual, going off scale at - 1.8 volts. There wes no sign

e

ol a second Wave.

The effect of the addibion of con&rolled mnduntsrof water on the cad-
mium wave in acetone wes next investigated.

4 solubtion contalning 957 of acetone and 5% water by volume exhibited
a very slight wave at - 0.69 volts versus the mercury pool anode, and a
large second wave with z small maximum at - 1.5 volts.

A esolution containing 905 acetone and 107 water by wolume gave a small
cadmiun wa#e at - 0.76 volis versus the mercury pool, aad a large second
wave with a maximum whose peak occurred at - 1,7 velts versus the same
reference as above.

An 85% acetone solution hed & small wave with a helf wave potential
of - 0.6l versus the mercury pool anode, and a very sharp maximum, but
no true wsve at - 1.6 wlts.

The 80% acetone solubion exhibited a half wave potentisl that seemed
to shif't with time., The first run had a fairly large cadmium wave, with
a half wave potential of - 0.66 volts and 2 small maximum, the peak of
which occurred at - 1.58 volts, both measurements being against the
mercury pool., The second run had a somewhal emaller cadmiuwm wave, with
a half wave potential df -~ 0.6% volts, and a much larger maximum Lut no
sechd wave, 1f there is cadmium halide complex formation in acetone,

a possible explanation of this shift in half wsve potential and diminish-
ing of the Cd** diffusion current in 807 acectone might be that eguilibrium

is rsached comparatively slowly in this medium.

The 75% ecetone solution seamed to react much like an aoueous solution
. + b}
having 2 large cadmium wave with a half weve pobential of - 0.66 volts

versus the mercury pool anode, and a flat diffusion current line, with
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no maxime or carrier wave in the two volt span.

Typical curves of cadmium chiloride in the various acetone-water solu-
tions tested are presented in Fig. 6. |

The shift in half wave poltentials uwsing tetra-n-butylermonium iodide
as 2 carrier electrolyte with a mercury anode reference, the work with
acetone~water solutions, and the doubt, in general, of the stability of
the mercury pool as a reference, led to a study of various standard
reference clscitrodes, by which measurement might be made dirsctly, or by
which the mercury pool potential might be ascertained _ end its stability
determined, |

The standard reference electrode in polerogrephy is the saturated
calomel electrode, although other standard reference electrodes have been
used from time to time. fThere are several obvious dii‘ficulties in using
2 conventilonal standard calomel electrode to measure potenbials ageimst
an - anhydrous acetone system. The diffusion of water into ithe acetone,
and vic® versa, itself, would present & prﬁblem, and would wake the main-
tenance of anhydrous conditions in the system under study extremely
difficult. In addition, & considerable liguid junction potential of
unknown megnitude might be expected to exist. Tor these reasons s the
idea of using a conventional saturated colomel electrode as & reference
was not pursued experimentaily. ‘

he first reference clectrode that was tried was a Asg/Agl electrode.
It was reasoned that if this electrode was feasible, it would allow the
use of tetra-n-butylammonium iodide as a carrier, and since the glecirode
could be inserted directly into the electrolysis cell; it would eliminate

any licuid junction.
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Two rectangular pleces of silver foil were thoroughly cleaned, and
platinus wire leads were spot welded to each. The silver foil electrodes
were made the cathode, and a platinm wire, the asnode, in a solution of
E~Ag cyanide, and a current of 2 milliamperes was passed for 5 hours. The
electrodes. at this point had & uniform white silver coating of frashly
deposited silver. They were rinsed thoroughly in distilled water, and then
made the enode in a solution of opproximately 1 N HI with a platinum wire
cathode. & current of 6 milliamperes was passed for 30 iinutes, at the
conclusion of whieh time the electrodes hed acquiréd a light yellow color.
They were placed in distilled water after thorough washing, and allowed to
stand overnight. In the morning the electrodes héd turned purple. They
were washed again, and set in distilled water,

hs a first step in determining the reversibility of the electyodes,
they wore tested in aqgueous 0.1 N Nal solution. The electrodes were shorted
together for one hour in the sodium iodide selution, ssparated, and the
potentiazl belween them delermined with a type X potentiometer while they
vere still immersed in the solution. The potentisl was 2.5 millivolts.

The electrodes wére then washed in distilled water, and placed in fresh
0.1 ¥ Hal solution, and a current of 100 microampereé passed for 30 minutes
between one of the Ag/Agl electrodes as cathode and a platimmm wirs as
anode. The second Ag/Agl electrode was immersed in the solution, but not
made a part of the electrical eircuit, it the end of the 30 minutes,

there was no detectable i,i1.F, between the two 8z/Agl electrodes as
messured with & student type potentiometer.

The same Ag/igl electrode that had previously been the eathode wes
made the anode in a fresh 0.1 N Nal salution, a platinum wire was made the

cathode, while the seecond Ag/igl electrode was agein placed in the solution,
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but not made a part of the electricel circuit., A current of 100 micro-
amperes was passed for 30 minubtes, safter which time th_e potential between
the two Ag/igl electrodes was measured with a student potentiometer, and
no detectable E.M.F. noted.

The two Ag/igI electrodes were placed in distilled water in the davk
for 16 haufs, and then air dried and placed in a solution of 0.1 N Hal in
anhydrous zcetone, The potenitial between the electrodes was measured and
found to be 0.8 millivolt. A current of 100 microsmperes was then passed
for one half hour between a Ag/Agl electrode as cothode end 2 platinum
wire anode, while the o‘&her Ap/igY electrode was lmmersed in the solution,
At the end of this time, it was noted that the acetone solution was quite
yellow. Thé potential between the two Ag/igl cisctrodes in the acetone
solution was measured and found to be very serratic, varying from 2 to 10
millivolts.

Two Ag/AgCl electrodes were next prepared. Twp rectangular pieces
of silver foil were silver plated in the same manner as the Ag/igl
electrodes previously prepared. The electrodes were then washed and made
the anode, with a platinum cathode in a 0.1 N HCl solution, and a current
of & milliamperes passed for Sr}e hour. A4t the end of this time the elec-
trodes had assumed a purplish hﬁe; They were thoroughly washed, and placed
in distilled water.

The two Ag/AgCl electrodes were placed in an acetone solution that
was 0.0l with respect to LiCl, and the potential betwsen the two elec-
trodes was measured. At first the potential varied widely and erratically,
hut the varistions gradually lessened to a constant potentisl of 0.5
millivolt., The decrease in variation qf the potential was found to be

accompanied by a fading of the purplish AgCl color, and when the potential
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had become constant, the electrodes were examined and found to resemble
pure silver eleétrodes. It was decided that the solubility of AgCl in
acetone was too great for this electrode to be used as planned.

Since most of the polarograzphic work in acetone was done with a
saturated (approx. 0.09 M) lithium chloride solution, it seemed logical
to prepare the acetone analog of a saturated calomel electrode and to
determine its reversibility. h

Two acetone saturated calomel electrodes were constructed, using two
tubes with a platinum wire sealed in the bottom of each, the tubes being-
comnected with each other by a ground glass standard taper joint that was
packed with glass wool and which served as a sa2lt bridge. The electrodes
were constructed in the usual menner with a layer of mercury on the bottom,
a paste of mercury, mercurous chloride and saturated lithium chloride
solution overlaying the mercury, and a saturated lithium chloride solution
overlaying the paste, and serving as the bridge electrolyte between the two
similar electrodes,

A current of 50 microamperes was passed bebtween the electroées for one
hour, after the HE.M.F. between the two electrodes had first been measured
and found to be zero. At the conclusion of the electrolysis, £he potential
between the two electrodes was again measured and found to be zero. The
same procedure was repeated, with the current being passed in the opposite
direction, and again the potential between the elecctrodes remained at zero
after the electrolysis,.

&n YH" cell was constructed, one leg of which was an acetone analog
of the saturated calomel electrode while the other contained a layer of

mercury covered by an acetone solution saturated with lithium chloride.
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This cell was used to siudy the deviatlion of the polential of the mercury
anode pool from that of the acetone analog of a saturated calomel electrode
(0.09 ¥ 1iC1l), both at the start of a polarogram, and alter current had
been passed.

ihe potential between the eleclrodes was measured before any current
had been passed and found to be 0.320 volts. A current of 15 microauperes
wes then passed through the cell for one hour and the potential at the
‘this time was found to remsin at 0,320 volts. A current of 25
wicrosmperes was then passed for an addilional hour, and the potential
between the electrodes was then checked and found to be 0,312 volts,
Znough calomel was then added to the anode pbol to saturate the solution,
and the potential between the electrodes was meaaurei‘and found to be zero
within the limits of accuracy of the measurements (0,001 volt).

b saturated solution of lithium chloride and celomel in acetone was

prepared, let stand at room temperature, ard the solid lithium chloride
and calomel removed by filtration.

This sclution was placed in one arm of an "HY cell over a layer of
mercury, and the dropping mercury electrode was introduced into this
compartment. The other srm consisted of the acstone analog of the 35.0.E,
Two pelarograms were run, one with the polsrograph belng comnected across
the droppigg mex cury electroae and the 3.0.85,, and the other, with the
polarograph across the dropping mercury electrode and the mercury pool
anode.  The polarogrer taken across the dropping mercury electrode and
the 5.C:E. resembled the results cbtained when an extremely high resistance
was placed across the pelarograph terminals. The polerogram made across

the dropping mercury electrode and the mercury pool anode showed & very

large current, starting from zero applied voltage, and rising stseeply and
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going off scale, sven with a 1000 semsitivity setting of the Ayrton shunt.
These results were taken to indicate that calomel is sufficiently soluble
in acetone to give an extremely large wave from zero applied voltage, and
therefore must not be permitied to be present in any appreciable amounts
in the cell containing the material being examined.

The next abttemplt was to use an "H" cell with the acetone analog of
the 3,0.8, in one arm, and the mercury pool anode and a saturated solution
of lithium chloride in acetone in the other (dropping mercury electrode)
compartment. The bridge of this "H" cell has a fritted glass disc, and in
addition was packed with pyrex glass wool to minimize diffusion. Despite
2ll these precautions, including comeeting the two elecirodes at the
very last moment before meking the polarograms, experiments showed that
there was enough diffusion of mercureus lon into the f{est cdll within a
few minutes to make this scheme impractical.

In order to definitely minimize diffusion from the $.C.%E, to tﬁe
clectrolysis cell, a more elaborate apparatus was prepared. (Fig. 7.)

The oleetrolysis cell itself was a Sargent No. S-29306 polarosrsphic
cell, to which a side arm and a msle 10/30 standard taper joini had been
sealad., The acelone analog of the 8.C.E. was equipped with a fritted
glzss disc in 2 side arm, at the end of vhich was & female 10/30 standard
aper joint. In between the two was pléced an intermediate unit eas
illustrated. It was constructed so that if diffusion were still encoun-
tercd when used as. a gtationary liguid junction, it could be converted
0 a flowing licquid Junctlon by sligntly opening the two stopcocks. The
solution to be examined was placed in the Sargent cell; wuiviceh also hed a
sealed female cap for the standard taper joint so, that it could be used

for degassing before assambly. Part of the solution waes also plsced in
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and the solutions

18,

!

the 100 wml. flask sealed on top of the junction apparat:
The three pleces were then

were degassed for the usual length of time.
assembled and the upper stopcock opensd so as to ellow the solution to run
down and completely f£ill ths center portion of the apparatus and the side
4 vent, not plainly showm in the illustration, was sealed into the

arTAs.
upper part of the center portion for the release of the trapped air.
a satwrated

This apparatus was Ifirst tested by weking s polarogram of
solution of lithium chloride in acetone. e to the high glecirical resis-
tance between the dropping mercury electrode and the 3.C.E., it was found
necessary to make the polarograms across the dropping mercury electrode

and the mereury pool anede, and then determine the potential of the anode

against the 35.C.0. at variocus applied voltages, and maske the appropriate
Fefie 5y Lollowing

correction to obbtain hall wave values in terms of the S.0.M.

23

this method, it was possible to obtaln flat residual current lines for the
aiffusion of

solution of lithium chloride in acetone, with no sign of
nepcurous ilon into the electrelysis cell. The potential of the pool was
then checked against the S.0.E. at azplied voltages varying from zero to

=2,0 volts and in each case, the potentizl was found te be 0.272 volls,

The mereury pool was regative with respect to the 5.0.5.
The constancy of the wmercury pool cnode was checked repeatedly, using
solutions in acetone ceontaining cadmium chloride

saturated lithium chloride
and various acid halides end found to be constant, at least to the sccond

A

i,

decimal place wnder the conditions under which the polarogrems were run.

In order to more accurately interpret the polarograms obtained, it
smitude of the

was thought pertinent to determine at least the order of
cell resistance, both between the dropping mercury electrode and the

sercury pool anode, and also between the dropping wercury elsctrode and
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the 8.0.5. in the apparetus which had been constructed to minimize diffusion.
4 Eohlrausch slide wire and a decade resistance box were used in the bridge
circuit, with a 1000-cycle sudio oscillator and a set of sarphones as a
qull indicator. It was atbempted to take the readings as far as possible
during the mmdmum size of the mercury drop, so thal the resistance would
be et a minimum, The resistance between the dropping mercury clectrode

and the mercury pool in a saturated solution of lithiuwm chloride in ace~
tone at room temperature ( 3203) was found to be approximately 7500 ohus

at an electrode distance of 0.6 cm — the usual electrode spscing in this
work., In order to determine the effect of small changes in clectrode
spacing, the resistance was determined at 0,85 cm arm found to be 8,200
ohms, The resistance between the dropping mercury electrode and the

S.,C;Ei. was found to be very high and ";'é‘:oulci only be measured to a very

rough approximation; the results being of the order of 90,000 ohms,

Acid Helides

Since there is no mention in the literature of polarographic waves
from organic acid halides, and since here scemed to be a good example of
& vase where non-acueous polisrography might apply and where aqueous
solutions could not be used, it was decided o inVestigate the polaro-
graphic behavior of these substences in acetone,

An approximately 0.005 U solution of acetyl chloride in & saturated
acetone solution of lithium chloride was prepared, degas;ed thirty minutes,
and a polarogram mode. A

A very gpod wave (Fig. &) was oblteined; with & half wave potential

el
(cé‘grected for 1 B drop) of ~ 1.03 volts versus the mercury pool anode.

The potential of the mercury puol versus the saturated calomel electrode
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§¢'as checked and found 1o remain constant at - 0.27 volts throughout the
Ui,

These results were checked on another sample of acetyl chloride {rom
a previously unopened bottle and the same type of waves were obtained,
with the sane half wave potential,

In order to determine whether acetic acid from a possible hydrolysis
of the acetyl chloride might be responsible for the wave, & polarogram was
made from 0.005 M acetic acid in acetone saturated with lithium chloride,
and no wave was obbained, A drop of concentrated HCl was added and another
polarogram run agein with no wave appearing., The above experiments were
repcated with a few drops of acetic anhydride in the solution, followed by
the addition of glacial acetic acid and a drop of concentrated HO1L, Io
wave resulted from any of these tests,

Attempts were then made to follow the same technique as for acetyl
chloride, and to extend the study to other acid halides. All early attempts
to obtain a wave from benzoyl chloride were unsuccessful, as a flat residual
current line would be obtained up teo about - 1,0 volt, and then a very steep
current line would go off scale, even when the most insensitive galvanometer
settings were used, On reducing the benzoyl chloride concentration to

spproximately 10*2* M, something approaching a wa,ve‘ms obtained, but of
too poor guality for measurements To be made.
Zxperiments were then made will, propionyl chloride. A4s s rough. experi~
ment, & saturated solubdion of lithdum chloride was degassed, the residual
\\current line recorded » and then a drop of propionyl chloride was added to

the solution in the elecirclysis cell; and a polarogram made. The polaro-

gran showed a definite wave with a very slight maximum at the peak of the



wave. Jtne maxinmum made it difficult to accurately measure the half wave
potential, bul it was approximately -~ 1.04 volis versus the mercury pool
anode.

An 0.007 ¥ propionyl chloride solution in acetone containing 0.09 M
Iithiwa chlordide was degassed for 30 minutes, and three consecutive
polarograms made. 3Before the third run & few drops of acetic snhyiride
were added to the solution., Three definite waves rcesulted, all similar,
ard all heving a fairly larpe meximum at the pealkt of the wave, with the
top of the maximun ceming at about - 1.15 volis versus the mercury pool,
The acetic anhydride sapparently had no effect on the wave.

Two drops of acetyl bromide were added to a degassed solution of
Iithium chloride in acetone, the solution was degassed an additional
five minutes, and a series of polerograms was made. A1l of these nolarom
grans showed a wave with a2 large meximum thet made measurament of halfl
wave potentlials impossible,

A series of cxperiments was run with comon maximun suppressors such
as methyl red in an atiempt to suppress the acetyl bromide meximum, bubt
none were successful.

Polarograms were run on acelyl chloride in giacial acebic acid
cc;ntaining a trace of acetic anhydride, but no wave was dbtained. Prop-
ionyl bromide was slso tested in glacial acetic acid containing a itrace
of acetic anhydride, but it, too, failed to give a wave.

An experiment was next rumn to determine whether quinhydrone would
give a wave in anhydrous acetone solutions saturated with lithium chloride.
Since the reduvction of cpinhydrone involves hydrogen, it was thought that

the appearance of a wave would be evidence that there is a source of

50
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hydrogen in the acetone solntign, snd this evidence might be of value in
postulsting theorics econcerning the nature of the reduction reaction underw
gone by acid halides at the dropping mercury electrode. A well defined
ﬁave for cuinhydrone was obtained, and when ehecked‘on the Sargent Hodel
£%I polarograph, snodic and cathodic waves were oblained similar to those
given by quinbydrone in unbuffered agueous solution,

Since inspection of polarograms run in previous experimentis on acid
halides had given some evidence that the diffusion current height changed
with time, 2 somewhat different technique was adopted in an attempt to
obtain results which might be interpretéd more quantitatively.,

The following mns were made in acetone, freshly distilled over
anhydrous potassium carbonate just prior to use. The Sargent electrolysis
cell was calibrated so as to give the volume of solution it contained to
the nearest ml. The lithium chloride in acetone solution was degassed in
tho cel.. Just prier to ‘the rumming of the polarogram, the acid halide
was cquickly weighed out into s glass stoppered weighing botitle, and trans-
ferred with the aid of a small quantity of lithium éhl@rideﬁacetone solution
to the electrolysis cell where degassing was continued for about 10 seconds,
the final volume of the solution recorded, and the polerogram made.

4 0.003 U solution of bengoyl chloride was prepared in this mamer,
and two successive polarograms were recorded. .The first polarogrsm showed
2 definite wave with & half wave potential of - 0.83 volis versus the
mercury pool. This wave had no sign of a2 maximum, and a regular diffusion
current up to about - 1.3 volts was obtained. Above this, however, the
current became very erratic. The second polarogram showed no wave at &ll,

but a fairly flat residual current line to - 1.0 volt, and then a very
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steep current line going off scale, and similar to previous results obtain-
ed with benzoyl chloride.

In order to investigate the cause of this phenomenon, the previous
run was repeated, but Just prior to the addition of the benzoyl chloride
a small amount (0.005 gms) of benzoic scid was added to the solution. Two
successive polarograms were recorded, with an addition of about 1% of scetic
anhydride to the solution before the second run. In 2ll cases, the same
odd type of wave appeared -- i.e,, one that suddenly went off scale at - 1,0
volt.

Using the technicue that had given a good polarographic wave with ben~
zoyl chloride, polarograus were then made of 0,006 I proplonyl bromide.

The first wave was a fairly good polarographic wave, with a half wave
potential of - 0.97 volts (iR correc’tion insignificant) versus the mercury
pool. The second polarogram had a definite meximum, and was of too poor a
cquality for measurements to be made.

Two polarograms were made on 8 0,009 ¥ acetyl bromide splution. Both
of these showed very sharp mamma ard were thus unsuitable for measurement
of the half wave potential, A polarogram was then made of an 0.004 ¥
acetyl bromide solution, and this time & polarographic wave with no maximum
was obtained, with a half wave potentlal versus the mercury pool of - 0.94
volts (i R correction MSignificanﬁ).

Several polarograms were then made using various concentrations of
n~butyryl c:h].\:aridelj but 21l of these were of poor quality and showed
erratic diffusion currents. Since there was reason to believe that at
least part of the erratic results were due to stray electrical leaks in

the Sargent lodel XIT polarograph due to a long period of omngistently
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high humidity, all other qualitative investipgations of half wave potentials
of acid halides that follow were recorded on the Sargent Model ZXI visible
recording polarograph.
fising the same technicue as previously, & run on the Sargent Model XLI
polarogrsph on n-butyryl chloride again gavé very erratic results, and it
wag decided to further wodify the technicue in an atteaspt to obtain polaro-
graphic waves of good enough cquality for measurements to be made. |

The method followed in the succeeding rums was to thoroughly degas the
acetone-lithium chloride solution in the cell, thermostated at 259 s for 30
minutes, add the mercury pool, degas an additional five minutes, and then
while the nitrogen was still bubbling, odd tw drops of the substance
to be studied, shut the gas off, and imnediately run the polarogram. |

n-Butyryl chloride gave & gpod wave by this technigue, with a half
wave potential of -~ 1.00 volts versus the mercury pool (corrected for iRl
drop).

Similar experiments on other acid halides gave the following half
wave potentials versus the mercury pools All were corrected for iR drop,

where this correction was significant.

1.01 volt

Propionyl chloride

1.00 volt

3 ~Phenylpropionyl chloride

Iso-valeryl chloride 1.01 volt

Despite all methods tried, a good wave for bengoyl bromide was never
obtained. This acid bromide soened W grestly affTect the characteristics
of the capillary so that it waz not possible to maintain a suitable drop

time., In fact at about -~ 1.2 volts, the mercury was dropping in an almost

continual stream.



ects or changes in concentration were studiaed, using the tech-
halice in a closed weighing bottle, and rinsing
it intc the cell just prior to the ruming of the determination.
this group, acetyl cbloride and oroplonyl bromide were
chiosen for cuantitative studies,

The "m" value of the capillary was determined by ilmmersing it in an

acetone solution saburated with lithium chbloride, and collecting 50 drops

of mercury while notlng the time rewmuired, The mercury wves collected

1t

I
2 tared welghing bottle, the acetone decanted, the mercury weshed with

bl

distilleq weter, and then dried and weiphed. The "m" value war czlculated
o be 2.19 mg/sec. mercury.

The following cuentitative runs were made in a cell thet was thermo-—
stated at 307 °C in & mineral oil bath. Uiffusion current measurements were
made at ~ 1,30 volts versus the mercury pool where mQ/B *1/6 vas 2.15 for

-

t - 1.40 wolts for the proplonyl bromide where

ek

the acetyl chloride, and

L2/3 1/6

was 2.11: The following results were obtained:
Table I
Lcetyl shloride Molarity Id(microamps) I (mlcrvawns}/m mol

0.01L 4.3 1,02
0.011 5.1 O.46
0.0097 12.7 3,70
0.0034 3.7 1.08
Propionyl !romide 0,017 17.1 1.00
0,010 7.8 0, 78
0,307 6,0 Q-u)‘
¢,005 3.9 0758

The sbove resulbs; especially with acetyl chloride, iundicate that the
aethod in its present form will, at best, give only an azpproximate cuanti-~
tative estimation. On different days, especially under varying conditions

of humidity, ete., these results could not be duplicated within »etter than
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10% of the values on a straight line drém: through the average of the above
points,

In order to determine the number of electrons imvolved in the reduction
of acid halides, the value of "n' was calculated from the waves obtained on
propionyl chloride and iso~valeryl chloride at 30°C. The method used was
to plot the function log -,IZ%T- versus voltage, and to take the zﬂec:;%'.proval
of the slope. If "n", the number of electrons, were equmal to one, the theore-
tical slope would be 0,0601 at 30°C. The slope for propionyl chloride was |
0.066 volts, a definite indicabtion of a one-electron change. It should be
noted that this slope was constant for only,abéut half the curve.

For iso-valeryl chloride, the slope was found to be 0.081 voltis.

(Fige 9.) Although this differs from the value expected for a one-electron
change, it is even further from the value (0,03) which would indicate a

two electron change. Such a difference is not surprising if one cazaéiders
the fact thet the reaction is probably irreversible, the lack of symnetry
in the wave indicating this o be the case.

In closing this description of the experimental part of the work, & few
words should be said about the constancy of the half wave potential. In a
series of runs during the quantitative study of propionyl bromide, all of
which were made on the same day, the half wave potentisl remsined constant
at - 1.01 volts, versus the mercury pool snode. On 2 polarogrsm made on a
different day, using a concentration of the same order of magnitude as
above, the half wave potential was found to be - 0.97 volts. This is the
largest variation that was found, although other half wave potentials of
acid halides seemed to vary one or ivio hmmdredihs of a voll on different

days.
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Results snd Discussion

=,

Early in this research it becsme very apparent that if good results are
to be cobtained in polarographic work in anbydroau organic solvents, care must
be taken {1) to degas the solubion before mercury is brought into contact
with it, (2) to degas the solution much more thoroughly than would be

" normally required for aqgggus solutions, and (3) to deerease the spacing
between the electirodes (ﬁé’as 1ittle as 0.6 cm) in those cases where the

high resistance of the splution results in a flattening of the wave.

It would be unwise ta attempt to explain, on bthe basis of evidence now
available, the peculiar effect of deg uSSlng in the presance of mercury. It
is possible, however, thal eithe: £he organic solvents themselves, or traces
of water yet remaining in these uolvents may act in a manner similar to that
reported for agueous SOlhilGﬂS.lB If mercury is added to agueous solutions
before the oxyren is removed, the metal reacts more or less rapidly with
the oxygen and wataf to form. 1, 02 and mercurous salisg. ilercurcus ions are

raeduced rapidly ol zero applied voliage while H,0, is reduced at sbout

272
- 1.0 voli. If a2 similar reaction caula take place in the orgamic solvents
studied, this night explain the irregulatities encountered.

Tne results of this reqearch indicate that polarograms can be made
successfully in methanol, ethanol, acetic acid, acetone and probsbly in
pyridine, using halides of lithium or quaternary ammonium salts as carrier
glectrolytes. Table II gives typical results obtsined for cadmiun and lead
in the above solvents. The half wave potentials for lead and caduwium are
somewhat different than those found in agqueous solutions, as can be seen
by comparing the values of - 0.485 for lead, and - 0.688 for cadmium,

each versus the quiet mercury pool, in agueous solutions containing 0.1 N



KC1 with the values reported in Table II.
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This is to be expscted since

not only the form in which these ions exist in th-e organic solvents, i.e.,

as solvated ions, as molecules, etc., but also tha potential of the refer-

ence pool electrode might be expected to be different.

Ceation

Pt
pp**
ca*t
cat*
ga**
ca**

% iH drop correchtion mads when significant
#% The wave in this case was so poorly formed ‘that accurate
measurenents of either the half wave potential or the

diffusion current were impossible.

is at best, an epproximation.

Table IT
Carrier Solvent Elﬁjvs pool
1iC1 ~ CH,OH ~ 0,36 volt
1iC1 ¢ H.0H -~ 0.36 volt
LiC1 ¢l h - 0,66 wolt
Tic1 8 5 02 - 0.76 olt
L4CL CSH5 - 1.0%¢ volb

The value given here,

The waves obtained for thesze substances were, with the exception of the

pyridine solutions, well farmed, and, except for a flatlened offect nobed in

the cadmium waves in acetiec aclid, very similar to those obtained in water.

The results of attenpbs 4o obialn polarographic waves from solutions

of acid halides in acebtone saturated with lithiws chlor:t.oe are summarized

in Teble ITI.

Acid Halide

Acetyl chloride
Propionyl chloride
Butyryl chioride
Iso-valeryl chloride
Benzoyl chloride
/3-Phenylpropionyl
chloride

Leetyl bremide
Proplonyl bromide

Tahle TII
¥: vs pool B

- 1.03 wlts -
= 1.01 volbs -
- 1.00 volis -

= .83 volts -

~ 100 volts -
- 1.0l volts -~

vs acetone-5.0C.H,

1:.275 volis
1.273 volis
1.272 wlis
1.273 volts
1.102 wolts

1.272 volts

1.212 volts
1273 volts

I4(microamps)
m a0k

0.85

&
.

&
AN

o0
&8



The Iy/m mol values given sbove are subject te the same cuantitative
errors as leve been disenssed previously in dealing with the quantitative
aspects of the waves, and hence are given zs an estimate of the order of
magnituds only.

One of the important questions encountered in the study of the polaro-
graphic behavior of these eompounds was that dealing with the unalure of the
electrode reaction, It‘was at first thought that each zcid helide should
be reduced to the corresponding aldehyde, with or without the possibility
of further reaction to form condensation products. The simple single wave
obtained indicetes & single elscirode reaction. Unfortunately for the
aldehyde theory, however, is the fact that the direct reduction to aldehyde
would require & source of hydrogen and would be 2 two-electron reaction.
While it is conceivable that the organic solvents used amight provide hydro-

gen or that traces of waber present might do so, the graph obtained by

plotting log versus the volltage was definitely that of 2 one

I4-1
electron reaction. This leads to the eonclusion that the electrode reaction
products are most probably acyl free radicals and halide ions,

The amount of weter present in the PanhydrousY acetone was determined
by means of a Karl Fischer titration through the courtesy of Dr. Panl Yaotes
of these laboratories, and found to be approximately 0.11%. Although it
was at first thought that the trace of water might be necessary for the
?eactioa, consideration of the fact that propionyl chloride gives the same
type of wave in the usual azcebone and in acetone to which a small quantity

of acetls snhydride had beon added to remove water; indicates that the

presence of water probably is nol essential.

i
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The rapid deterioration in the quality of the wave with time indicates
the necessity for making the polarograms as rapidly as possible after pre-
paration of the final solution. The fact tha .the best results were obtained
when freshly distilled acetone was used also points up the care in handling
that is necessary for good results. It seems most probable that moisture
reacting with the acid halide is at least the chief cause of this diffieculty.

A technique that might be expected to give at least fair cquantitative
results would be to use freshly distilled acetone, to degas thoroughly before
introducing the acid halide, to weigh the acid halide in a sealea ampoule,
to break the ampoule after it is in the acetone solution, and to run immed-
iately after a ten-second nitrogen degassing and mixing period. With the
exception of the fact that a small weighing bottle was used instead of the
ampoule, this is essentially the technique which first gave useful results
in this research. The placing of the entire polarographic cell assembly in
a "dry box" should make the determination more convenient and accurate.

Any future work on the polarography of acid halides in acetone should
certainly include an investigation of verious methods for obtaining more
thoroughly dried acetone, and the comperison of the Id/m mol values obtain-

ed under these conditions with those indicated in this study.
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Conclusions and Summary

This work ‘has demonstrated that it is entirely feasible to cbtain
good polar@gréphic resulbs in meny organic solvenis, if eertéin procedures
are followed. |

A very thorough degassing of the sclution with treated nitrogen in
order to remove oxygen is necessary. The mercury pool should not be added
until the solution is degassed. The maintenance of anhydrous handling
conditions is important in order for reproducible resulis to be attained
especially in those cases where the maberial being analyzed is unstable in
the iaresence of water. The advantages ol super drying have not besn studied;
there is some indication (e.g. in the case of benzoyl chloride) that traces
‘of water are beneficial. In order io f@ll()l;i changes, if any, 11’1 the pool
notential when using organic solvents, il proved very convenient to prepare
the organic solvent analog of the saturated célomel electrode, This elec-
trode in acetone saturated with lithium chloride proved to give excellent
resulis. |

Polarography in acetone solution may be applied to the detection of
acid halides » but will not differentiate between the various members of
this series. It is believed that with proper calibration and technigue,

this method should give guantitative results of reasonable accuracy.
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