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16.1 INTRODUCTION

Polarography is the best known of several electroanalytical techniques
involving controlled electrolysis and referred to as “‘voltammetry,” In
potentiometry (voltammetry at zero current) the potentials of electro-
chemical cells are normally measured when no appreciable current is flowing,
while in voltammetry a finite current is allowed to flow through the clectro-
chemical ceil causing clectrolysis. The extent of electrolysis may vary from
complete clectrolysis in electrogravimetry and coulometry, to that involving
only a minute fraction of the analyte (the electroactive substance) at the
surface of the microelectrode in polarography and amperometry.

Polarography originated with Professor Heyrovsky® at Prague University
in 1922. The term “polarography” is usually restricted to that voltammetric
method in which the_analyte, dissolved in 2 suitable medium, is placed in
an electrolysis cell where the electrolysis is controlled by a variable known

otential applied to the dropping mercury electrode E). \The latter is
‘polarized relative to_a nonpolarizable electrode, usually the saturated

calomel reference clectrode (SCE). The clectrolysis current resulting from
2 controlled increase in the potedtial of the DME, in an unstirred system,
may be represented as a current-voltage curve called 2 *polarogram.™
This technique is used in the qualitative and quantitative analysis of many
inorganic and organic electroactive substances.

If a polarizable solid microclectrode, such as a platinum wirc, is employed
in place of the DME and the solution is stirred under reproducible conditions
the process is called “solid electrode voltammetry ™ and the resulting current-
voltage curve is referred to as a *voltammogram.” When the concentration
of the clectroactive substance(s) is altered by the addition of a titrant to
cither of the forementioned processes, the method is known as an “‘am-
perometric titration.”

This chapter is confincd mainly to conventional dc polarography which s
still by far the most versatile of the voltammetric methods. The student is
referred 1o recent references®™ and the literature for extensions and modifi-
cations of the polarographic method.
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162 THEORETICAL CONSIDERATIONS

A. FACTORS WHICH INFLUENCE CURRENT FLOW
DURING CONTROLLED ELECTROLYSIS

In electrolysis, certain constituents of a solution can be made 1o undergo
a change in oxidative state, under appropriate conditions, by a flow of
current at the elcctrode-solution interfuce. For example, at the cathode
(where reduction occurs): ) '

Ox, + ne- - Red (16.1)

at the anode (where oxidation occurs):
2H,0 — O, + 2H" + 2e- (162

where Ox is the electroreducible substance and Red is the product. In this
instance, the cathode is a polarizable working electrode, e.g., DME, while
the anode is the nonpolarizable electrode, e.g., SCE with a large-surface
salt bridge. Thc working microelectrode becomes *‘polarized™ when an
external source of potential is impressed across the electrolysis cell. The
electrons supplied to the cathode, under these conditions, are transferred to
the electroreducible substance Ox at the electrode surface. Oxidation occurs
al_the larger anode surface, where electrons are received from the _solution.
The amount of current ﬂowmg Through ti thean anodc is cqual to that lhrcmgh lhc
is rﬁ'ﬁEﬁ | lower and polanzauon docs not occur at this clcclrodc

The current-potential (i-E) relationships are simplified in polarography
(and somewhat similarly in solid microelectrode voltammetry) by the follow-
ing conditions: (a) the potential of one clectrode, the reference clectrode, is
made independent of current flow by employing a large-surface clectrode of
constant potential (¢.g., SCE), while the microelectrode (c.g., DME) becomcs
polarized under the same current flow; (b) the ohmic drop iR across the cell
is kept to a low valuc, perhaps a few millivolts. Under these conditions the.
actual applied potential (voltage) is equal to the'potential of the large-
surfaced SCE less the potential of the polarized DME. In other words, the
voltage applied across the electrolysis cell equals the potential of the polarized
clectrode if the unpolarized electrode of constant potential is considered: the
reference. This is what is implied when the potential of the microclecirode
(DME) is reported as E,,,, (vs. SCE). Since the potential of the SCE s
+0.2444 V vs. the normal hydrogen electrode (NHE) a1 25°C, the potential
of the DME can also be related to the NHE (0.000 V) if this 1s desired.

Current-potential relationships in polarography are rcadily studied by
means of apparatus schematically represented by Fig. 16.1.

An external potential (E,,,,) is applicd across the clectrolysis cell by
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means of a potentiometer and the resulting current is read by means of a
sensitive palvanometer or microammeter (G).

Electrolysis of any species. involves at least three factors which bomrol
the flow of current: mass uansfcrgclectmn transfer, and removal of the
product,®? An appreciation of the control of these factors will ass:st in
obtaining accurate analytical results. S

m)

_SB

FIGURE 16.1: Simple polarographic apparatus and' circuit. The H-type _gifctrdyic:u
includes a dropping mercury dectrode (DME) and saturated calomel electrode (SCE) with
a large-surfaced salt bndgc {(SB). The height (h) of the mcranyoolumn s controiled by thé
mercury (Hyg) ina reservoir. Ab I:Iﬂery (B) or other source of constant vatngc is accurately
divided by a shdmg contact (o) a[ong a slide wire (a-b) A shunt (S) is used o chngg the -
N scnsmvny QF s:nsulwc ga.lvanomcler G) radmg Tt sa flexible plastic lubmg Jj

’7: Mass Transfer
"~ Three- basic rncchamsms_g_rgmvolved in the mass transfer of an analyte

(e.g., Ox) from the bulk of the solution to the polarized clectrode sarface,

e e - =
where it can Muccd These mcchan:srns are rmgranon con\rccuon

afn{iﬂ'usmn - A
(apMigration. This means of transport involves the polcmial gﬁldicm
produced in the solution whereby the clectroactive spmlcs (c.g., O'r.) 1s

attracted toward the polanzcd mncroclectrodc "DME, wh:le other species
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ha\nn}:\_m clectrical charge of like sngn are repelled by this L|LL@(_.’} For
examplg., a ncg.alncl) ch.nrgud cathode (l)Ml_) attracts cations wlile repelling
anion This mecans of mass transport is undesirable in polarography. The
“migrdtion of the electroactive substance of interest is mimimized by the addi-
tion, to the same solution, of a large excess of an “inert” (nonclectrolyzed)
substance called the “supporting electrolyte™ (SE). This SE conducts
almost the entire current through the cell, but does not interfere with the
reaction of interest at the microelectrode. For example, if the solution in
the electrolysis cell is 0.1 M in KCl and only 0.001 A in the clectroactive
species, then the latter will conduct only about 1% of the current, everything
else being equal. As the chloride jons rmgratc ¢ toward the anode, the potas-

i%wlt toward the cathode. Since the PoTaSSiUM Cations are not
reduced at the selected applied potential on the cathode, they merely form

a laycr of posmvcly charged particles around the microelectrode, where they
decrease the attraction of this electrode for the reducible species, thcrcb\

reducing this means of mass_transport 10 a. negligible value. T

Convection. This means of transport is eperative when the solunon 1S

a&uatcd Thlia)gi ation may be caused by density or tem ture differences

In various parts of the electrolysis cell or it may be produced e form
— . e
of 1 _of. mechanical stirring.  Agitation brings more electroactive substances to

= e e ‘o
@Dlﬂ’uslon Th:s transport mechamsm is a result of a concentration
ient involving the electroactive species. ‘When an appropriate potential
is ap ied to the microclectrode (e.g., DME), the concentration of the
reducible species at the electrode surfaccls_mﬁd_w\rii;ccd and more ol
this material will diffuse from the bulk of the solution, where The concentra——
ion C is higher, toward the electrode surface where the concentration C,
“Js_nearly depleted.— Thus a conceniration_gradicni C — C, exists for the
electroactive s _species and “‘concentration polarization™ (or ‘‘concentration
over potenual ") occurs at this electrode} The electroactive species is fre-
quently referred to as the “*depolarizer™ or “depolarizing substance.” This con-
centration -gradient causes the depolarizer (ion or molecule) to move through
a diffusion layer 4 surrounding the polarized microelectrode. Agitation of
the solution by means of a constant-rate, stirrer causes the thickness of o
to decrease and the current to increase until the latter reaches a steady
limiting value.

Dxﬂ‘uslon 1s a very slow means of mass transport relative to surnng and
th; limiting current value is therefore correspondingly lower in unstirred
systems. Each de olarizer substance has_a_characteristic diffusion_rate
which is :WE@{EN: diffusion cocflicient D in units of squarc centimeters
persecond. ’
~Tnview of the several factors which affect the current flow during electrolysis
in the type of cell discussed here, the limiting current i, is rclated to these
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factors as well as the surface area 4 of the microelectrode-by the following
expression t ‘e

FDA ;
g =2 (C ~ G A (16.3)

= - -

where n is the number of clcctrons per molecule of the d:e-polarizcr and F
is the faraday.

A constant limiting current i, value can only be achieved in unstirred
solution (the usual condition in polarography) or in solution stirred at a
constant rate (as in voltammetry employing a polarized rolanng or vibrating
platinum microelectrode), In the latter instance, the limiting current values
are less reproducible than when the DME is used. If there.is a sufficient
excess of a supporting clccn'olyle in the cell along with the depolarizer
substance and if mecasures are taken to climinate all agitation of the solution,
then the limiting currcnt bccomes solcly a diffusion current.

@ Electron Transfer Pro:es: "‘1 : -

The clectron transfer _process occurs on the clcclrodc surface between the
clcclrodc and the electroactive species. If this species is in equilibrium with
other species, then the equilibrium must shift to produce more of the active
species as it is reduced at the electrode during the electron transfer process.
This equilibrium shift to produce. more of the depo.anz:r spcctcs occurs
cither at the clcclrodc surface or in the diffusion layer d, where it gives rise
to a-*'kinetic current.’

If this equilibrium shift is slower than that for mass lransl’cr, then the
observed current flow is d:pendent on this. rat¢ of comversion. Thus,
polarography has been.employed in electrochemical kinetic studies.. Once
the active species is at the electrode surface, the ‘actual electron transfer
process begins, pmwdmg_ the applied potenual exceeds the decomposition
potential. The current increases with increasing applicd potential since the
mass transport rate (MTR) is adequate to rcplacc the species as it is depleted
at the clectrode surface: At this pomt it is. the electron transfer rate (ETR)
which limits the current flow. At‘a higher applied potentiki the ETR
surpasses the MTR and the current rcaches a limiting value controlled by
the MTR. The greater the MTR of a species, the greater its limiting current
value.®

The slope of the i vs. E,“, curve reflects the ETR, the greatcr the ETR,
the steeper the slope. However, the iy value ulumalcly depends upon the
MTR, regardless of the slope of the i-E,,,, curve.®

The clectron transfer process is reversibie only while the producl is at the
clectrode surface. The ratio of the forward and reverse ETR depends on
the electrode potential. . When no external potential is applied to the clectrode,
the clectrode adopts the equilibrium polenual. Under this condition the
two clectron transfer rates differ only in their dircctions. When the forward
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and reverse ETR are much greater than the MTR and the rate of conversion
of a specics 10 the *“active™ form, the clectrode process is said to be “revers-
ible.” However, when the forward and reverse ETR arc about the same or
Jess than the two just mentioned rate processes, the clectrode process is
“irreversible.” This irreversibility increases in degree, the slower these
electron transfer rates become relative 1o these other processes.®?

3.)Removal of the Product

Since product accumulation at the electrode surface may influence ncarly

all The just mentioned processes, the rate of product remov uld become

the overall rate defermining process in the electrode reaction, |
R - b e RS T, W ) | BRI, ST o

The importance of the proper choice of experimental conditions can be
seen when attempting to study the relationship between samples and corre-

sponding i vs. E,,,, curves.

B. CURRENT-VOLTAGE RELATIONSHIPS

The apparatus which is frequently used in conventional dc polarography
is represented by Fig. 16.1. The electrodes consist of a polarizable micro-
electrode, usually the dropping mercury clectrode (DME), and a large-
surfaced nonpolarizable reference electrode such as the saturated calomel
electrode (SCE). When an external potential is applied to the DME, it is
forced-to assume a potential other than that representing the equilibrium
potential of the bulk of the solution. A small electrolysis current is now
produced, providing some soluble electroreducible substance is present the
electrolysis cell, and the DME becomes polarized. 1 A’similar situation exists
when the DME becomes an anode, except that oxidation may occur at the
electrode. surface./, Orly a .minute’ amount of the clectroactive-substance is
removed from solution since a very small electrolysis current is employed
in the polarographic method. In fact, several i-E,;; curves can be obtained
using the same solution without detectable differences. The method s
applicable to both inorganic and organic materials within an optimum
concentration range of 10~ to 10-* M and can be performed on volumes as
small as 0.5 ml or less in appropriate microcells.

I. The MNernst Equation

The potential £ of the microelectrode at cquilibrium is defined by the
Pernst equation i - -

2303RT | [Ox] (16.4)

E=E"+
nk [Red]

where E* is the formal clectrode, potential, with reference to the normal
hydrogen clectrode E = E*, when [Ox] = [Red]. The molar concentra-
tions of the two soluble species involved in the electrode reaction are
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represented by [Ox] and [Red], # equals the number of electrons required
in the conversion of Ox to Red, and Fis a faraday. Molar conceptrations
of cach soluble species can be used in place of activities normally found in
the Nernst equation, without apprcclablc error in dilutg solutions. The
rclationship between these terms is shown by .

aox = [Ox]f - (16.5)

where the activity cocfficient f approaches unity in solutions which are
approximately 1072 M or less. For this reason, and because accurate values
of f are not often known, the molar concentrations are used to facilitate
calculations.

This form of the Nernst equation can be employed to define the potential
of the microelectrode in polarography if the molar concentrations of the Ox
and Red specics represent those only at this electrode surface. The clectrqde
reaction must also be reversible and the electrode in equilibrium with the
solution immediately surrounding it. This latter condition is approximated
closely if the ETR is very large relative to other electrolysis processes such as
the diffusion rate of active species, and if both the Ox and Red forms of the
species are soluble in the surrounding solution.®

Overponentlal

To obtain an electrode reaction it is frequently necessary to apply a
potential to the DME which is different, e.g., more negative relative to the
SCE, than that which would be calculated by means of the Nernst cquation
under cqu:hbnum conditions for a reversible electrode reaction. This
difference in the DME potential is referred to as the “overpotential™ of the
electroactive substance on that electrode. The hydrogen-overpotential on
the DME is fortunately quite large, therefore a considerable negative E,,,,
(vs. SCE) is required before’ hydrogcn gas is evolved at the DME due to
the reduction of the hydrogen ions in aqueous solution. This permits many
substances to be reduced at the DME at E,;, values which are less negative
than those required for the discharge of hydrogen gas. /

. )Current-Voltage Curves

A typical polarogram (i-E,,,, curve) is shown in Fig, 16.2. In this general-
ized discussion, the sample might be any soluble electroreducible substance
(Ox) of appropriate concentration (102 to 10~* M) in a large excess of a
nonrcducible clectrolyte, c.g., KCI, 0.1 to 1 M. This supporting clectrolyte
should be about 50 times, or more, the concentration of the depolarizer in
order to cifectively climinate the migration current of the latter.

a. Typical Polarogram (Fig. [6.2, curve a). Asthe DME is made to assume

an increasingly ncgative potential (relative to SCE) an E,,,, is reached
where current begins to flow due to the reduction of the clectroactive specics
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Ox in solution. This potenuial is referred to as the “decomposition potential™
(E,). As the applied potential is increased further, the current rises, con-
trolled by the diffusion of Ox (ur by the ETR in the case of irreversible
cleetrode reactions) and cventually reaches a Ihmw::m (i) plateau.
Finally the current rises steeply duce to the reduction of some SE component
which may be water or other substance it its decomposition potentialis lower.

!

o} b
r—
L y 34l n

{pa)

o ifzi‘
Ld

] : Ly i e
A Ed Em%rz?sm .
' Egpp VS SCE (VOLTS)

FIGURE 16.2: Typical polarogram. Curve a is the i vs. Eappt curve of an electroactive
substance. Curve b is that for the supporting electrolyte, &tc., less the electroactive sub-
stance. The symbols are identified as follows: i (#A) is the current reading; Eapp is the
applied potentialy E, is the decomposition potential; Eyyu. Eips. and E,,, arc the potentials
corresponding to §, k. and ] the diffusion current (i,), respectively: i isthe residual current;
i is the current reading anywhere on the curve corrected for i,; i, is the diffusion current
! (i, — i) and iy is the limiting current.

fb. Residual Currenc (Fig. 16.2, Curve b). This is a i-E,, curve of the
supporting electrolyte alone.  As the potential of the¢ DME becomes in-
creasingly negative the residual current 7, rises very gradually from a value
near 0, Eventually a point is reached where an abrupt nse in the current
flow occurs due to the reason given for curve a. The saw-toothed curves are
the.result of current oscillations caused by the gradual increasing clectrode
surface area [Eq. (16.3)) followed by the detachment of the mercury drop
from the capillary tip.

#¢. Components of the Polarographic Wave. While it is the diffusion
current i, of the clectroactive substance which is the most important and
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characteristic portion of the i-E,,, curve, other contributions to the limiting

current {; may alter the overall curve and must be understood to be controlled.

Limiting current (iy). This is the total current read from a cu:;'em_
meter or recording. It includes the residual current i) and diffusion curtent
iq, as well as the migration current of the reducible substance if this has not

"been adequately sﬁ'pprcss_cy 3 -

% Residual current (i)). This portion of t al current is the result of
contributions from (a) a n@fc faradaic current 7, caused by the reduction
of trace impurities and (b) a much larger condenser current i, caused by
the charging of the Helmholtz double-layer capacitance at the mercury-
solution interface. This “‘condenser” is formed by positively charged ions
of the supporting electrolyte (e.g., K*) forming a layer around the negatively
charged mercury drop, which in turn are surrounded by a layer of negative
ions (e.g., CI7) to form the double layer.

Migration current (i.). If the DME is a negativel ed cathode,
en cations of an electroreducible sample will migrate (due to electrostatic

<7 ‘aitraction) to this clectrode where they are reduced upon_arrival. This
undesirable contribution to the cathodic current is referred to as a migration
currenti,. (The effect of the ,, can be essentially eliminated by the addition of
a large excess of “‘inert” electrolyte which conducts nearly the total current
across ihe electrolysis cell but which does not interfere with the electrode
reaction. Under these conditions the contribution of the migration current
to the cathodic current is negligibly small and can be ignored.

_E‘tg‘ggction of the residual and migration currents from the limiting current

/@ Diffusion current (i,). _This is the net current which results from the
5

fo =iy = (F, + i) (16.6)
Since the i, can be clirpign_a_lcigg explained earlier, the Eq, (16.6) reduces to
o - 16.7)

This subtraction is normally done graphically, as illustrated in Fig. 16.2.
When the diffusion current i, is determined as just described, it is entirely
dependent upon the rate of diffusion of the electroactive species from the
bulk of the solution to the clectrode surface.

C.  FACTORS GOVERNING THE DIFFUSION CURRENT

I. llkovic Equation

A variety of factors govern the diffusion current at the DME for any
clectroactive specics in a supporting clectrolyic. A theoretical cquation
Nee——— - — S —_—
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n

was derived by llkovic (1934) for the diffusion current under controfled”
" e T - T —_—
conditions

~ "‘ p— knD”’Cm’”!"" (]6.8)

where i, is the djffusion current (zA) during the life ¢ of the mercury drop.

The constant k includes several physicaland nu merical constants, including
the density of mercury, which were used in the derivation of the equation;
& — 706 for maximum i, and k = 607 for average i, measurements. The
upper limit of the oscillations recorded by a fast recorder (<1 sec [ull-
scale deflection) along the i, plateau in Fig. 16.2 is used when measuring
(i)mex; the average of thesc oscillations is employed when measuring
{i)avec O @ damped recorder. Also the (i), is the value actually measured
on a galvanometer which does not respond quickly enough 10 follow the
actual current oscillations. The (i) max = I(ig)aver- There are several ways of
defining n, such as: (1) the number of clectrons per ion or molecule of the
electroactive species or (2) the number of electron cquivalcms,mquircd per
mole of the electroactive species involved in the electrode reaction. D is
the- diffusion coefficient of the electroactive species in square ceatimeters
per second. C is the concentration of the electroactive substance, in milli-
moles per liter (mM/liter). ntis the rate of mercury flow from DME capillary
in milligrams per second. ! is the drop life, in seconds; the value of r varies
with the potential applied to the DME, -because the interfacial tension (y)
at the mercury drop surface greatly influences the value of 1 and depends
on E,pp. Therefore ¢ is measured cither at the E,,,, where the i, is to be
measured or at the E,,. of the electroactive species. « .

In very precise work, modjfied forms of the llkovic equation may be
employed which-allow for thefcurvature of the mercury drops. since diffusion
is spherical rather than lintar, as originally supposed by llkovic. The
Ilkovic equation is valid asfong as 7 is longer than 2.5 sec and if a constant

temperature is maintained/in the approximate range of -15 to W0°C. ifris

too short. the falling drops produce a stirring effect which decreases the

diffusion laver 4 and increases the observed current.

« The linear relationship between i, and C <¢an be seen irall ol the factors

on the right-hand side of the llkovic equation. except C. are held constant

and represented by &:
; ) ly=kC (16.9)

The likovic equation may be arranged o give
Iy

knD'* = ——— (16.10)
Cm~ “ll\%

The characteristics which are independent of the clectrodes and mstrument
are wrouped together on the left and are collectively referrad 1o oas the
“ditTusion current constant”™ (7). This value-is frequently recorded in the
literature and is repreducible within =", under spectlicd vonditions.
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The term m*31/% is called the “capillary characteristic.”” When m and 1
have been experimentally deternvned, comparisons can be made between
capillaries of varying lengih and bore diameter, as well as with the same
capillary under different head pressure of mercury or at various applied
potentials.

The factors which affect the i, include those which produce a change in
any lerm in the llkovic cquation and these, as well as others, must be
controlled when using the polarographic method.

leasurement of the Diffusion Current (ig): This term varies with the

sixth root of 7. However, most galvanometers have a time period which is
not short enough to accurately follow the current produced at each mercury
drop.

The galvanometer oscillations observed correspond closely to the average
of the true diffusion current and correspond 10 the (i), in the llkovic
equation rather than the maximal or minimal reading. An exact diffusion
current i, of an clectroactive substance can only-be determined when the
exact residual current is known and subtracted from the limiting current
value. The most accurate measurement of i, can be made by means of a
separate polarogram of the supporting clectrolyte, such as that shown in
Fig. 16.2, curve b. In actual practice, an adequate approximation of the
i can be obtained by extrapolating the portion of the sample polarogram,
which preceeds the decomposition potential, and measuring the distance
between this extrapolated line and the limiting current to obtain the i, at a
specified point. This method is.illustrated in a later section.

b. H_e_z_igbt_of_:hg_ﬁ_gmgm (h). Both the mercury flow rate m and
the drop life 7 are dependent on the dimensions of the capillary of the DME
and on the height of the mercury column above the tip of this electrode.
An increase in the height of the mercury column A produces no increase in
drop size (a function of bore size), but rather increases the number of drops
formed per unit of time. The relationship between /m and # has been shown
to be -

m=kh_,. (16.11)

where & is a constant and #,, is the height of the mercury column (in
centimeters) above the DME ltip corrected for the back pressurc due to the
interfacial tension between the drop and solution,

It can be shpwn that for aqucous solutions the back pressurc (hpaey) IS
given by the cquation

P W ‘ 2
Apnck = i ¢m mercury (16.12)

and f,. = h — A, .. where & is the uncorrecled height of the mercury
column in centimeters.
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The value of ¢ varies inversely with the height of the mercury column,
as shown by the equation

. N 4 o - (16.13)

- ' Beore

If Eqs. (16.11) and (16.13) are substituted into the [lkovic cquation

(Eq, 16.8), and providing all other factors which could affect iy remain

constant, then it ¢€an be shown that iy varies with the square root of the
corrected height of ihe mercury column above the tip of the DME

id ac hlc.‘:rr . (1614)
This equation provides a means of ascertaining whether the current is
actually diffusion controlled.

c
K]
w
[ =
-]
=
=)
Qo
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FIGURE 16.3: Electrocapillary curve for mercury. &

c. The Applied Potential (Esppy)- The drop life  is'affected by the applied
potential E,;;; on the DME. Actually the value of ¢ is affected by the
mercury drop-solution interfacial tension y, which in turn is affected by
the applied potential as indicated in Fig. 16.3. ;

As the negative applied potential (—E,,,)) is increased on the mercury
drop, the drop-solution interfacial tension 7, passes through a maximum
at approximately —0.52 V (relative to SCE) and then decreases rapidly.
In practice, since the product m®/3s3+ s only influenced by the sixth root of 1,
it is considered almost constant, as it varies less than 0.5%; over the applied
potential range of 0 to —1.0 V. Howevar, at more negative potentials the
product m*3r''* shows a more rapid decline in value, which must be taken
into account.

When diffusion currents are to be compared with those calculated by means
of the Ilkovic equation, it is essential that ¢ and ig be measured at the same
potennal.
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d. Temperature Effect. The effect of temperature on the diffusion current
IS quite pronounced. Although a-temperature term does not appear in the
llkovic equation, a lemperature change affects cvery term except n. The
dilfusion coefficient D ;s Very sensitive 1o variations in lemperature because
of its influence on viscosity. mobilities ofions. etc. These changes produce an
increase in the pof 1o 25./deg rise in lemperature in the vicinily of 25°C.,
To eliminate this error in f¢ Measurement it is essential to control the 1em-
perature of the clcctrol_ysis cell 10 within +0.25 or +0.5°C 10 hold errors
within %7,

e. Viscosity of Solution. The factor which is affecteyd most by the viscos\ily
of the solution is the diffusion coefficient D,

Changes in the supporting electrolyte do not appreciably change the
viscosity unless they are large, i.e., in excess of +10%. However, a change
in the amount of a maximum suppressor, such as gelatin, may produce a
marked change in the solution viscosity. A high concentration of a maximum
Suppressor is 10 be avoided for this reason. .

The diffusion coefficient p of an clectroactive species is also affected by
complex formation with any component of the supporting clectrolyte, or by

other means,
P KINETIC CURRENT’

A kinetic current js a complcf-limiling current which may occur when one
or both of the oxidatjve states of the electroactjve substance is in a dissocia-
tion equilibrium or involved in a’chemical reaction with other substances,

\E/CATALYTIC CURRENT

A catalytic current is an increase ‘in the current which may be, brought
about by an unstable electrolysis product, which may §uddcnfy revert to'the
original electroactive species. For example, catalytic current waves have been
observed during the reduction of cupric ions 1o cuprous ions, where part of
the latter is Spontaneously oxidized 1o cupric ions while another part is
simullancously reduced to copper.® Well-defined catalytic hydrogen waves
have been observed for a number of alkaloids in certain supporting
tlectrolytes.®

g e
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%IMA AND SUPPRESSORS

LFrcqucmly a pronounced increase in current above the normal limiting
value is obseryed on a polarographic curve. This is often caused by an
increasc in mas transport of the depolarizer (electroactive substance) to the -
clectrode surface brought about by a streaming effect in the solution. These
maxima are reproducible and are subdivided into maxima of the first and
second kind. Maxima of the first kind, which appear on the rising portion
of the wave, as shown in Fig. 16.4, arc rather narrow and frequently occur

A -

Q

(@) (b)
Egpp VS- SCE (VOLTS)

FIGURE 16.4: (a) Maximum of the first kind (M). The dotted line (N) indicates the normal
wave. (b) Maxima of the second kind (M).

in dilute solutions. Those of the second kind occur in more concentrated
solutions, at higher mercury flow rates; only in the limiting current range,
are rounded, and do not fall as abruptly to the limiting-current plateau as do
the maxima of the first kind. Heyrovsky and Kita discuss both kinds of
maxima in detail.*

The occurrence of maxima is undesirable because of the interference with
diffusion current measurements. Maxima of both the first and second kinds
can be climinated by adding a suitable maximasuppressor. The suppressor
substance is usually some nonreducible high-molecular-weight organic
surface-active material such as gclatin. nonionic detergents such at Triton
X-100, as well as cationic and anonic types, methyl cellulose, agar, alcohols,
and ccrtaiﬂv_ﬂgsua—_a?rhcﬁltl—'r‘__dmnd basic or acid fuchin_ctc. Gelatin
is one of the most widely used substances, but solutions must be prepared
freshly. The final concentrations of These maxima suppressors in soluton
range between 0.001 to 0.01%. The optimum amount of substance required
for complete suppression of a maximum is proportional to the concentration
of the depolarizer, varics from substance to substance, and s influenced
by the nature of the supporting electrolyte. The optimum concentration of

-
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the suppressor substance is found by trial and error. Care must be taken

to avord higher concentrations as several terms in the [lkovic cquition are

affected by the resultant increase in viscosity and a lower diffusion current

results., -
Moxmew WAVES

Qir air (oxygen) is not removed from the solution prior to analysis, two
waves will result from the reduction of oxygen and its reduction product,
hydrogen peroxide. as the potential of the DME is made mncreasingly
negative.  Although the half-wave potentials are pH dependent, one may
occur about —0.10 V and another about —0.90 V (vs. the SCE). The reac-
tions which produce these reduction waves are as follows:

First wave: (in acidic media) O, + 2H" + 2¢ -- H,0,
(in alkaline media) O, + 2H,0 + 2¢ — H,0, + 20H-

Second wave: (in acidic media) H,O0, + 2H- + 2¢ — 2H,0
(in alkaline media) H,0, + 2¢ — 20H-

The oxygen (air) must be removed from the solution or these pronounced
oxygen waves will be superimposed on the desired polarogram and interfere
with current measurements. This air is usually removed by bubbling some
inert gas such as oxygen-free nitrogen through the solution prior to analysis
and allowing a gentle flow of nitrogen to layer above the solution surface to
prevent oxygen reabsorption during analysis)) If a gas dispersion tube is used,
the deacration time can be reduced considerably. However, if an ordinary
small-bore glass tube is used for this purpose, about 10-15 min are normally
required to remove the dissolved oxygen. A purified grade of commercial
tank nitrogen (99.9+ %) is frequently adequate for this purpose. If the last
trace of oxygen must be removed, the nitrogen should cither be passed through
a heated tube of copper turnings or a gas washer containing some suitable
reducing agent.

H. SUPPORTING ELECTROLYTE

The supporting electrolyte is added to carry most of the current between
the electrodes, to reduce the migration current of the electroactive substance.
This condition must be satisfied if the diffusion current 1y of the depolarizer
is to be directly proportional to the concEntration of this elcciroactive
substance. The concentration of*the supporting clectrolyte should be at
least 50-fold greater than that of the depolarizer for this purpose. The
choice of the supporting electrolyte can be a mosi important factor since 1t ©
frequently interacts with, and affects the E, 2 value of the depolarizer, and
may even determine whether any wave will result or not. A mixture of two
electroreducible substances may have closely spaced E,,, values in onc
supporting electrolyte (SE) and yield unresolved waves. Another SE can
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often be found which will form’a complex with one of them, producing a
shift in its E, 4 value and thereby allowing the waves to be resoived adequately
for both substances to be determined simultaneously in the mixture. The
reader is referred to texts on polarography for extensive lists of supporting
clectrolytes. 319

»As the applied potential agross the clectrolysis cell is increased, a point’
is eventually reached where the water (solvent) will be cicclrolyzcd This
point determines the upper voltage limit of the working clectrode in that
media, for once the electrolysis of the solvent begins, other electrode rcac-
tions will be masked. The solvent is seldom clectrolyzed at the reference
clectrode. When the microclectrode (DME) functions as a cathode the
hydrogen ions of water arc reduced and hydrogen gas begins to be cvolved
about —1.8 V (vs. SCE) in neutral solution. Under more alkaline conditions
this electrolysis is shifted to slightly more necgative potentials. If a working
electrode, other than the DME, becomes sufficiently anodic, the water is
oxidized and oxygen is evolved at this electrode surface. The positive voltage-
range himit for the DME is determined by the potential at which mercury
begins to be oxidized to mercuric ions, while the negative limit of the DME
potential is that at which some component of the SE becomes discharged.
Certain quaternary salts and hydroxides serve as supporting electrolytes and
m‘i potentials more negative than —2.0 V (vs. SCE).
These SE materials increase the hydrogen overpotential and_allow polaro-
graphic reduction_sfudies on, alkali and alkaline_carth-metal cations. Salts
OF THE latter substances may be employed as supporung cicctron/tcs for other
more readily reduced substances in aqueous solutions at the DME over a
range of +0.4 to about —1.9 V (vs. SCE).

Organic substances are frequently dissolved in nonaqucous supporting
electrolytes.®

All substances to be used in supporting electrolytes should be polaro-
graphed under high sensitivity to check for possible interfering waves due
10 impurities.

‘ bl%mumss OF ELECTROACTIVE SUBSTANCES

Frequently mixtures of electraactive substances can be analyzed provided
the half-wave potentials (£,,;) of the component substancgs are adequately
spaced so that there is no interference between adjacent waves. If the half-
wave potentials are not, or cannot be made sufficiently different by com-
plexing the depolarizer or changing the solvent, then physical, chemical, or
clectrochemical methods of separating the interfering components are
mandatory prior to polarography. ™

The wave of the most readily reduced component can casily be observed
at a high sensitivity, but the second wave may go off scale. When this occurs,
the analyst is faced with a choice. If the second component is present in
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higher concentration, the sensibivity may be decreased sufliciently 1o keep
the second wave on scale. Mowever. if the second wave is produced by a
minor component, greater sensttivaty is required for its wave. Many instru-
ments arc equipped with a device whith permits a compensaling current to
be passed through the galvanometer. in opposition 1o the reduction (or
oxidation) current, which either reduces the height of the preceding wave or
climinates it.  With the first wave clectrically cancelled the second wave can
be developed with the same or a higher sensitivity 10 permit an accurate
measurement of the minor component, :

The relative wave heights {and indirectly concentriation), the number of
clectrons # involved in each reversible reduction, as well as the degree of
reversibility of cach reduction all affect the resolution of successive reduction
waves for mixtures of reducible constituents, ’ .

Usually the wave for a two-clectron reduction is steeper and occurs over a
shorter voltage span than for a single-clectron reduction. A greater degree of
irreversibility of the electrode reaction also causes a spread in the wave over
a wider voltage range. It should be noted that the £,y values of two electro-
reducible specics showing irreversible waves would have to differ to a greater
extent than those of adjacent reversible waves in order o obtain comparable
resolution.

-

'\/IVJ. EQUATIONS FOR REVERSIBLE POLARQGRAPHIC WAVES

IT the oxidized state only of a depolarizer [e.g.. Cd(I1), Fe(ll1), reducible
organic molecule, etc.] is in solution, it will accept electrons from the DME
(cathode) which are supplicd from the SCE (nonpolarizable anode) via the
external circuit. :

The equation for the polarographic reduction (ca thodic) wave ecan be
arrived at from the I'o]lowing considerations:

Reduction at the DME surface js represcnted by Eq. (16.1), repcated here:

Ox + ne~ — Red

where Ox and Red arc the oxidized and reduced forms of the electroactive
species.  During clectrolysis al a potential corresponding to the limfiting-
current platecau, the concentration of the clectroreducible substance at the
microclectrode surface, [Ox],, is neghgibly small compared to that in the
bulk of the solution [Ox]. At some lower applied potential, corresponding
to the rising current on an i vs. L plot, the [Ox] is not neghgible 1n the
layer surrounding the DME and, for a reversible reaction in which both
Ux and Red are soluble, the Nernst cquation can be applicd. The potential

of the DME under these conditions and at 25°C is =
Epnee = £+ 4 00591 03} 16.15)

n [Red],
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where £° is the formal reduction potential of the redox couple in the clectrade
reaction [Eg. (16.1)] under experimental conditions. As discussed carlicr
[Eq. (16.4)] molar concentrations can be employed in this equation instcad of
activitics, providing dilute solutions arc used. When this is done £ replaces
the standard petential E°. The subscript o denotes the negligible concentra-
tion at the electrode surface. It can be seen from Eg. (16.15) that the potential
on thc DME determines the ratio Ox/Red.

The average current supplied by diffusion of the reducible depolarizer
1o the DME surface is S

i = K([Ox] — [OxL)DY2 (16.16)

where K is a constant which also includes terms n, /m, and r of the Ilkovic
equation [see Eq. (16.8)]. Equation (16.16) is similar 1o Eq. (16.3). The
Ilkovic cquation may now be written in the form of

ig = 60Tnm**"*DH([Ox] — [Ox]) (16.17)

" where the current reaches its limiting value and is solely dependent on the

gradient existing between the concentration of depolarizer in the bulk of the
solution [Ox] and that at the electrode surface [Ox],. Since [Ox], = 0, i.c.,

it is negligible since Ox is reduced as mptdly as it arrives at the electrode
surface, Eq. (16.17) reduces to

= K[Ox]D}? ' (16.18)
By solving for [Ox], in Eq. (!6.16) and combining with Eq. (16.18)
_ j. ‘
KD';',;
The reduced form (Red) of the depolarizer formed at the DME may diffuse
away or form amalgams and diffuse into the mercury drop. The current
depends not only on the rate at which Ox arrives at the microclectrode
[sece Eq. (16.18)] but also on the rate at which the reduced form, Red,
diffuses from this clectrode surface:
i = K([Red]s — [Red])Dj{74 (16.20)

and since only the oxidized form of the depolarizer is present in the bulk
of the solution, [Red) = 0, and

[Ox], =

(16.19)

= K[Red],DL5, (16.21)

By solving Eq. (16.21) for [Red], and substituting this value. as well as
Eq. (16.19) in the Nernst [Eq. (16.157], the potential of a rcdox system is
given by

Epye = E* + log

n ] n

i 1 s
0.0591 P 0.0591 e ( D, ) 16.22

Red
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Since the diffusion cocflicients D for the Ox and Red forms of many
depolarizer substances are very nearly equal and appear in this cquation
only as the square root, the factor (07, /Dy.,)!'? can be lct cqual unity and
Eq. (16.22) reduces to the following at 25°C:

0.0591 i, — i
log -—

n 1

(16.23)

Epue = x #

This 1s the simplest expression for the shape of a reversible polarographic
reduttion wave, i.e., a cathodic wave.

The potenual on the microclectrode (DME) corresponding (o the current
valuc 7 at one-half the diffusion current i, is called the “*half-wave potertial™
(E,;2). A mathematical expression for the E,,. is obtained [rom Eq. (16.22)
by introducing i = i,/2:

1/2
Eym = E° — ot log (&) (16.24)
n D.Itcd
or \J
Eyq = E¥ (16.25)

can be obtained from Eq. (16.23).

The half-wave potential (E, ) value is characteristic of a given depolarizer
i a specified medium, but is independent of the depolarizer concentration,
of the capillary characteristics, and of the galvanometer sensitivity.? The
£,z value obuained in a specified supporting electrolyte is frequently used
1o identify a depolarizer.

Itis frequently so that the diffusion coeflicients of the oxidized and reduced
states D, and Dy, of a redox couple are approximately equal and in such
imstances the £, corresponds closely to the value of the formal potential
E®'. 1f cither the Ox or Red form of the depolarizer substance is complexed,
their rates of diffusion will differ. By measuring the ratio of anodic to
cathodic diffusion currents in solutions where [Ox] = [Red], the ratio
Dy D)2 can be found. Equation (16.24) shows that for a reversible
clectrode reaction the E|,, is related to the formal reduction potgntial £
of the redox couple. However, the £, ,, value may differ from the £° some-
what depending on the difference in the diffusion coefficients of thé Ox and
Red forms. .

If & polarographic system consisting of a pegfectly polarizable DME and

\nonpularizable SCE is employed, Eqyy = E,,p). Al an applied potential
corresponding to the £,,, value, where i = 7,2 by definition, £, . = £° due
to the disappearance of the log term in Eq. (16.23), thus, at 25°C, -

0.0591 ig— i

log )

E.pp: = Eu'_‘ =2 (]626)

n 1
This equation with slight rearrangement is a form of _|‘§'nr.\' + b, the
cquation for a straight line. Therefore the reversibility of an oxidation-
reduction system at the DME surface can be checked by plotting log (i, — )i
vs. E, i (asabscissa). For reversible redox systems, a straight line results with
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slope = 0.0591/a V and abscissa intercept equal to E,,, where the log term
of Eq. (16.26) becomes 0. The value of n can be determined by the expression
n = 0.0591/slope, wherc the slope is 0.0591, 0.0296, and 0.0197 V, for a
1-. 2-, or 3-cleciron transfer in the clectrode process, respectively. Thesg
values apply only at 25°C.

It is unfortunate that a linear relationship between log (i, — i)/i vs. Eqppi
is not absolute proof of reversibility.* This method cannot be applied if the
product of the electrode reaction is not soluble in the mercury drop as an
amalgam, or soluble in the solution of supporting clectrolyte employed.

The preceding discussion dealt only with the cathodic wave. For dis-
cussions and equations of anodic waves and cathodic-anodic combined
waves the reader is directed to Ref. 2.

K. REVERSIBLE AND IRREVERSIBLE ELECTRODE REACTIONS

In reversible redox systems (Ox + ne~ = Red) where the cquilibrium is
rapidly established by fast clectron-transfer rates (ETR) and when the
current is controlled solely by diffusion of the depolarizer, the clectrode
potential is equal, or very nearly equal, to that value calculated by means
of the Nernst equation (Eq. (16.4)]. It has been shown [Eq. (16.25) and
Fig. 16.5, curve a] that for reversible reactions the E® very nearly coincides
with the E,,q for each form of the redox couple. s

A reversible clectrode process is indicated when the £,z values of the
anodic (oxidation) and cathodic (reduction) waves coincide. This situation
occurs with the Fe(111)/Fe(ll) redox couple. When both oxidation states of
the depolarizer substance [e.g., Fe(l111)/Fe(l11)] are present in solution, a
composite anodic-cathodic wave may be obtained (Fig- 16.6, curve a) the
steep slope of which is defined by the Nernst equation. -

If the electrode reaction is irreversible, as it generally is s for arganic mole-
cules and some inorganic substances, the Nernst equation has no application.
It should be noted also that irreversible reactions occur when cither the Ox
or Red form is insoluble in either the supporting medium or the mercury drop.
Some reversible electrode processes may become “irreversible™ with a
shortened mercury drop life t or under other circumstances where the time
required for establishing equilibrium conditions at the solution-drop interface
is inadequate.?

A smooth polarographic wave may result from a mixture of oxidized and
reduced forms of a substance, even though the electrode processes are irrevers-
ible under the conditions used. Hosever, in this situation the slope of the
combined anodic-cathodic wave is much less steep and docs not conform 1o
theory. Figure 16.5 shows generalized forms of individual and combined
anodic and cathodic waves for both reversible and irreversible systems; 2
qualitative difference is readily seen betwecn these curves. In reversible
processes the £, values of both anodic and cathodic waves are equal and
very near the value of E® in the Nernst equation. However, the E,,, values
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of the anodic and cathodic waves in irreversible systems are scparated and
ncither 1s equal to the E”. The greater the degree of irreversibility, the
greater the separation of the E, , values of the oxidized and reduced forms.
Irreversibility in an electrode reaction (5low ETR) yiclds an £, .. value more
negative than E* for a reduction (more positive for an oxidation).

(+)
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FIGURE 16.5: Anodic and cathodic i-Eapp: curves for a reversible (a) and an irreversible (b)
redox couple. The dotted lines represent the combined waves of a mixture of equal con-
centrations of Ox and Red forms in both instances, while the solid lines represent the waves
for the Ox and Red forms of cach couple separately. £ is the formal redox potential and
£y, Ejn, and E}};are half-wave potentials,

5 -

Ifwe now let £, in Fig. 16.5, curve a, represent the calculated theoretical
value and E,,, on curve & represent the actual observed value for a specific
substance under identical conditions, then the d‘_iﬂ’urencc between these values
correspond to the “overvoltage™ (o) of that subsiance (depolarizer) on that
clectrode. The magnitude of this overvoltage is indicative of the degree of
irreversibility of the reaction occurring at the microclectrode fc.g., DME)
surface. g *

Irreversible waves are also defined by the llkovic equation [Eq. (16.8))
and he E,), is still an identifying characteristic of the depolarizer, cven
though 1t occurs at a position which differs from that which would result if
the reaction were reversible.,
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Another method used for distinguishing between reversibility and irrevers-
ibility of electrode processes involves the calculation of the difference be-
tween E,,, and E,,. where these terms are defined in a manner similar to
that for E,,;. Forideal cathodic (i — E)waves, a plot of ifi, vs. (Epue — E™)
is made and the value (£y,, — E,;) measured. For reversible reactions
(Esje — Eyjs) = 0.0564[nV (at 25°C), and for irreversible reactions this™
value is greater. Mathematical expressions are available for the Eyz0of a

-
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FIGURE 16.6: Polarographic waves of (a) a reversible oxidation-reduction couple, where
(Ox] = [Red], and (b) the supporting clectrolyte alonc. The symbols (i)s and (ide
represent the anodic and cathodic diffusion currents, respectively.

totally irreversible wave (very stow ETR) and for the relationship between
this value and drop time. For adequate resolution in quantitative analysis,
the difference between the E,n values of two successive polarographic
waves should be three or more times the sum of their respective E;.; — £,.4
values. A greater difference is required if the wave heights are very different.®
The reader is referred to the references, particularly Refs. 2 and 5, for a
detailed discussion involving differentiating between reversible and irreversibie
clectrode processes.

L. CONVENTIONS EMPLOYED IN PLOTTING i — E,,, CURVES

The conventional method of plotting i — £,,,, curves is shown in Fig.
16.6. The potential applied to the microclectrode relative to a nonpolarizable
reference electrode (c.g., SCE) is shown on the horizontal axis. This applied
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potential rvalue (£,4,,) becomes mcrcusinély negative to the night of
Ly = 0, the potenual of the SCE. and increasingly positve 1o the left,
The current is represented on the verucal axis and, by convention, cathodic
currents due 1o reduction are recordett as being positive and appears above
the zero current hine. The anodic currents due 1o oaidation are considered
ncgative and appear below the zero current line,

Curve a (Fig. 16.6) is the polarogram of a solution cum:\ining cquimolar
concentrations of the soluble oxidized (Ox) and reduced (Red) states of an
ondation-reduction svstem in a deaerated solution contaming a supporting
clectrolyte (SE) such as 0.1 A/ KCl. Curse b is the polarogram of the same
deacrated SE and maximum suppressor but no depolarizer substance. At the
extreme left, the anodic current increase is due to oxidation of the mercury
of the drop (21g — Hg(l1) + 2¢7). This occurs at 4 lower (+) potential
than the oxidation of water to oxygen (2H,O — O, 4- 4H- + 4e-). The
negative current to the right of the mercury dissolution wave up to the zero
current hine represents the anodic oxidation of the Red form of the depolarizer
substance. The intercept of this mixed wave with the zero current line
represents the Epy g, which is very nearly equal to the formal potential (£°°)
in the Nernst equation for reversible systems (fast clectron-transfer rates)
when [Ox] = [Red], assuming little or no change in the diffusion coefficients
D of the two states of oxidation. Also in truly reversible redox systems the
value of £% ~ E,,, of both the Ox and the Red forms. The (+) cathodic
current in curve a (IYig. 16.6) represents the clectroreduction of the oxidized
form of the substance. At the extreme right of curve a, the rapid rise in the
cathodic current at an applied potential of about —1.8 to —2.0V, is a
result of the reduction of hydrogen ions in the water or to the discharge of
some cation of the SE. Curve b is the polarogram of the SE alone, the
increased anodic and cathodic currents are duc to the same causes discussed
in curve a. Between these two extremes of rapid current increase, the DME
is perfectly polarized and only a small residual current flows, which is shown
here running close to the horizontal zero current line.

The cathodic diffusion (i,), will closely approximate the anodic diffusion

current (/,),, when [Ox] = [Red] in the mixture. ) i

16.3 BASIC INSTRUMENTATION, APPARATUS,
AND PRINCIPLES

A. CIRCUITRY 2

The essential circuitry is shown schematically in Fig. 16.1. This diagram
represents the basic requirements for a conventional manual de polarograph.
The potenual of the dropping mercury clectrode (DME) can be made
increasingly negative (or positive) relative to the constant known potential
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FIGURE 16.7: Sargent recording polarograph, model XVI. Courtesy 1. Fi. Sargent and Co

3. Electrolysis Cells

Polarographic elcctrolysis cells vary widely in design and capacity. The
more common are: (a) a small open bcnkcr-lypc of cell which may be used
when a mercury pool (nonpolarized) electrode is to be used (Fig., 16.8a) al
(b) the H-type cell in which the clectrolysis compartment containing the DA
is connected to an external reference electrode (SCE). These two compait-
ments are clectrically connected via a short agar gel plug saturated with
KCl and supported in a wide diameter tube closed at one end with a sintercd-
glass disk (Fig. 16.8b)

A wide variety of electrolysis cells are commercially available from E. Il
Sargent & Co. and other sources. These cells are designed for polarographic
analysis of solutions having a total volume range from less than I ml up (o
several ml. Many different designs are possible as a literature survey will

seadily show. - -

4. Electrodes

a. Polarizable Microelectrodes. Actually the term “polarography™ infers
that the polarizable microelectrode is the dropping mercury clectrode (DME ).
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FIGURE 16.8: (a) Beaker-type cell with mercury pool and dropping mercury clectrodes.
(b) H-type cell with saturated calomel electrode (SCE) and DME.

This is still the most widely used electrode, however numerous other
mercury clectrodes have been employed such as the hanging mercury drop,
streaming mercury, inverted mercury, and horizontal mercury clectrode,
as well as many others. Microelectrodes such as the rotating and vibrating
platinum electrodes are used for very closely related methods of voltammetry,
especially in amperometric titrations.

1. Dropping Mercury Electrode (DME). The DME cosists of a short
length of glass capillary tubing (0.03-0.05 mm id) which is attached to a_
I&jﬂ@jj\ﬁ'—b@? glass tubing used to support a mercury column. The
constant height of this mercury column is maintained by a mercury reservoir
fulb which is connected to the mercury column and capillary as ShGwn in
Fig. 16.1. Electrical contact with the DME ‘may be made via the mercury
reservoir, or by means of a platinum wire fused into the glass wall of tiic
mercury column support or lsewhere. The mercury drops, formed under a
constant head pressure of mercury, leave the Capillary tip at a constant rate.

A repetitive process is involved in which each mercury arow v grows

into a microsphere until it reaches a critical weight and detaches itsell.
- — T e e

The advantages of the DME relative to other microclectrodes arc:

(a). The continually rencwed smooth surface of the drop prevents the
accimulation of clectrode reaction products which would adversely affect
the potential at the surface. : —
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(b) The reproducible surfacﬂmglm@_bc readily calculated at
any time during the drop life. e
(¢) The high overvoliage (overpotential) of hydrogen on this mercury
clééirode makes possible the clcmrorcdyMn‘x species at negative
potentials unattainable of solid microclectrodes. | The DME can be used up
to —1.6 V (vs. SCE) in acidic solution and up to —2.6 V in basic solutions
or in_nonaqucous solutions.
The mercury drop forms amalgams (solid solutions) with many
metals,"which results in a Tower reduction potential for the substance.
“{e) Scvera rograms can be run on the same solution without appreci-
able changgjsince a very small amount of:hggn__nlﬂc_is changed by the minute
current flow through this electrode. e

;@"ﬂm diffusion current reaches a steady value rapidly and is reproducible.
oy o —— = T —— p—— = - 2

—_—

The DME has cerlain disadvantages such as:

 (a) Mercury has avery Timited poiential rang potential range as an anode, since mercury
is OXdized 3 an applid potenial of sbowt 404 Y (s Seg). -
" (b) The surface area of this electrode s always changing giving rise to
current oscillations. /

(c) The applied potential affects the interfacial tension at the mergury

_drop-solution interface thus affects the mercury drop size. The latter ig also
influenced by chemical agents which amii_m‘t?rﬁ;cial tension:

2. Solid Microelectrodes. The rotating or vibrating platinum micro-
electrodes are among the most useful in voltammetry. Platinum has a much
lower hydrogen overpotential than mercury, and thus has a very limited
potential range as a cathode. However, platinum can be uséd at positive
applicd potentials up to about +1.1 V (vs. SCE).

When not rotated or vibrated, these solid clectrodes have a number of
disadvantages such as: -

-

(a)-Require several minutes to reach a sicady current value, then it
déclines slowly. : )

Ab) After a voltammogram is obtained, the curve is not retraced when the
Eoppr is gradually reversed to zero, The § = £, curve shape also varics
with the rate of the applicd potential increasc.

_(c) Temperature changes produce greater changes in the diffusion current
obtained with this elecirode than for the DME.

By rotating or vibrating the platinumswire clectrode the current is greatly
enhanced over that obtained with 2 DME and assumes a steady value
immediately. Since the rate of surring aflects the current flow, constant
rate rotating (or vibrating) platinum electrodes are mandatory. These
clectrodes are widely used for amperametric titrations, but their lack of
reproducibility precludes single measurements of current,
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b. Reference Electrodes. Two reference clectrodes which are widely
employed in polarography will be discussed here.

. Mercury Pool Electrode (Hg-pool). The mercury pool c!cclrodc con-
s#sts of a pool of mercury in.thc bottom of the c!cclmlys}s cell (Fig. 16.8a).
Its relatively large surface arca prevents its polarlmnon by the small current
flow through it duc 1o the potential impressed across the cell. While the
exact potential of this electirode is unknown, it remains quile, constant.
The mercury pool electrode may be employed for routine work in which the
exact value of the potential applied to the DME is not important.

a_27 Saturated Calomel Electrode (SCE). For accurate work or research
the potential of the DME must be known, Thercfore an isolated reference

c!cctrodc_xs connected to the clcclrolys:s cell by means of a relatively large-
surface “'salt bndﬁ_c The reference c!cclrodc wh:ch has been almost

'umvcrs Iy a?ioplcd is thc SCE (Fig. 16. 5.8b). |

3. Auxiliary Electrodes. In addition to the polarized microelectrode (c.g.,
DME) and reference clectrode (e.g., SCE), a third electrode which is fre-
quently a platinum wire (or mcrcury pool) electrode may be used. This
additional clectrode is called an “auxiliary clectrode.” It is not polarized
and reduces the resistance to the flow of current in poorly conducting
supporting media. Since the potential on the DME must be proportional
to the applied potential in many instances, either one or both of the SCE
and auxiliary clectrodes are required depending on the conditions used.
When an applied polcnual is impressed across an electrolysis cell a potential
drop occurs at three sites, the cathode (usually DME), the anode (usually
SCE), and in the solution between these two electrodes, thus

emfy = (Escg — Epup) + IR~ - (16.27)

where iR is the potential drop (ohmic drop) between the clectrodes. It can
be seen that when the exact value of the Epyy must be known, the other
values in Eq. (16.27) must be known or measurable. Three different situa-
tions are possible:

(a) Only a large surface (nonpolarizable) SCE is required when the elec-
trolvsis current is small (under | #A) and the supporting clectrolyte has a
low resistance and the ohmic drop iR between the electrodes is negligibly
small (under 1 mV) or known.

(b) Only a nonpolarizable auxiliary clectrode (e.g., mercury pool) of
reasonably constant but unknown potential is required when the iR drop
is small (under 10 mV), is known, or wherc the DME potenuial does not
have to be accuratcly known.

(¢) When an accurate Epyg is required, both the SCE and auxiliary
clectrodes are required when the SE has a high specific resistance, (c.8..
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nonaqueous media). In the latter situation 1t is also possible 10 measure the
voltage between a closely spaced DME and SCE salt bridge, with o sensi-
tive voltameter, such as a pH meter.®

16.4 GENERAL POLAROGRAPHIC ANALYSIS

Substances which can be reduced or oxidized at the DME 1o produce
an i-E,,,, wave can usually be polarographically analyzed. If more than one
clectroactive substance (including impurities) is present, the successive £,
values of cach substance must differ by 150 mV or more to obtain resolution
of the waves. Many inorganic and organic substances yield well defined
cathodic waves when the DME s employed. Quantitative analysis ol such
substances is normally performed within a concentration range of . 1072~
107* M. The lower concentration limit is usually governed by the magnitude
of the residual current. Solubility factors at the DME surface may produce
false or unpredictable currents at concentrations greater than 10°% A1,

When a new supporting clectrolyte is employed, it should be checked
polarographically at a high sensitivity to preclude the possibility of waves
arising from impuritics.

A. TECHNIQUES FOR MEASURING DIFFUSION CURRENTS
AND HALF-WAVE POTENTIALS

Many polarographic waves are not as ideally shaped as that depicted in
Fig. 16.2, therefore several arbitrary procedurcs have been devised lor
measuring diffusion currents (i,) and half-wave potentials (/£,,,) from a
polarogram. These procedures differ in the manncr of estimatng the
residual current.

l. Accurate Measurement of Residual Current

The residual current i, is most accurately determined separately from the
polarogram of a blank solution which is identical to the test solution except
for the deletion of the depolarizer. This value is then subtracted from the
limiting current plateau value iy, for the test solution measured at the same
potential to obtain i,

2. Approximate Measurement of Residual Current

A close approximation of the 7, can be made and the iy and F,,, valucs
determined with sufficicnt reproducibility by employing one of the graphical
procedures which follow,
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1. For ill-Defined Waves. [n the measurement of the diffusion current of
depolarizer substance | (Fig. 16.9), i, is approximated by cxtrapola(ing the
residual current 10 give line a. Since the limiting current s impossible to

‘~fmeasurc accurately for species |, a line b is drawn parabel to linc a and the
. (i,), measured as indicated. Since the residual current for species 2 includes
the (i,), and is not parallel to the limiting current (ig)y,q, line d is drawn
paralicl to the horizontal axis from- the point of intersection of line b and the

(i'L 1+2

(pa)

(Euz)

B B

: (e

Lr o N I S

E VS. SCE (VOLTS)
appl.

FIGURE 16.9: Double wave polarogram. See the text for the explanation of the measure-
ment of the diffusion currents iy and half-wave potential Eys.

curve. Extrapolation of the upper limiting current give$ line g. Line ¢ is
drawn parallel to line d from the point of intersection of line g and the curve.
The diffusion current (i), for species 2 is measured as indicated.

The E, .. values of species | and 2 are determined from the point of inter-
section of the curve with lines ¢ and f, respectively. These lines are drawn
from points equal to i,f2 for each specics and parallel to lines a and d,
respectively.

b. For Well-Defined Waves. The i and E,, values for well-defined waves,
where the i, and i, portions of the curve are parallcl. are casily measured.
The procedure is much simpler as shown in Fig. 16.2, since the i, value only is
approximated by an extrapolation of this portion of the curve.

Reference books on polarography should be consulied for additional
procedures.
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B. QUALITATIVE POLAROGRAPHIC ANALYSIS

Although the half-wane potential (£ ) is a characteristic of an clectro-
active species under speeified and reproducible conditions, especially with
respect to the clectrolysis medium, polarography finds only limited applica-
tion to qualitative analysis. This statement is particularly true in the presence
of mixtures of clectroactive specics where successive waves are not well
resolved. To eflect resolution the supporting medium usually has to be
altered. The new £, . value for a species is applicable only 1o thut aliered

medium. The £,,, values of many electroactive species in a large variety of -

solvents or supporting electrolytes are 10 be found in reference books on
polarography.-3.10 A

It is frequently possible to identily relatively pure electroactive specics by
comparing the E,,, values of the unknown with suspected known species in
a variety of supporting clectrolytes (or solvent media), since the latter fre-
quently affects the electron transfer rates involved in the clectrode reactions.

\MUANTITATIVE POLAROGRAPHIC METHODS

These methods arc divided into two categorics: (1) absolute method and
(2) comparative methods.

The following methods presuppose that appropriate consideration has
been given to the selection of the concentration range (approx. 102 to
105 M) to be studied, the appropriate solvent or supporting media, and
any preanalysis depolarizer separation which may be nceessary to give the
desired selectivity to the quantitative method.

. Absolute Picthod

Since the absolute method is based on the direct application of the Tkovic
equation, all the terms in that equattion must be known or measured beforg
the concentration can be related to the observed diffusion current. This
method is not used to any extent in practical analysis for obvious reasons.
These terms would have 1o be measured or, calculated to venily this equation
experimentally. The reader is referred to one of the books on polarography
for further details on this method.

2. A Modified Absolute Method, -
This mecthod employs a modified form of the NKkovie cquation [Eq. (16.8)):
= '.nu,,’”L,I“‘ “(JZh]

The diffusion current constant /4 1s independent of any specilic capillary,
but is dependent upon the nature and concentration ol (he supporting
clectrolyte and the temperature which must be controlled. A calibrated
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galvanometer is essenuial for the measurement of absolute current. This
method therefore suffers from tedious calibrations and is not as accurate
as the relative methods which follow. .

L]

3. Comparative Methods . Y

These relative methods can be subdivided according to the particular
techniques employed. In all instances, however, a pure standard of the same
species as the sample depolarizer is used for calibration purposes or relative
measurcments. Identical conditions are employed for the sample and stand-
ard to calculate the unknown concentration of the sample.

a. Direct Comparison Method. A series of standard solutions are pre-
pared which are identical to sample solutions in ail aspects cxcept that of
concentration. The actual analysis can be performed in one of two ways:

|. Calibration Curve. This method is convenient for routine analysis on
large numbers of samples. The standard solutions can be polarographed one
at a time or if regular waves are obtained the limiting current only may be
determined for cach concentration at a fixed applied potential corresponding
to the limiting current plateau in the polarogram of one of the standard
solutions. ‘The residual current should be determined at the same potential
from a polarogram of the blank or approximated from the polarogram of
a standard solution by the extrapolation procedure..The measured diffusion
currents iy of the standard solutions are used to construct a calibration curve,
i.c.,a plot of i, vs: concentration. The diffusion current value of each sample
so[uuon measurcd under essentially identical conditions, is referred to the
calibration curve and the concentration read.”Should the' conéenlration
range be large enough to produce nonlincarity in the calibration curve,
semilog graph paper may be used to retain the same precision in the concen-
tration reading over the entire plot.,_For more limited concentration ranges
the i, vs. coficentration plot should be linear, passing through the origin.
Calibration curves should not be assumed to be valid from day to day, but
must be verified for each series of analysis.

2. Alternate Direct Comparison Method. The wave heights of a consecu-
tively polarographed standard and sample solutions (identical conditions)
which are about equal in concentration may be compared. The simplified
form of the llkovic equation [Eq. (16.9)], i.c., i = KC, may be used here.
This equation applies equally to both sample and standard and the constant
K is identical in both instances under identical conditions except for concen-
tration. Therefore the following expression can be emploved for the
calculation of the sample concentration:

( )-mm-lr (C

(i4)ara

Cawiin = i) (16.29)
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This procedure is convenient for occasional analysis on very few samples
as 1t chminates the necessity of constructing a calibration curve, Grealest
accuracy is obtained when the concenlrations of standard and sample closcly
approximalte onc another, especially for a slightly nonlincar relationship
between wave height and concentration. No special knowledge of the
capillary characteristics is necessary in this method, but they as well as the
tempcerature must remain constant throughout the comparison. .

b. Standard Addition Method. The polarogram of an accurately known
volume of solution A containing the simple is recorded. A known weight
of the standard substance (a pure form of sample substance) is added to an
identical sample solution B and the polarogram recorded under the same
conditions. . -

The weight of the substance being determined (Waampie) in the sample
solution A may be calculated from this equation

Weamapie = ——ample P (16.30)

rample = .
"hnlupln-lhll = laample

where I, is the weight of standard added to the second solution B of thie
sample, fampietaay IS Wave height of solution B, and Igampre 1S the wave
height of solution A.

This version of the standard addition method is fess complex than an
alternate version in which accurate volumes of a standard solution are added
to known volumes of the sample. More complex calculations are required
because of the dilution of the sample by the standard solution and vice versa.
“The équation for this alternate method of standard addition js

E, o Co bl (16.31)
V_,(j', - i:) ¥ i.l“!
where C,. i, and ¥, arc the values for concentration, wave height, and volume
of the sample, respectively, and C,, i, and v, are the corresponding values for
the standard solution.

In both versions of the standard addition method it is assumed that all
other factors which might affect the instrument reading remiin constant
duTing the consecutive measurements and also that there is a lincar relation-
ship between wave height and concentration. Muximum accuracy is obtained
Wh_c_[l_lll_g: wave height caused by the standard addition approximately doubles
that of the sample alonc. If a semiautomatic anitytical balance is available,
the first-mentioned version of this would be just about as convenient as the
latter and does not involve as much calculation. This method requires an
expenditure of slightly more time than the “calibration curve” incthod
discussed earlier, but js generally considered to be more accurate,” One
reason for this is that it 1s not possible to compensate exactly for the possiblc
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effect produced by extrancous substances in the sample solution on the wave
height when using the direct comparison mcthod.

-.c. The Piloc lon (Internal Standard) Method. The basis of this method

Acpends upon the knowledge that two clectroactive species of equal con-
centration give rise to relative wave hcightslin a given supporting clectrolyte,.
which are constant and independent of capillary characteristics m and .
Also for any electroactive substance the diffusion current constant /,, which
is the ratio of i,/Cm*31V/¢ [Eq. (16.28)], remains constant for a given capillary
employed under a constant column height of mercury and in a specified
supporting elcctrolyte system?

Once this ratio has been established for each of a series of ions using one
capillary under specified conditions, all that is rcquired to establish the dif-
fusion current constants for the same substances in a second capillary is the
calculation of this i,/Cm*/31}/% ratio for one of these substances (i.e., a pilot
jon) in the sccond capillary using the same specificd experimental conditions.
Singe the i, values of any of the ions (x) change in the same ratio as those
for the pilot ion on changing capillaries, these values can be calculated as
follows:

(,d)pilnt-l _— Lidlx-_l

. (Id)puol.z (19)z.z
on rearrangement this gives

(f3)z2 = {(‘rd)pnu:.J(Iu)puom](/a);.x (16-32)-

where J, is the diffusion current constant i /Cm**11/¢ for the pilot ion and
ion x in capillaries 1 and 2 as indicated. Equation (16.32) enables a com-
parison of data obtained with one capillary with that obtainéd with another,
providing the J, value of a pilot ion has been calculated using both capillaries.
This application of the pilot ion obviatcs the need to redetermine the 1, for
all the ions of interest on a second capillary if the first becomes plugged or
broken. It is only necessary to keep a standard stock solution of the pilot ion
in each supporting electrolyte which is likely to be used.

|. Quantitative Analysis Employing the Pilot Ion Method
- (a) Using an equation. Sincc the relative diffusion current constants [,
of ions in specific supporting electrolytes arc independent of the capillary
used, Eq. (16.28) applics to both the pilotion p and sample depolarizer ion x
{0 be measured. Thus, the following expressions can be written:

C, = ()LL)t (16.33)
- C, = (i) () 30 (16.34)

Under identical conditions, including a common capillary, Eq. (16.33) can bc
divided by Eq. (16.34), then rcarranged to give

C. = [(1)./6G),)(1),/(1).]C, (16.35)
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where C, and C,, are the concentrations of the sample 1on v and pilot ion p,
respectively: 7, and [, are the difusion currents and dilfusion current
constants for the sample ion and pilot ion as indicated by the :.uh_\‘cripla‘.

The ratio (1,),/(/,), 1s called the “internal standard ratio™ (or “pilot 1on
ratio”) and is independent of capllary characteristics.  This ratio can be
determined in advance using the same capillary or it may be caleulated from
literature values of /, for these substances if reported lor the same concentra-
tion of the supporung electrolyte system in which the (i), and (7)), are 1o
be determined. The latter two values.are determined in the same solution
and arc measured from the resulting two-step polarogram.

!

(-Ld)u
(L),

CONCENTRATION OF STANDARD (sX)

FIGURE 16.10: Calibration curve used in the pilot ion method, The subscripts sx and p
represent the standard solutions of the test substance and pilot ion, respectively.

(b) Alternate Pilot Ion Method Using a Calibration Curve. A scrics of
standard solutions sx arc prepared for the depolarizer x, cach containing .a
constant known volume of pilot ion solution, Sample solutions of unknown
concentration depolarizer x are prepared to contain the same amount ol the
pilotion p. The selected pilotion must have a E,,, value which is considerably
different from that of the depolarizer x or any other substance which may be
present in solution. A polarogram is recorded and the (i), and (i), are
determined at potentials corresponding to the limiting currents of their
respective waves. This may be repeated-for cach standard sx and sample x
solution ifa recording polarographis used. 1fa manual instrument is used the
diffusion current values are measured only at appropriate fixed applicd
potenuals selecied from the polarogram of the mixture.

A calibration curve is then constructed by plotting the ratio (1.l (i) pavs. C,
as shown in Fig. 16.10. The sample solutions containing unknown concentra-
tions of the substance x in the standard solutions and identical quantitics of
pilotion are then measured in the same way. The ratio of (i,),/(i,), is referred
to the calibration curve and the concentration of the sample is read in the
usual manner.
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This procedure compensates for small variations in temperature and capil-
lary characteristics over cxtended periods of time. The method is somewhat
limited by the number of possible pilot ion substances available since they
must” produce well-defined waves which are well resalyed from the others
produced in the mixed solution. Cadmium ion has frequently been used
for this purpose. .

The diffusion current constant (/) for any electroactive species can be
calculated from a rearranged Eq. (16.28). To calculate m and 1, we must
determine the average drop time ! in scconds and the mass of mercury m
flowing in milligrams per second by timing the collection of 10 drops of
mercury under the actual operating conditions of E,,, in a supporting
electrolyte system identical in nature and concentration to that for which the
value of I, is required. The 10 mercury drops can be collected in a small
glass receplacle, washed with water, then acetone, dried, and weighed. This
data enables the calculation of the value of m. The reader may refer 1o Ref.

7 for details.

D. NONAQUEOQUS SOLVENTS IN POLAROGRAPHY

Many water-insoluble substances can be polarographed in nonaqueous
soivents, solvent mixtures, or in melts. The current siate of polarography
in nonaqucous systems is rather empirical and descriptive in nature. Fre-
quently depolarizers which yicld ill-defined polarograms in aqueous media
yield well-defined waves in nonaqueous media. The /g, E,;s, and wave shape
for a depolarizer substance usuaily differ in the two types of media. Since
traces of water often influence the nature of the depolanizer, care is necessary
to exclude water when employing anhydrous solvents. Reference electrodes
in nonaqueous  media behave differently than in aqueous media depending
upon the particular reference clectrode and supporting electrolyte present
in the nonaqueous medium. Frequently a mercury pool may be employed
as a constant ‘“‘reference” electrode, or an aqueous reference clectrode (e.g.,
SCE), which often contains a high concentration of an indifferent electrolyte,
may be cmployed. Since the choice of a suitable nonaqueous solvent and
reference electrode depends on numerous considerations, the reader is
referred to recent references on polarography.*-* ;

Solvents which have been employed include methanol, ethanol, alcohol-
water mixtures, alcohol-benzene mixtures, acetic acid or anhydrous acelic
acid containing ammonium acctate,, sulfuric acid, liquid ammonia, acetoni-
trile, cthylenediamine, and many other organic substances. Furthermore,
polarography has been performed in melts consisting of mixtures of inorganic
saits at clevated temperatures. For details and references sce the recent
book by Heyrovsky and Kita? as well as review papers listed under
Refercnces.
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E. ORGANIC POLAROGRAPHY

A large number of organic-compounds can bhe Studied and assayed by
pelarographic methods, Usually the clectrode reactions involve hydrogen
ions, and for this reason A constant concentration of these ions s provided
by means of the supporting clectrolyte medium, which may be strongly
buffered. acidic or basic, aquecous or nonaqueous. The general electrode
reaction may be represented by

Org + mH" e Org-Hm (16.36)

where the value of # s frequently dependent upon the pH of the medium,
One or more Steps may be involved in the complete reduction of 3 functional

While the list of functional groups in Table 16.1 is not an exhaustive list,
it does serve to indicate the variety of compounds whicl have been studijed
polarographically: acids with carbony] or conjugated double bonds; ali-
phatic, aromatic, and substituted aldehydes: aliphatic, aromaric substituted
and unsaturated ketones, including quinones, di- and tri-ketones; certain
esters; many nitrogen-conlaining groups such as: nitrg, nitroso, azo, azoxy,
hydroxylamines, amine oxides, diazonium salts, certain heterocycelic com-
pounds such as alkaloids and others; many sulfur-con(aining groups such as
thiols, sulfur Broups conjugated with unsaturated groups; most peroxides,
including hydrogen peroxide : many halogen containing compounds: and
others too numerous to mention,

16.5 LABORATORY EXPERIMENTS

A. APPARATUS

Manual and/or recording polarographs.

Polarographic electrolysis cell—such as an H-type cell with an attached
SCE (if the DME potential is desired), or a bcnkcr-lypc cell (if a mercury
pool electrode js to be used).

Large tray (o prevent the loss of poisonous ang volatile mercury, (clean
up spills immcdia:cly).

Dropping mercury electrode (DME)_Vnsscmbly containing doublydisijlied
and filtered mercyry.

Reference electrode—g mercury pool, andfor gy nonpolarizahle SCE, as
required. See Fig. 16.8.

Stop watch—for determining the drop life ¢.

Deoxygenation apparatus—consisting of OXxygen-free nitrogen gas (tank
and regulator). A Bas washing or scrubbing device contaiming o surtable
solution (such as alkaline Pyrogallol'or chromous chloride) through which
the nitrogen can be passed if it contains any oxygen.
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A constant temperature bath and control (25°C 4 0.1°).

Maxima suppressor solution—such as 029, solution of Triton X-100
(Rohm & Haass Co.), or freshly prepared 0.2/ gelatin solution (dissolve in
warm walter).

Yolumetric glatsware such 35 volumetric flasks, pipettes; etc.

B. CARE OF DROPPING MERCURY ELECTRODE
Every precaution must be taken to prevent the capillary bore from be-
coming plugged. This obstruction could be caused by a dust particle in
the mercury, oxidation ‘products of mercury, sa!t crystals, ctc. Since these
capillaries are extremely difficult or impossible to clean, the foillowing

" precautions must be followed: '

1. Protect the mercury in the reservoir from dust with a filter of glass wool.

If the DME apparatus is being asscmbled for the first time, clean and dry
all plastic or rubber tubing well to eliminate dust particles.
- 2. Make certain_that the mercury is dropping from the capillary before
the capillary is immersed in any solution. This precaution excludes contam-
inants from the capillary bore, where they could cause an erratic mercury
flow.

3. Never stop the mercury flow while the capillary is in solution. When
through, lower the electrolysis ¢ell to remove the DME from the solution.
While the mercury is still dropping, rinse the tip with distilled water, blot
dry with filter paper, and place a dry test tube under the lip. Stop the mercury
flow by lowering the reservoir, by a stopcock or clamp, etc, whichever is ap-
propriate for the DME assembly used. This procedure is recommended over
the immersion of the capillary tip in distilled water.’

4. Occasional cleaning of the end of the capillary bore is required. This
is done by immersing the tip in 50% nitric acid while the mercury is flowing,
then rinsing and drying as directed under 3.

5. The DME assembly. must be vibration free and the capillary vertical to
avoid an erratic drop time 7. A level or plumb line may be used to check
the latter adjustment. ’ d ;

C. GENERAL POLAROGRAPHIC PROCEDURE

This gcneral procedure should be followed in ail polarographic measure-
ments, unlcss otherwisc directed in specific exercises:

I. If a mercury pool electrode is employed, add sufficient mercury to
cover the bottom of the clectrolysis cell 10.a depth of 1/8 inch.

2. If a SCE (or other reference clectrode) is used, maintain the level of
the saturated KCl (or other clectrolyte) solution abave the solution level
in the cell.
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3. Add suflicient test solution (consisting of supporting clectrolyte,
maximum suppressor and depolarizer)_to a level above the large “salt
bridge,” but not too close 10 the top of the cell.

4. Caution: Read Section 16.5B on the carc of the DME. Start the mercury
flow. then raise the electrolysis cell to immerse the DME well below the
solution surface. Adjust the mercury column to produce a drop time of 3
or 4 sec. ldeally this is done at the applied potenual at which the diffusion
current 1s to be measured.

5. Deoavgenate the test solution with oxygen-free nitrogen gas for 15 min
(about 5 min if a sintered-glass gas-dispersion tube is used). Never measurce
the polarographic current while N, is bubbling through the solution. Why ?

6. Consult the operating instructions for the instrument to be used.
Standardize (or calibrate) the potentiometer and adjust the galvanometer
index (or recorder pen) to zero.

7. Conncet the electrodes to the appropriate terminals. The polarity of the
DME is (—) negative for cathodic reductions. Adjust the instrument to th
lowest sensitivity initially, unless the correct setting is known. The appro-
priate sensitivity is that which produces a large defiection but prevents {he
galvanometer index from going off scale. This setting may be determin:d
by gradually increasing the applied potential over the range of mterest
while adjusting the sensitivity switch (shunt) to kecp the index on scale .t
the point of greatest deflection.

D. MANUAL OPERATION

With the preceding gencral procedure in mind, select the applicd potential
span 1o be used. Set the applicd potential to zero and note the galvanometer
reading. A slight negative reading can be ignored, it may only be the end
of an anodic wave of some substance in solution. The applied potential is
ingreased in steps of 0.05-0.1 V except during a wave where 0.01- or 0.02-V

steps are used. Record the applied potential and resulting current or gal-
vanometer readings. It is often casier to record the muximum throw-of the .

index although the average is morc desirable. This manual potential scan
is usually performed over the 0- to —2-V range, or until some componcnt
of the supporting electrolyie is discharged aboot —1.7 10 —1 .9 ¥V (vs. SCE).
Use the highest sensitivity that will permit the galvanometer index to rcmiin
on scale at all times.

Plot the polarogram graphically according to convention (Fig. 16.0).
Mecasure the diffusion current as directed earlier (Fig. 16.2).

Use of Compensator (or Bias) Control

The- reader should familiarize himsell with this control (il available),
which may be required to ““cancel” a large diffusion current of a substance

g
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which is reduced just prior to the depolarizer of interest. This cnables the
desired wave to be developed at a higher sensitivity. Turn this control off
when finished so that it does not interfere with a subscquent analysis.

<
E. OPERATION OF RECORDING INSTRUMENT

Read the preceding general pojarographic procedure, then consult the
operating instructions for the instrument to be used. Adjust the recorder
to zero, select the appropriate potential range to be scanned, the scan rate,
and sensitivity, if known. Otherwise, scan rapidly, adjusting the sensitivity
as required 1o obtain nearly a full-scale deflection (fsd) at the potential of
maximum current flow. The “scan™ switch usually activates a synchronous
motor, which increases the applied potential in a linear manner and simul-
tancously starts the chart drive motor. The chart drive axis corresponds
to the applied potential while current is measured on the other axis. If the
scan is not automatically stopped, switch off the drive motors at about
—2.0V, or at the end of the selected voltage range.

- . -

Experiment 16. ] ; 7

Familiarization with the instrument, plotting methods, maximum sup-
pressor, role of supporting eléctrolyte, and the measure of various currents
and potentials.

Apparatus. Carcefully read over this experiment (or the assigned portions)
and compile a list of the apparatus required. All apparatus must be clean.
To save lime obtain all the apparatus before starting.

Graph paper (84 in. x 11 in.) with millimeter (or 20 lines/in.) ruling will
berequired. . .. ool . '

Nore: It would be desirable to have a recording polarographic instrument
if all parts of this experiment are to be attempted.
Solutions (provided): = . ; . i 5

Maximum suppressor solutions: (1) 50 ml of a fresh 0.2 94 gelatin solution
(dissolved in warm water, cooled,-and diluted to volume), andfor (2) 0.2%
Triton X-100 Solution,

Stock Solutions of : . .

PbCl,; [or Pb(NO,).] 0.0_2 M in distulled water
CdCl, (or CdSO,) 0.02 Af in distilled water
ZnCl, (or ZnSO,)  0.02 A in distilled water

Supporting electrolyte (1.0 M KCI).

RN
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Mixed supporting clectrolvie (I Af Sodium Potassium tartrate + 0.2 M
NaOH).

Using appropriate volumetric r:lass“.nrc and the stock solutions provided,
prepare and label the following snluhuns

Maximum suppressor—0.29, gelaun solution or 0.2%, Triton X-100 (iff
not provided).

Solution 1. 100 ml of 0.1 Af KCI (do nor add any maximum suppressor
to this solution). z

Solution 2. 100 ml of 0.001 Af Cd(11) in aqueous solution containing
2.0 ml 0.2%; gelatin.

Solution 3. Prepare this solution so that 100 ml will contain 2.0 ml of
the 0.277 gelatin, and be 0.001 Af in Cd(11) and 0.1'M in KCI.

Solution 4. 100 ml is to contain 2.0 ml of 0.2 % gelatin and be 0.1 M in
KCI [no Cd(11) present).

Part A. To Demonstrate the Need for Deoxygenation and a Maximum
Suppressor

Procedure. Transfer 20 ml (or sufficient to cover the elecirodes) of solution
I to the electrolysis compartment of the H-cell. Obtain a polarogram over
the range 0 to —1.9V (vs. SCE). by the general polarographic procedure,
omitting the deoxygenation. Plot this curve as the data is oblained and in
accord with the plotting conventions described earlicr, Note the location
of any waves present and their respective half-wave potentials £, ,,. Two max-
ima may appear in the polarogram. If this does not occur, it may be necessary
to bubble air into solution | to enhance the oxygen waves. Repeat the
polarogram in the regions. of the observed maxima after adding 4 drops of
the sclected maximum suppressor. Plot this polarogram on the same sheet.
If the maxima persist, repeat again afier the addition of 4 more drops of the
maximum suppressor. Repeat this process until the maxima are just climi-
nated. Record the number of drops or volume (pipette) of the maximum
suppressor rcquired as well as the initial volume of solution added to the
vesscl. ;

Now deoxygenate the solution for 5 min and obtain another polarogram
over the same voltage range. If the waves are still cvident, deoxygenate for'
a further 5 min and check for the oxvgen wave(s). Repeat until the last
oxygen wave disappcars, then obtain a complete polarogram on the graph
along with those obtained previously.

Part B. To Study the Role of the Supporting Elec:roly:e in Minimizing the

Migration Current of the Depolarizer .

Procedure. Transfer 20 ml (or appropriate known volume) of solution 2
to the clectrolysis vessel, deoxygenate, and obtain a polarogram using the
general polarographic procedure. Record the measured limiting current (i)
valu¢ for this solution. Repeat using solution 3, and again with solution 4.
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Plot (or record) these polarograms (or partal polarograms) on the sam¢
paper used for solution 2. Determine the diffusion current (i,) for the Cd(11)
ion concentration present (refer to Fig. 16.2). Calculate the approximate
migration current (i,,) of the Cd(il) ions from the results obtained, using
the expression iy, = iy + i.. Measure and compare the magnitude of the
currents i,, ip, iy, and i (refer to Fig. 16.2) in these plots and explain the
causes of each. Why is it necessary to remove the oxygen wherd calculating
the i, for the Cd(11) ions in solutigp ?

Noie: Comparable concentrations of Pb(I1) or Zn{[1) can be used instead of
Cd(11) in this experiment.

Part C. Effect of the (1) Concentration of the Depolarizer and (2) Nature
of the Supporting Electrolyte on the Half-Wave Potential

\. Effect of Depolarizer Concentration. Prepare the following solutions in
100 mi volumetric flasks:

Solution a. 20 ml of 0.02 M Pb(Il), plus 2 ml of gelatin (0.273), plus
20 ml of 1 M KCI, plus water to volume.

Solutions b-f. By substituting the following’ corresponding volumes of
0.02 M Pb(I1) for that in solution a: (b) 15ml, (¢) 10 ml, (d) 5ml, (e)
unknown volume (supplied by instructor), (f) 0 ml (blank). Using the
general polarographic procedure, obtain complete polarograms for solutions
a and c only over an applied’ potential range of 0 to —1.0V (vs. SCE).
Select a potential on the limiting current plateau of the fully devcloped wave
of solution a. Measure the current of each of the remaining solutions and
the “*blank™ at this sclected applied potential. Record all daia in your note-
book and determine the following:

(1) The diffusion current i, for each solution, i.c., iy = (i — i,), where
* i_is the current for solution f at the same potential; :

'(2) The E, - values for Pb(l1) ion from the complete polarograms obtained
with solutions a and c.

Plot i, vs. concentration of Pb(11) for all solutions on graph paper. What
relationship exists between i, and concentration in this plot? Express this
by means of a simple equation. What is the numerical value of the constant
in this equation? What is the concentration of the unknown solution ¢?
What is this quantitative polarographic method called? What cffect doces
Cd(l1) concentration have of the value of E, . determined graphically?
How does this E, . valuc compare with those reported by others? See Refs.
2.5, and 11. or others for tables of £, . valucs in a variety of media.

2. Lffect of the Nature of the Supp;"ring Electrolvte. Prepare the following
solution in a 100-ml volumetric flask: 20 mi of 0.02 M Pb(I1), plus 2 ml of
0.2%; gelaun, plus 50 ml of the mixed tartrate-NaOH supporting clectrolyte
(stock solution), and water to volume.
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Procedure. Decoxvgenale and obtain a polarogram of this solution, deter-
mine the i, and E, ¢ for Pb(I1). In this gase use the approximale or extrapola-
ton method to estimate the residual current i, Comparce the E;,, value
obtamed with that determined lor solution an (1). Comment on the man-
ner of reporting an E, . value for any electroacuve species (depolarizer).

Nore: Read Experiment 16.2 before discarding solutions ¢ and d used in
part C of Experiment 16.1.

Experiment 16.2. Quantitative Polarographic Analysis

Part A. Standard Addition Method
Prepare the following solutions in 100-ml volumetric flasks:

Solution a. Ten (10.0) ml of “‘unknown Pb(11} Solution™ [ca. 0.02 M
Pb(11)], plus 2 ml of a 0.2 % gelatin solution, plus 20ml 1| M KCl, and water

10 volume.
Solution b. Repeat solution a, except, add also an accurate volume of

standard Pb(ll) solution which produccs a doubling of the diffusion current
observed in the case of the unknown in solution a.

Nore: The addition of the 0.02 A Pb(Il) sl.md.:rd is made prior to dlluung
with water to the 100-ml mark.

Obtain polarograms accordmg to the general procedure and calculate
the concentration of the “‘unknown™ solution from Eq. (16.30). Would it
be appropriate to use Eq. (16.31) in this situation?

Nore: Il time is short the standard-addition method can be demonstrated
with very little additional effort if Expcrimc:fl 16.1, part C, has been
complclcd and solutions c and d kept. Il we let solution d represent
the “unknown" solution and solution ¢ represent the “unknown™
solution to which an accurate weight of standard, Pb(Il) has been
added 10 “approximately” double the wave hcnght Calculate the
concentration of the “unknown” solution d using Eq. (16.30). How
does the value compare with the w=ictual concentration of the
“unknown” solution d (known in this case)?

Part B. Pilot lon (Internal Standard) Method -

Prepare the following solutions in 100-m! volumetric flasks:

Solution a. 5.0 m! of standard 0.02 M Pb(ll) solution, plus 5.0 ml of
0.02 M Cd(11), plus 2 ml of 0.2% gelatin solution, plus 10 ml of I M KCI,
and walter 1o volume.

Solution b. Repeat the preparation of solution a, cxcept subslitute an
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accurately measured volume of “‘unknown’ Pb(lI) solution for the standard
Pb(11) solution.

Note: The unknown could be the same as that used in Experiment 16.1,
part Cl or that in Experiment 16.2A, and a comparison of two
methods of quantitative measurement made. G

Obtain polarograms for the solutions a and b according to the general
polarographic procedure. Scan the potential range 0 to —1.0V (vs. SCE).
Measure the diffusion currents i, for both waves and calculate the concentra-
tion of the unknown using Eq. (16.35). The /, values for Pb(11) and Cd(II)
ions in 0.1 M KCI are 3.80 and 3.51, respectively.”

Experiment 163. Conventions Used for Plotting Cathedic and Anodic
d Current-Voltage Waves of a Reversible Redox Couple

The following aqueous solutions are provided: 1 M sodium citrate, 0.02 M
ferric ammonium sulfate.

Prepare the following aqueous solutions freshly each day:
100 ml of 0.2%; gelatin :
100 ml of 0.02 M ferrous ammonium sulfate [in deoxygenated water to
retain the Fe(Il) state]

Procedure. Transfer 50 ml of the 1 M sodium citrate (stock solution) to a
150-ml beaker, add 2.0 ml of the gelatin solution, then deoxygenate with
oxygen-free nitrogen for 15 min. To this oxygen-free solution add 5 ml of
cach of the two iron solutions and adjust the pH by dropwise addition of
12 M HCl to 5.5 &+ 0.1. Pour this solution into the H-type cell until it is
about two-thirds full, deoxygenate for about 5 min, then protect the solution
surface with a gentle stream of nitrogen. Obtain a polarogram according to
the general polarographic procedure over an applied potential range of 0.1
to —0.5 V (vs. SCE). The anodic part of the curve is obtained by switching
the galvanometer connections, or more conveniently by setting the galvanom-
eter index to “zero™ at midscale. The +0.20 to 0.00 V potentials can be
applied by switching the leads to the DME and SCE or on some instruments
by flipping a polarity switch on the instrument (often marked “DME +
and —") to (+) side. Consult the manual supplied with a specific instrument
for the exact operating proccdure. -

Plot i vs. E,;; using the plotting conventions illustrated in Fig. 16.6.

How could you determine which species is responsible for the anodic,
or cathodic, currents? If time permits; carry out your plan using the solu-
tions available. If this is done compare the £,,; potentials of each form of
this redox couple and comment on their agreement, or lack of it

See Chapter X111 of the book by Heyrovsky and K ita® for other examples
and discussion of mixed currents.
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C/écperimem. 16.4. Organic Polarography

Part A. Quantitative Analysis of Riboflavin'?

Riboflavin has a half-wave potential (£, 2} of —047V (vs. SCL) n
Sorensen’s phosphalc buffer (pH 7.5) when the dropping mercury clectrode
(DME) is employed. The dc polarographic methed is particularly useful for
the assay of this vitamin in pharmaceutical preparations. The method is
quite specific and other vitamins. vehicles, or excipients rarcly cause inter-
ference with the riboflavin wave. The direct-comparison mcthod., especially
thatinvolving a calibration curve, is widely uscd in the polarogmphic analysis
of this vitamin. ‘ '

Materials, USP reference standard riboflavin (or very pure riboflavin)
sodium salicylate USP XVIL

Sérensen phosphate bufler (0.5 M, pH 7.5). This supporting electrolyte is
prepared as follows: dissolve 62.5g of Na,HPO,2H,0 and 10.2g of
K H,PO, in sufficient distilled (or deionized) water to make 500 ml of solution.

Preparation of Standard Curve

Weigh accurately about 25 mg of the reference standard riboflavin plus
2.5 g of pure sodium salicylate and transfer these to a 250-ml volumetric
flask. Dissolve these materials in approximnlcly 200 ml of water, then add
water to the mark and protect from light. Pipctte 10, 15, 20, and 25 ml of
this standard riboflavin solution into four 50-ml volumetric flasks, followed
by 10 ml of the buffer solution, add water to the mark, stopper, and mix well.
Obtain a polarogram for each of the standard solutions according to the
general polarographic procedure, prefcrably with a recording polarograph.

. Measure the diffusion current iy in each instance and plot i; vs. concentration
of riboflavin (micrograms per milliliter) to obtain a calibration curve.

Preparation of the Sample. Grind a single tablet containing riboflavin in a
mortar, Quantitatively transfer to a volumetric flask of appropriate capacity
sufficient of the sample, sodium salicylate and buffer.to make the final assay.
solution 1% in salicylate, 0.1 M in phosphate bufler and contain betwcen
20-50 ug of B,/ml. The final assay solution is analyzed under the same
conditions employed for the standard solugons. Determine the diffusion
current for the sample and refer it to the calibration curve to ascertain the
concentration of the sample solution in ug B,/ml.. Calculate the riboflavin
content in milligrams per tablet and repor} the result as per cent of thg label
claim. This polarographic method can be used to assay riboflavin in multiple
vitamin capsules or tablcls containing vitamins A, B,, B, B;,. C, D, E,
nicotinamide, calcium pantothenatc, several mineral salls, ctc., withoul
apparent interference. For preater detail and procedure modification consult
Ref .12

Other polarographic analysis procedures, involving dirgct comparison
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and/or. standard addition methods, for riboflavin arc given by: W. I-
Seagers, J. Am. Pharm. Assoc., Seci. Ed., 42, 317 (1953); and A. J. Zimmer
and C. L. Huyck, ibid., 44, 344 (1955).

Part B. Quancitative Assay of Chlordiazepoxide!?

Apparatus. Recdrding (or manual) polarograph -
H-type cell with SCE and DME assembly

Materials. Chlordiazepoxide (‘“Jibrium™), 7-chloro-2-methyl amino-5-
phenyl-3H-1,4-benzodiazepine 4-oxide )
Triton X-100 (Rohm and Haas Co.) 0.5%; solution
Anti-foam B (Dow-Corning) 0.5% solution
1 M hydrochloric acid (SE)

Introduction. Ina | M HCl medium this drug is reduced at the DME pro-
ducing a well-defined two-step polarogram with E;,s values of —0.36 V and
—0.67 V (vs. SCE)}.

A linear relationship exists between iy and concentration from about 3 to
135 pg/ml. The cathodic reduction is represented by the following clectrode
reactions: .

First wave:

RN ~N
Co=N + 2H* + 26— /c—N- +H,0

~
Second wave:

~N
C==N— + 2H* + 2~ — /CH—NH—.

The second wave (E,,.= —0.67 V vs. SCE) is used for diffusion current
measurement since it is somewhat better defined than the first. .

The original work® was performed in a 3-ml small volume H-type polaro-
graphic cell at a sensitivity coefficient of 0.003 pAfmm for the estimation of
this drug in biological fluids. Consult the reference for the extraction details,
if required. S SO

Procedure. Accurately weigh about 10mg of pure chlordiazepoxide
(reference standard) and quantjtau'vcly transfer this to a 100-ml volumetric
flask. Add 1 M HCl to volume and mix well. From this concentrated
standard solution, prepare four or five standard solutions ranging in concen-
tration from 10 to 100 ug/ml, and containing about 10 drops of 0.5% Triton
X-100 solution, S drops of Anti-foam B, and sufficient 1 M HCl to produce
the desired volume. Transfer to the polarographic cell sufficient standard
solution to cover the electrodes to a-depth of about } in. Deoxygenate and
obtain a partial polarogram over the applied potential range of —0.3 10
—1.0 V (vs. SCE) employing the general polarographic procedure. Repcal
with each standard .solution. Extrapolate the slightly inclined limiting
current of each wave and measurc the i, of the second wave, i.c., the vertical
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distance between these two extrapolated lines at the £, . value for the second
" wave ™
Plot the i, values (second wave) ve- concentration of chlordiazepaoxide

(peg/ml) 10 obtain u cahibration curve.,
Prepare the sumple in the same manner, estimating the concentration so
that it lics within the range of the calibration curve. Measure the i, in the

same manner and refer this value to the calibration curve for the concentration
in peg/ml. Calculate the amount of chlordiazepoxide in the unknown provided.

If time permits caleulate the total current for the two-step reduction,
corrected for the residual current at the same potential and construct a
standard curve. Compare the result for the unknown calculated by this
means with that obtained in the part B experiment. Docs one mcthod have
any advantage over the other? Comment.

Part C. Polarographic Assays of Official Substances

Polarographic analysis is employed in the assay of acetazolamide tablets
USP, sodium acetazolamide USP, sterile  sodium acetazolamide USP;
dichlorophenamide 1ablets USP; hydrochlorothiazide tablets USP;
methazolamide tablets USP; nitrofurantoin oral suspension USP; nitro-
furantoin tablets USP!®, and dicnestrol tablets, NF'®,

Consult also the following reference for the polarographic analysis of
certain of the just listed drugs and chlorothiazide. " A. F. Summa, J. Pharm,
Sci., 51, 474 (1962).

Experiment 6.5

Additional experiments can be selected from Table 16.1.

PROBLEMS

P16.1. Outline a procedure for the polarographic analysis of a trace of As(III) iont
in the presence of a much larger concentration of Zn(1l) ion. The E;p
values in a NHyNH,Cl medium are —1.46 V and —1.35V (vs. SCE), for

_ As(111) and Zn(I1), respectively. _ '

P16.2. It is known that mah,,,, and rzl/h.,,,, where A, is thahcight in cm of the

*  mercury column above the tip of the DME. If a Pb(II) ion solution gave
a iy = 4.05 nA for a drop time ¢ = 3.60sec, and m = 2.11 mg/sec, what
is the value of the iy when the mercury height is changed to give a drop time
1 = 4.00 sec?

P16.3. A 500-mg sample of a preparation containing riboflavin was dissolved in
100 ml of water. A 10-ml aliquot of this solution was placed in each of two
flasks. To one flask was added 10 ml of buffer, to the other 10 ml of a
standard solution (containing 4 mg of USP reference standard riboflavin
in buffer). Both werc analyzed by the general polarographic method. The
diffusion current of the sample solution alone was 25 (galvanometer reading),
the other solution gave an iq reading of 45. Calculate the per cent concentra-
tion of B, in the solid sample.
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P16 4 Compare the relative quantitative polarographic methods described in the
text in each of the following situations:
a. Routine analysis of relatively pure samples.
_b. Rqutincanalysis of 2 substance in 2 oomplcx pharmaccuual prepara-
tion of unknown composition. = -
P16.5. List as many factors as possible which may contribute to a limiting curremt.
Which is the desirable factor? Discuss means of eliminating the other

factor. -
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