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2 BRUNO BREYER 1900-1967

Bruno Breyer was a man of remarkable personality and deep culture, whose
gusto for life expressed itself in a wide range of activities.

Readers of this journal will know Breyer as the father of alternating current
polarography. Over the course of some twenty years, he laid the foundation for
studies now represented in the literature by hundreds of articles from many countries.
Breyer began with oscilloscopic studies along the lines of the work of Boeke and van
Suchtelen, adding a microammeter “to see what would happen”. He immediately
grasped the analytical possibilities of a technique that is now routinely used in
industrial and in academic laboratories, and published a series of articles on the
behaviour of inorganic cations and anions. (In later years, he enjoyed showing letters
from two of the leading journals in the English-speaking world, rejecting his first
papers on the analytical applications of a.c. polarography—a fate that still awaits
contributions that are too novel and portentous.) Subsequently, Breyer studied
systematically the behaviour of organic compounds, anticipating the more recent
recognition by other workers of the roles of adsorption and changes in double-layer
capacity. He explored applications to the study of the double-layer itself, of non-
electroactive surfactants, of anodic processes with film formation, and many other
aspects of the field. All this is available in the literature, and its significance is attested
by the later work that has built on and/or rediscovered his ideas. What is probably
not so well known is that all the basic studies in a.c. polarography and tensammetry
were made in the space of a decade, with the assistance of a total of three co-workers
in this area, using self-constructed apparatus made largely from war-surplus material.

But Breyer’s interests and accomplishments ranged far beyond his work in a.c.
polarography. While some 50 papers dealt with this work, there are close to a dozen
each in general analytical and physical chemistry, on the relation of molecular struc-
ture to biological activity, and on fundamental studies in clinical chemistry.

As a youth, Breyer had been active on stage, screen, and radio in Zagreb, had
become a polished cabaret compére, tapdancer, and pianist, and had been elected
honoris causa member of the German Guild of Magicians. In later years, he could
sometimes be persuaded to display these talents, particularly in the presence of
children, whom he loved.

Breyer’s formal studies were carried out at the Universities of Vienna, Leipzig,
Berlin, and Bonn. His Ph.D., from the latter institution, was awarded in 1928, summa
cum laude, for work on ““Stereoisomeric Betaines” with Paul Pfeiffer. After teaching
briefly at Bonn, Breyer joined I.G. Farbenindustrie and was responsible for a number
of patents in the areas of drugs, pesticides, dyestuffs, and water-based emulsion paints.
In 1931, Breyer began the study of medicine, at Bonn, Zagreb, and finally Padua,
where he graduated M.D. with honours with a thesis on “Application to the field of
biology of some recent theories of physical chemistry.” Work in the Department of
Pharmacology ensued, chiefly on the relation of molecular structure to biological
activity. Political tyranny forced Breyer to move once again, this time to Fribourg in
Switzerland, where he carried out work on local anaesthetics with prolonged action.
In 1939, he joined Rideal’s group in Cambridge and there introduced the then-novel
technique of polarography; he also assisted the Cambridge Instrument Co. in the
design of a polarograph. Upon the outbreak of war, Breyer turned to work on sul-
phanilamides, chemotherapy of gas gangrene, and developed materials impregnable
to mustard gas. He was commended for this work by the War Office, but nevertheless,
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BRUNO BREYER 1900-1967 3

like many refugees, was interned as an enemy alien. Given the choice of which country
he wished to be moved to, Breyer opted for the U.S.A. and subsequently, in a group
of others with the same preference, found himself instead in Australia.

From 1942, Breyer worked at the University of Sydney. As a member of the
war-time Drug Research Team, he contributed to the discovery of acridine-type
antiseptics and helped found the production of sulpha drugs. He frequently lectured
on polarography and did much to spur the development of polarographic work in
Australia; many Australians now active in this area were first introduced to it by
Breyer. He was attached at first to the Department of Organic Chemistry, then from
1946 worked in Agricultural Chemistry of which he later became Head. Apart from
teaching and research there, he was active in clinical studies: from 1951 as Director
of the Section for Clinical Biophysics at Prince Henry Hospital, and from 1956 in the
Unit of Clinical Investigation at Lidcombe State Hospital. After early retirement from
the University of Sydney, he was at the University of Kyoto as visiting professor,
and then Head of the Section of Biophysical Chemistry at the Institute for Pharma-
cology of the University of Milan.

Breyer was passionately devoted to scientific work, and received many honours.
But he was first and foremost a warm human being, and more than these honours
enjoyed the friendships across the globe that stemmed from his scientific contacts.
In 1956, Breyer visited Japan for the first time and was immediately captivated by the
charm of the country; he returned whenever he could, and made many firm friend-
ships there. Breyer was an accomplished linguist—when one was with him when the
phone rang, it was a matter of conjecture in which of four or five languages he would
talk; yet Japanese was the only language he learnt because he wanted to, the others
had come of necessity.

People of my generation have studied in a sheltered world, and emerged into
an environment of numerous grants and fellowships with virtually ensured employ-
ment. It is worth pondering the contrast with a man who was three times exiled,
beginning new careers in his mid-thirties and yet again in his forties—the latter
making him famous—and withal achieving more in several areas than most of us will
in one.

I will remember Breyer as a friend who set the example of a man striving
intellectually and in his relations with others to accomplish the best that he was
capable of ; without stuffiness or snobbery, enjoying the good things of life to the full
yet totally undependent on them. A man who gave his students absolute loyalty and
encouraged them to become independent workers, smoothing the passage from stu-
dent and disciple to colleague and friend. A man of great honesty, aware of his
shortcomings, who tried always to do what was right irrespective of his own possible
preferment or material security. An intensely warm and passionate man, who loved
children and gave his affection readily to people whom he met—too readily at times.
A man that it is impossible not to miss. Mourning the dead, he told me once, is but
self-pity; yet Breyer can also be mourned because he had still so much of lasting value
to do when he died.

Breyer’s friends can feel what this loss has meant to his beloved companion
of many years; she brought much happiness to his life, for which we remain grateful.

HENRY BAUER
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ALTERNATING CURRENT POLAROGRAPHY: THEORETICAL
PREDICTIONS FOR SYSTEMS WITH FIRST-ORDER CHEMICAL
REACTIONS FOLLOWING THE CHARGE TRANSFER STEP*

THOMAS G. McCORD**, HOYING L. HUNG anp DONALD E. SMITH***
Department of Chemistry, Northwestern University, Evanston, Illinois 60201 (U.S.A.)
(Received September 12th, 1968)

INTRODUCTION

The electrode reaction mechanism involving a first-order homogeneous
chemical reaction following the heterogeneous charge transfer step,

k2
O+ne =R =Y R1)
ky
has stimulated considerable interest among electrochemists as evidenced by the
extensive literature involving both experimental’ ~'* and theoretical® 3! studies.
The reasons for this interest are quite evident. To the chemical kineticist, this mechanism
when operative affords an ideal and often unique possibility for the evaluation of
homogeneous chemical rate parameters of rapid decomposition processes' ~4. A
thorough understanding of the perturbations on electrochemical observables intro-
duced by the following chemical reaction is also essential to the kineticist who is
primarily interested in the heterogeneous charge transfer step, simply because Mech-
anism R1 is likely to be encountered frequently.

The theory of the a.c. polarographic wave of systems involving following
chemical reactions has been given due consideration. The earliest efforts*” =!8 con-
tributed much to the quantitative understanding of effects of first-order following
chemical reactions on the a.c. polarographic response. However, only the phase angle
expression was developed with sufficient rigor and scope for general application'®.
The current amplitude expressions were either limited to rather specific conditions* -8
or were based on a stationary plane mass transfer model'”-® which is somewhat
imprecise. To alleviate some of these restrictions, a theory of greater rigor and gener-
ality was developed recently for systems with first-order chemical reactions coupled
to a single charge transfer step®2 which incorporates as a special case the theory for
the mechanism under consideration. The predictions of these recently derived theo-
retical relationships for Mechanism R1 have been accorded detailed study to obtain
more extensive quantitative insights into the manifestations on the a.c. polarographic

* Work supported by National Science Foundation Grants GP5778 and GP7985.

** NIH Graduate Fellow : present address, General Electric Corp., Materials and Processes Laboratory,
Schenectady, New York, 12305.

*** To whom correspondence should be addressed.
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6 T. G. MCCORD, H. L. HUNG, D. E. SMITH

response of first-order homogeneous chemical reactions following the charge transfer
step. Such theoretical insights are essential in assessing the capabilities of the a.c.
polarographic method for investigating systems involving Mechanism R 1. The results
of this study are presented here.

THEORETICAL

The theoretical relationships considered below are based on the expanding
plane model of the dropping mercury electrode (DME)?*3. This model, which accounts
for mercury drop growth, is expected to yield current amplitude expressions which
are slightly inexact under some conditions!”3#:33 owing to neglect of drop curvature.
However, the error is not likely to be serious, particularly with judicious choice of
data analysis procedures. Indeed, this model of the DME is the most popular for
careful d.c. polarographic work?? because it represents an excellent compromise
between the somewhat incompatible goals of complete theoretical rigor and sim-
plicity of mathematical relationships. Other assumptions or approximations incor-
porated in the theory have been enumerated elsewhere!®

General relationships

The general a.c. polarographic theory for systems with first-order homogeneous
chemical reactions coupled to a single charge transfer step®>> has shown, within the
framework of the expanding plane electrode model, that the theoretical formulation
of the a.c. polarographic wave for an electrode reaction following Mechanism R1
may be written (notation definitions are given below):

I(wt) = L., F(t) G(w) sin (wt+ @) (1)
where
L. - nzFlACé‘)(wDo).%AE )
4RT coshz(é>
1+M K ; K
FO= T g + Jor-pe - £ |4 0
) £
6@ = | 73 @)
cotd = g )
L E L T{Brt7)14)
=1+ L W I Fgasiayia Wier ©)
_ Ayt
¢ v, (7)
M;=K+e /(1+K) ®)
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D =DLD% (16)
[ =18r (17)
g =1-a (18)
g =kjo (19)
k =k +k, (20)
K =ky/k, (21)

This set of relationships accounts for the influence on the a.c. polarographic response
of three rate processes: diffusion, heterogeneous charge transfer and the coupled
chemical reaction. The only restrictions imposed on the relevant kinetic parameters
are that kt =10 and Dy =Dy>2. Both restrictions are of negligible significance for
most situations.

The physical significance of various terms in eqn. (1) is readily recognized, as
discussed previously®17, Briefly, the I ,, -term represents the amplitude of the purely
diffusion-controlled a.c. polarographic current (chemical reaction non-existent). The
F(t)-term is responsive to effects of heterogeneous charge transfer kinetics and/or
the kinetic—thermodynamic effects of the homogeneous chemical reaction on the d.c.
process. The G(w)-term is responsive to the same effects on the a.c. process.

The potential-dependent parameter in the foregoing formulation, j, refers the
applied d.c. potential, E; ., to the quantity Ej which is the reversible (diffusion-
controlled) d.c. polarographic half-wave potential in absence of the following chemical
reaction. However, E} usually is not the best reference potential choice for systems
with following chemical reactions, particularly when the equilibrium constant, K, is
small and the chemical reaction is reasonably close to equilibrium in the d.c. sense.
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8 T. G. MCCORD, H. L. HUNG, D. E. SMITH

For the latter situation, the a.c. polarographic wave is usually located at potentials
far-removed from Ej. For systems with reversible following chemical reactions a more
rational choice of potentlal dependent parameter would refer the applied d.c.
potential to the reversible d.c. polarographic half-wave potentlal in the presence of
the chemical equilibrium. The relevant half-wave potential is*°

RT 1+ K
=E, +—In|—— 22

g nF ( K ) L
so that the desired potential-dependent quantity is

nF ~ RT, (14K
J=or [Edc By ( = )] (23)

One can readily reformulate the above theoretical expressions for the a.c. polaro-
graphic wave in terms of the parameter, J. One obtains

I(wt) = IJ.re\n FJ(t) GJ(w) Sin ((,()l' + ¢J) (24)
where
n*F2AC%(wDo)* AE

(25)

Ij.rev. =

J
4RT cosh2<§>

R0 =1+ [y~ e~ (26
60) = | 7233] @)
om i
cotd, = . (30)
The quantities 4, and 7, (eqns. (9) and (10))in terms of the parameter, J, are
=1+ (1+e):fJ)Kki a
K \°
== ) "

and all other quantities are the same as above.
Both formulations of the a.c. polarographic wave are valid for kt >10 and
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SYSTEMS WITH FIRST-ORDER CHEMICAL REACTIONS 9

either may be preferred, depending on the system under study. The theoretical
expression in terms of j is preferred whenever the equilibrium constant is moderately
large (K > 0.5, approx.) and/or when the chemical kinetics are relatively slow (kt < 50,
approx.)—i.e., whenever the d.c. and a.c. waves are located in the vicinity of Ej. The
equations given in terms of J are most useful with fast kinetics and small equilibrium
constants—i.e., when the waves are far removed from E%, but close to EY.

It should be recognized that under special circumstances other choices of
potential-dependent parameter may be preferred as, for example, the parameter &
given by

T RT + l
which has been previously shown to be the most rational choice with totally irrevers-
ible chemical reactions®”.

Special cases and simplifications

By accounting for kinetic contributions of three rate processes, diffusion,
heterogeneous charge transfer and the coupled homogeneous chemical reaction, the
foregoing general solution assumes a somewhat cumbersome form. A number of
special cases can be envisioned where the general solution is notably simplified because
one or two of these rate processes are kinetically unimportant. The number of possi-
bilities is rather large, particularly if one recognizes that the a.c. polarographic
response manifests kinetic effects on two time scales: that attending the d.c. pertur-
bation (drop life) and that of the a.c. perturbation (period of applied alternating
potential). Thus, one can distinguish between the cases where a particular rate process
is kinetically unimportant only in the d.c. time scale, only in the a.c. time scale, or in
both time scales.

The cases where the homogeneous chemical reaction is thermodynamically
inoperative (K > 1) and kinetically inoperative (k—0) have already been discussed??
where it was shown that the theoretical expressions will reduce to those for the simple
quasi-reversible case (rate control by diffusion and heterogeneous charge transfer
only).

Table 1 lists other important mathematical conditions which allow simplifi-
cation of the general theory, together with the physical significance of these conditions.
With the aid of these relationships and algebraic manipulation, the general theory
given above can be easily reduced to the simplified formulations appropriate to each
special situation. Of course, combinations of these simplifying conditions may be
invoked when appropriate. For example, systems characterized by an irreversible
chemical reaction (Condition 5 of Table 1) in combination with Nernstian behavior
(Conditions 3 and 4) may be encountered frequently. When one considers the possible
combinations of the simplifying assumptions of Table 1 which can be envisioned as
definite possibilities in experimental work, it becomes apparent that the number of
special cases represented greatly exceeds the number of individual simplifying con-
ditions listed. It also should be recognized that the validity of certain conditions listed
in Table 1 automatically validates a second condition. For example, if Nernstian
conditions prevail in the a.c. sense (Condition 4), this demands the existence of Nern-
stian conditions in the d.c. sense (Condition 3). The converse is not true, however.
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SYSTEMS WITH FIRST-ORDER CHEMICAL REACTIONS 11

TABLE 1
Mathematical condition Physical significance
(1) Ar i Chemical equilibrium exists in the d.c. sense.
—_— <
(1+e /)Kk*
(2 K' [(1+g¢%)itg]t 21 Chemical equilibrium exists in the a.c. sense.
= | AETE T
(14+e7) 1442
(3) 2 > 1 Nernstian conditions (equilibrium with respect to
(14+e Y Kk? heterogeneous charge transfer step) prevail in the d.c.
sense.
4) (Qw)? &1 g K™ ' [(1+¢*F+g|? Nernstian conditions prevail in the a.c. sense.
< e
Ay (14e77) 1442
(5) 1349 K(kt)*e’< 1 Following chemical reaction is effectively irreversible
(9 is given by eqn. (33)) —i.e., one may assume K =0.
) [(+g?-g|F 5 Chemical reaction rate constant greatly exceeds applied
1+42 | = angular frequency—i.e., k >w
and
L+ +g ] (2)%
1+ | T \y
(M [(+g? +g]* ~ { Chemical reaction rate is much smaller than applied
1+g> | — . angular frequency so that the chemical reaction is

kinetically inoperative in the a.c. sense—i.e., k < w

RESULTS AND DISCUSSION

An extensive investigation of the predictions of the foregoing theory has been
carried out. All calculations utilized the general relationships of eqns. (1)-(21).
A Control Data Corporation Model 3400 digital computer was the main computa-
tional aid. Computer readout was provided in an analog form with the aid of a Cal-
comp Model 565 digital incremental plotter, as well as in the usual digital form. The
Fortran program used for this purpose is available on request.

A sampling of the calculational results is illustrated in Fig. 1-13. Because the
phase angle response has been illustrated and discussed in moderate detail previous-
ly'®17 emphasis is placed on the current amplitude response. Nevertheless, some
phase angle predictions are given for reference, as the relation between the amplitude
and phase response is of interest. The k-values were widely varied so that the cal-
culations encompassed both equilibrium (Nernstian) and non-equilibrium (non-
Nernstian) conditions with regard to the heterogeneous charge transfer step.

(a) Nernstian conditions

The case where k, is sufficiently large that Nernstian conditions prevail in
both the a.c. and d.c. sense warrants special consideration for several reasons. First,
such circumstances are expected to occur frequently in experimental investigations,
particularly at lower frequencies. Second, this situation represents an ideal case to

J. Electroanal. Chem., 21 (1969) 5-33
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SYSTEMS WITH FIRST-ORDER CHEMICAL REACTIONS 13

the kineticist interested primarily in the homogeneous chemical reaction rate. Only
the chemical reaction and diffusion are rate-determining and a notable simplification
of the mathematical formulation results which facilitates data analysis. Finally, the
predicted effects of the homogeneous chemical reaction on the a.c. wave are more
readily recognized when the wave is uncomplicated by charge transfer kinetic effects.

Figure 1 illustrates some typical predictions for systems characterized by
reversible following chemical reactions and Nernstian conditions. The curves show
the variation in the a.c. polarographic wave characteristics as the rate parameter, k,
is varied for three values of the equilibrium constant, K. All other relevant param-
eters are held constant and are of typical magnitude. One sees that as the rate of the
chemical reaction increases, the a.c. wave height first decreases from its diffusion-
controlled limit for k=0 (curve not shown), passes through a minimum and increases
again, eventually achieving the diffusion-controlled limit corresponding to the state
where the chemical reaction is at equilibrium in the a.c. and d.c. sense (see Conditions
1 and 2 of Table 1). The waves for the largest k-values in each of the three sets of curves
(K=1, 0.1, 0.01) represent this diffusion-controlled limit. The diffusion-controlled
wave for k=0 is not shown, but is identical with the waves for the largest k’s in magni-
tude and shape, and is centered about the potential, E4 . = Ef. The initial decrease
in wave magnitude as k increases manifests the onset of rate control by the following
chemical reaction. The effect first appears only in the d.c. responsive term, F,(t)
(i.e., Fy(t) deviates from unity), but as k increases the chemical effect eventually appears
in the a.c. term, G,(w). With increasing k the wave magnitude continues to decrease
owing to increased rate of chemical removal of electroactive reduced material. How-
ever, increasing k also permits a closer approach to chemical equilibrium, an effect
which tends to oppose the wave attenuation. Thus, as k becomes sufficiently large the
latter becomes predominant and the wave magnitude begins to increase with k. As
one would expect, the minimum a.c. polarographic wave magnitude and the k-value
corresponding to this minimum depend on the magnitude of the equilibrium constant.
Decreasing K decreases the minimum current magnitude and increases the k-value
associated with the minimum. This simply illustrates the obvious principle that with
smaller K-values, the reduced form concentration resulting from the electrode
reaction is farther removed from the chemical equilibrium state so that kinetic effects
of the chemical reaction are accentuated. For example, in Fig. 1A where K =1, the
minimum a.c. polarographic peak magnitude is about 70%; of the diffusion-controlled
limit and is found for a k-value of about 10? sec ™ '. Reducing K to 0.01 (Fig. 1C, and D)
changes these values to about 8% and 103sec™ !, respectively. In the limit of a totally
irreversible chemical reaction (K =0) with Nernstian behavior, where an approach
to chemical equilibrium is precluded, a minimum in the wave magnitude versus k
profile is not observed. With increasing k, the wave magnitude decreases monotoni-
cally until a k-independent lower limit is realized®” as shown in Fig. 2, A and B.

It is of interest to inquire as to the magnitude of K required to validate the
assumption that the following chemical reaction is unconditionally irreversible—i.e.,
the equations for K =0 are accurate for all conceivable values of the rate parameter, k.
For the Nernstian situation under consideration, the appropriate K-value is readily
estimated on the basis of Condition 5 of Table 1. Based on sample calculations, it is
found that, for reasonable accuracy over the entire potential range encompassed by
the a.c. wave, Condition 5 is equivalent to the statement
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K (k1) <1073 (34)

We estimate the upper conceivable limit of k as of the order of 10*?sec™*. This value
is obtained by assuming that k is a pseudo first-order rate constant whose value is
the product of a second-order rate constant which has a collision-controlled upper
limit of about 10*°-~10'!1 mole ™ !sec™! *® and a concentration of the species reacting
with the electrode product which has a generously estimated upper limit of 10-10>
(the larger value is approachable when the reacting species is the solvent). Inserting
k=10"%sec™! and a typical t-value of 4 sec, one concludes

K<5-10°10 (35)

Although this demands a rather small equilibrium constant, one must keep in mind
that K-values fulfilling eqn. (35) allow one to assume irreversible behavior, uncondi-
tionally. If K exceeds the 5- 107 '° limit, a response characteristic of an irreversible
chemical reaction can still be realized provided the magnitude of k remains below
the limit established by eqn. (34). Thus, for example, if K=10"* it is required that
k<25 sec™ ! (for t=4 sec) for essentially irreversible behavior.

In addition to wave magnitudes, other features of Figs. 1 and 2 worth noting
are the peak potentials, wave shapes and phase angles. The effect of the following
chemical reaction on the peak potential causes an anodic shift, analogous to the
corresponding effect on the d.c. polarographic half-wave potential. For a reversible
chemical reaction, the peak potential must be found between the extremes of E; . = Ef,
and E; . =E' +(RT/nF) In {(1+ K)/K} where the latter value corresponds to k— co.
Thus, for such systems the magnitude of the peak potential shift relative to Ef is
limited by the equilibrium constant. For an irreversible chemical reaction, the peak
potential will lie between the extremes of E, . = Ej (k—0) and

RT ; RT \
E,.=E +—1 34 | - — . = 3
ae =By + -0 n [1.349 (kt)*] nF In [1.907 (wt)*] (36)

(for k—00)?". Figures 1 and 2 show that wave symmetry is not degraded significantly
by the following chemical reaction, although the width of the wave may be noticeably
altered. With reversible chemical reactions the predicted width at half-height (half-
width) passes through a maximum as k is varied, approaching the 90/n mV value
characteristic of diffusion-control at the extreme limits of k—0 and k—oco. With
irreversible chemical reactions the half-width increases with increasing k from the
90/n mV value until k > w where it assumes a k-independent limit noticeably exceeding
90/n mV?3". The sigmoidal character of the cot #—E, . profile shown in Fig. 2, C
and D, represents typical phase angle behavior for Nernstian systems with following
chemical reactions, regardless of whether the chemical reaction is irreversible or
reversible. The most significant difference between the cases of reversible and irrever-
sible chemical reaction lies in the variation of cot @ with k. In general, the cot @
magnitude at the plateau (largest cot @) increases monotonically with increasing k
when irreversible chemical reactions are operative (Fig. 2, C and D), whereas systems
with reversible chemical reactions exhibit a maximum cot @-value as k is varied, with
a unity value (diffusion-control) characterizing the limits of k—0 and k—oo. The
magnitude of this maximum cot @-value and the associated k-value depend on the
equilibrium constant, K, in a manner very similar to systems with coupled preceding
chemical reactions*®. This similarity to the latter type of system is quite general for
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the phase angle under Nernstian conditions. The major difference is that with pre-
ceding chemical reactions the cot @ increases as E, . becomes more negative, rather
than the converse as with following reactions. More quantitatively, the cot @ —E, .
plots with following reactions and Nernstian behavior have a mirror-image corre-
spondence about the point E; . = EY to the corresponding plots with preceding reac-
tions. Thus, the influence of the equilibrium constant of reversible following reactions
on phase angle behavior is readily ascertained from appropriate plots for systems with
preceding reactions?®.

Some aspects of the predicted frequency-dependence of a.c. wave parameters
are illustrated in Figs. 3 and 4. Figure 3A shows that kinetic effects of following
chemical reactions can lead to substantial deviations from the well-known linear peak
current—w? response characteristic of diffusion-controlled systems. The curve for
k=10 in Fig. 3A corresponds to the latter state. Figure 3B shows how the same effects
manifest themselves when the peak current (i) relative to the diffusion-controlled

A /
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k, + kplsec) &
e v
8 9* == / B
5 lor == / ;
| o —== QNS s s i s S a5 o e
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g 7 o T =LA
g / = i
/ Z - _P
= / 7 i = id,p
i 4 e 22"
Z or ! o - 051
s / - -
3} =4 s =
7 T s ST
x ;e s T
< 7 - i
w P A
o AR
8} bW
Yy m
< P as
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whisec® wisec?)

Fig. 3. Frequency-dependence of fundamental harmonic peak current with Nernstian behavior. Param-
eter values: same as Fig. 1 except K =0.100, t =6.00 sec, @ given by abscissa. k-Values (k, +k, in sec™ ')
shown on curves.

peak current (iy ) is plotted versus w*. The effects of K on the observables considered
in Fig. 3 are not illustrated here as they are quite similar to the predictions obtained
for preceding chemical reactions®®. The general characteristics of the phase angle-
frequency response also are illustrated elsewhere!®!”. Figure 4 shows the variation
of the experimental observables, i /iy, half-width, and peak potential with the
dimensionless kinetic parameter log(k/w) for K=0.1. The curves were constructed by
selecting a particular k-value and varying w. For each k-value only those values of k/w
corresponding to experimentally realistic w-values were considered. Thus, also estab-
lished is the general range where experimental data is likely to fall in such plots with
particular k-values. In addition to the obvious trends which were already qualitatively
apparent in Figs. 1 and 2, one should note that predicted variations of the observables
do not lie on a single continuous curve, but depend on the particular k-value in ques-
tion unless k exceeds about 10° sec™! (for K=0.1). This effect arises from the above-
mentioned duality in the time scale operative in the a.c. polarographic experiment.
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Unless the d.c. process is diffusion-controlled, k/w is not a unique kinetic parameter
in determining the contribution of the coupled chemical reaction. Rather, k/w shares
arole with the parameter which is a measure of the d.c. chemical kinetic contributions,
¢ [é=(14+e ')K(kt)* with Nernstian conditions]. This has obvious implications
regarding data analysis as it precludes the possibility that working curves of experi-
mental observables versus a single dimensionless kinetic parameter will, in general,
uniquely describe the kinetic situation for a particular K-value. It should be noted
that the curves illustrated in Fig. 4 are notably more sensitive to the k-value than the
corresponding curves with preceding chemical reactions®. On the other hand, the
effect of K on such plots is similar to that obtained with preceding reactions*®.

Figures 1-4 establish the existence of rather substantial effects of following
chemical reactions on various aspects of the a.c. polarographic response. It would
be useful to have quantitative analytical relationships for the variation in observables
such as peak height, peak potential, half-width, etc. as a function of the various
kinetic parameters. Unfortunately, even with the mathematical simplifications at-
tending Nernstian conditions, the complexity of the theoretical formulation appears
to preclude the deduction of generally applicable expressions for such observables
so that normally one must rely on theoretical working curves for data analysis'7-#° ™42,
Only in rather restricted situations are expressions of some utility obtainable for such
experimental quantities. These are discussed elsewhere®”** and may be deduced
easily by utilizing appropriate combinations of the simplifying assumptions listed in
Table 1.

Another important aspect of the a.c. polarographic wave is its time-dependence
(mercury drop-life dependence) which can arise whenever the d.c. surface concen-
tration components are either in a non-equilibrium state with respect to the hetero-
geneous charge transfer process, coupled chemical reactions, adsorption steps'®!”
18,4445 and/or when spherical diffusion effects are important'”-3>*. Figure 5
illustrates some typical predictions for the drop-life dependence under Nernstian
conditions where the time-dependence originates solely in the coupled chemical
reaction. The most noteworthy features are the reduction in peak current magnitude
and anodic shift of peak potential with increasing drop life, the negligible effect of drop
life on wave symmetry and the relatively large drop-life dependence associated with
small K-values. This drop-life dependence is noticeably larger in magnitude and
opposite in direction to that predicted for preceding reactions*®. Time-dependence
predicted for irreversible chemical reactions is closely approximated by Fig. 5D
(smallest K considered) and has been discussed previously for special circum-
stances!9:18:37,

(b) Non-Nernstian conditions

As one would expect, the existence of slow charge transfer kinetics can sub-
stantially alter the predicted characteristics of the a.c. polarographic response from
that shown in the foregoing section. Included is a notable influence on the magnitude
and nature of the contribution of the following chemical reaction. With two slow rate
processes in addition to diffusion, the combination of kinetic conditions which might
be considered are too numerous to allow complete presentation in the present work.
However, calculational results sufficient to establish the most significant trends in
the effects of slow charge transfer kinetics will be presented.
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Figures 6-8 illustrate some of the effects of slow charge transfer kinetics on
the a.c. polarographic wave and on the attendant phase angle—d.c. potential profile.
Some of the more obvious and anticipated effects are the reduction in the magnitude
of the wave (current amplitude), the cathodic shift in its peak potential and the sub-
stantial increase in its width. Although not always obvious from qualitative inspection,
wavesymmetry usually is significantly degraded, particularly when k,< 10~ 2cm sec™ L.
The most readily apparent manifestation of charge transfer kinetic effects on the phase
angle response is the tendency toward an asymmetric peak-shaped profile in the
cot -E, . plot as k, is decreased, rather than the sigmoidal behavior characterizing
Nernstian conditions.

Some of the interactions between the heterogeneous charge transfer and
following chemical reaction rate processes are readily discernible. In general, one
expects that the slower the following chemical reaction, the less important the contri-
bution of heterogeneous charge transfer kinetics, and vice versa. That the calculational
results manifest this expectation is clearly illustrated in Figs. 6-8 (e.g., compare Figs.
7A and 7B). Conversely, slow charge transfer kinetics tend to suppress the importance
of the following chemical reaction. Thus, the polarograms of Figs 6-8 corresponding
to the smallest k-values are closely approximated by those predicted from the theory
for a simple quasi-reversible process'>'7. A judicipus comparison of Figs. 6 and 8
suggests that decreasing the equilibrium constant, K, of the chemical reaction tends
to enhance the effects of slow charge transfer .This principle can be vividly illustrated
for the extreme of very rapid chemical kinetics (chemical equilibrium), where only
the diffusion and charge transfer steps are rate-controlling, by inspection of the ap-
propriate mathematical relationships. The a.c. polarographic wave equation obtained
upon assuming chemical equilibrium (apply Conditions 1 and 2 of Table 1) is formally
identical with the expression for the simple quasi-reversible case'’, except for differ-
ences in the definitions of the d.c. potential-dependent parameter (J in place of j)
and the parameter dependent on charge transfer and diffusion kinetics (4, in place
of 1). Thus, whereas the parameter, k,, determines the magnitude of the charge transfer
kinetic contribution for the simple quasi-reversible case where the following chemical
reaction is non-existent, the corresponding parameter with a following chemical
reaction at equilibrium is k[ K/(1+ K)]* In the latter case, reduction of the equi-
librium constant K (all other parameters invariant) will reduce the magnitude of the
relevant charge transfer kinetic parameter, enlarging the contributions of slow charge
transfer to the a.c. polarographic response. For example, with a simple quasi-reversible
system the requirement for Nernstian behavior in the a.c. sense may be written'’

2P . 4 (37)
A
which implies, approximately,
k,> (wD)* (38)

whereas, with a following chemical reaction at equilibrium these requirements
become
(2w)*

piakt (39)
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or

k. (HLK) > (D). (40)

Clearly, the latter condition demands a larger value of k, than that of eqn. (38).
For example, with «=0.5 and K< 1, a factor of 100 decrease in K increases by an
order of magnitude the k.-value required for Nernstian behavior. As the rate of the
chemical reaction is decreased, the demands on the k.-value for Nernstian behavior
are reduced, approaching the value required by eqn. (38) as k—0. This effect of the
following chemical reaction equilibrium state arises partly from its influence on the
surface concentration term for the reduced form in the rate expression for hetero-
geneous charge transfer. In addition, because the chemical reaction shifts the position
of the a.c. wave, it also influences the magnitudes of the potential-dependent terms in
the heterogeneous rate law. These results establish that requirements for Nernstian
behavior depend intimately on the status of the following chemical reaction.

Figure 9 illustrates effects of slow charge transfer on the frequency response
of the peak current magnitude. It is seen that the importance of charge transfer kinetics
is enhanced considerably by increasing frequency and that this effect leads to a
frequency-independent limiting value at high frequency. With strictly Nernstian
behavior the high frequency case corresponds to a linear peak current-w?* plot
(Fig. 3). Again, the magnitude and nature of the charge transfer kinetic contribution
to the frequency response depends on the following chemical reaction rate parameters
and vice versa. Earlier work'®~'® may be consulted for the effect of k, on cot d—w?
behavior.

When charge transfer kinetics are slow enough that non-Nernstian conditions
prevail in the d.c. sense, then this rate process can substantially influence the predicted
drop-life dependence of the a.c. polarographic wave. Some results are shown in Figs.
10 and 11. Although usually difficultly discernible, a cross-over point** (change in
direction of drop-life dependence) is predicted for the drop-life dependence of the
current magnitude versus E4 . under appropriate conditions (Fig. 10D). This contrasts
to the negative drop-life dependence (decreasing drop life increases current) at all
potentials characterizing Nernstian systems (Fig. 5). The potential of the cross-over
point is difficult to express in a simple analytical form, except in special circumstances.
For example, for «=0.5, one can easily show that the cross-over point occurs at the
d.c. potential, E¥ . given by

2R
E::Ifn = E? + n‘: Sinh71 (H) (41)
where
K 3
()
A1+ K
H=—+ 7 42
K(kD)T ( )

Equation (41) predicts that the cross-over point shifts anodically as the kinetic effects
of the following chemical reaction become more important, relative to charge transfer
kinetics (increasing H), a fact evident in Fig. 10 and in calculational results for a-values
other than 0.5. Slow charge transfer may also introduce a marked dependence of wave
symmetry on drop life, in contrast to the Nernstian case. This is most readily seen in
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k=1.00-108 sec™*.
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Fig. 11. Fundamental harmonic a.c. polarograms with non-Nernstian behavior-drop life dependence.
Parameter values: same as Fig. 1 except (A), K =0.100, »=1.00-10* sec™ !, k,=1.00-10"2 cm sec™ !, k=
1.00-10% sec™*, =0.500; (B), K =1.00-10"2 w=1.00-10% sec™ ', k,=1.00-10"3 cm sec™ !, k=1.00-10'°
sec” !, =0.500. ¢-Values (sec) shown on the curves.

Fig. 11A. A comparison of Figs. 11A and 11B shows that the general characteristics
of the predicted drop life effect can vary considerably, depending on the kinetic
situation. Note the relatively small drop-life dependence of the peak currentin Fig. 11A
in contrast to the rather large effect in Fig. 11B.

(¢) Data analysis

Quantitative evaluation of data obtained from systems characterized by fol-
lowing chemical reactions using the foregoing theoretical formulation varies in
complexity depending on the kinetic situation. Although not always the simplest,
judicious use of theoretical working curves appears to be the most generally appli-
cable approach. Accordingly, this method will be given emphasis.

Probably the simplest situation arises when an irreversible chemical reaction
exists in combination with Nernstian conditions. In such cases, the forward chemical
reaction rate constant is the only unknown rate parameter, other than the diffusion
coefficient which is readily evaluated from the limiting d.c. polarographic current.
AsAylward et al.**>~'* have already shown, if these circumstances are combined with
k < w, the a.c. polarographic peak current is expressible in terms of a single dimension-
less chemical rate parameter, kt. Thus, a single working curve of i, /iy, » Us. kt suffices,
provided the foregoing conditions apply. Experimental measurements of z“,/zd p are
then easily related to the chemical rate constant through the working curve. Figure 12
illustrates three such theoretical working curves, each calculated with the aid of a
different theoretical model for the d.c. process. The importance of accurately ac-
counting for effects of drop growth is evident. If the value of EY is known, another
very convenient data analysis approach, which does not demand that k < w, may be
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formulated from phase angle measurements. For irreversible chemical reactions and
Nernstian conditions, cot @ at any particular d.c. potential is determined uniquely by
the parameter, g. Knowledge of Ef allows one to calculate a working curve of cot @
vs. g for a convenient E, . -value, from which the chemical rate constant is obtainable
using experimental cot@ measurements at a known frequency. Lacking the simpli-

40 80 120 60 200

kt—
Fig. 12. Working curve of i,/i, , vs. kt for irreversible following reaction, Nernstian behavior and k< w.
( ), Present theory; (- — — -), Aylward, Hayes, Tamamushi theory*®; (------- ), stationary plane
theory.

ﬁcationsiattending k < w or knowledge of EY, is not serious for the case under consider-
ation as some rather effective approaches of greater generality are evident. Among
the most appealing is one based on the relationship

nFAEiy . (t)g~*

I = =70 e
which is obtained from the general theory by invoking the assumptions of Nernstian
behavior and irreversibility for the chemical step, inserting the expression relating
¥(¢) to the direct current iy . (¢) for Mechanism R1 with K=0*7, and rearranging.
This relationship shows that the experimental observable consisting of the ratio of
fundamental harmonic a.c. polarographic current over the d.c. polarographic current
times (nF AE/RT) is simply a function of g and the d.c. potential-dependent param-
eter, j. From eqn. (43) one can construct a series of working curves of

I(wt)
(nFAE/RT)ig..()

vs. E, . — Ej, each corresponding to a different g-value. Figure 13 illustrates such a

G(w) sin (wt + @) (43)
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set of working curves. The theoretical working curve best matching the shape of the
corresponding experimental plot with an abscissa of E4 . provides the k-value. The
position of the experimental data on the working curve abscissa which yields the
best agreement between theory and experiment provides the E}-value. Because cot ¢
also depends only on g and j, an identical procedure may be adopted for obtaining
k and Ej from cot ¢ measurements—e.g., construct and employ a set of working
curves of cot & vs. E, . — E for different g-values (see Fig. 2, C and D). Although the
foregoing methods should suffice for systems with irreversible chemical reactions and
Nernstian charge transfer, some alternative procedures are worth mentioning as they
might prove useful for confirming rate constants obtained from the above approaches
and they are important for the analysis of more complex systems. At a particular
frequency and drop life, the peak alternating current dependence on k is described by
a single working curve of i /iy , vs. k. Similarly, the cot ®@-value at the potential of

/
/
/
/
A J
w /
/
20f 10 7
= 333 — Lo
o 100 - /] o
< 0333 - ,
w /
= 010 -- / /
= / /
< b J e
310 A
3 7 s
m / / 3
oy
/
/ // ,
7 /
Vi
F //./
A
S0 0 +100 +200

Eye = E;’ (millivolts)

Fig. 13. Working curve of I(wt)/[nFAE/RT)i4.(t)] for irreversible following reaction and Nernstian
behavior. k¢/w-Values shown on the curves.

the peak alternating current is defined by a single working curve of cot @ vs. k for
any particular combination of w and t. Thus, the peak current and associated phase
angle of an a.c. polarogram may be used to obtain the chemical rate constant by
constructing such working curves for the appropriate w- and t-values. Obviously
such experiments should be repeated at various w- and t-values to assess the self-
consistency of the calculated k-values. From k-values thus obtained, one can calculate
EY from the theoretical value of E; ;, — EY at the wave peak or from the d.c. polaro-
graphlc half-wave potential using the Koutecky equation*®

RT ,
E{=E + — In [1.349 (kr)*] (44)

The added unknown parameter, K, attending the existence of a reversible
chemical reaction does not complicate data analysis significantly if Nernstian con-
ditions prevail. In such circumstances a number of procedures are potentially appli-
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cable. Frequently, the equilibrium constant is known or obtainable from independent,
non-electrochemical means. Sometimes it is readily calculated from electrochemical
measurements such as cell potential data, d.c. polarographic half-wave potentials
or a.c. polarographic peak potentials at low frequencies where fast chemical reactions
yield reversible behavior. In any such situation where K is obtainable by simple
means, its value then may be inserted in the theoretical current amplitude and phase
angle relationships, and data analysis procedures analogous to those just described
for irreversible chemical reactions may be invoked. If K is unknown, one may employ
an extension of the procedure described above involving the use of working curves
of peak current (i /iy ) and the associated cot @-value vs. k at a particular w—t
combination. With reversible chemical reactions a set of working curves corre-
sponding to different K-values must be constructed for each observable. The inter-
section of the experimental value of peak current with each working curve of peak
current versus k in the set defines a curve of K vs. k. A second K vs. k curve is generated
by the same operation with the cot @-value. The intersection of these two K wvs. k
curves corresponds to the correct values of K and k from which one can then calculate
E% using the peak potential measurement. Repetition of this procedure with different
combinations of w and t should establish experimental uncertainty levels. In the special
case where the d.c. process is diffusion-controlled, plots such as those of Fig. 4 may
be used effectively as working curves because a single unique curve is obtained for
each K-value under these conditions. Thus, sets of working curves of either experi-
mental observable considered in Fig. 4 may be compared to experimental plots of
the observable vs. log @~ 1. The working curve whose shape best fits the experimental
plot yields the K-value, while the difference in abscissa values of the theoretical and
experimental plots which corresponds to best agreement defines the k-value.

When non-Nernstian conditions are encountered, the data analysis problem
becomes substantially more complex, but the situation is by no means intractable.
The key to conveniently handling non-Nernstian systems lies in first finding conditions
of frequency or d.c. potential where chemical kinetic effects are unimportant, and
evaluating the charge transfer rate parameters. This knowledge of k, and « then
allows evaluation of the chemical kinetic parameters using data obtained under
conditions where the chemical reaction is kinetically important. Data analysis rou-
tines of the type outlined above will suffice. Such ideas often can be applied when
measurements are made over a reasonably wide frequency range. This may allow
realization of the state where w >k which validates the well-known phase angle
relation

(20)*
p

Equation (45) is the relationship followed by simple quasi-reversible systems so that
established procedures may be utilized for the evaluation of k, and o'®'”, provided
EY, is known (neglecting the activity correction, as usual). Once obtained, the k- and
a-values may be substituted in the theoretical expressions leaving only k and K as
unknowns. At this point, procedures such as those outlined above for Nernstian
systems can be applied to evaluate k and K using data at lower frequencies where the
chemical kinetic effect is important. When E, is unknown, the high frequency phase
angle data still provide the important parameter 2 as a function of Eg4 . . Substituting

cotd=1+

(45)
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the A-value into the theoretical equations (the relationships in terms of j are most
appropriate—i.e. eqns. (1)—(21)) yields a relationship which contains the unknowns,
k, K, E} and o. The unknown o appears in the F(t)-term (eqn. (3)), but only when the
d.c. process is non-Nernstian. If the d.c. process is Nernstian, the resulting expressions
do not depend on o and the unknowns, k, K and E} are, again, obtainable as suggested
for Nernstian systems, with the aid of lower frequency data. Obtaining EY then allows
one to calculate experimental values of k, and o from the high frequency phase angle
data. If the d.c. process is non-Nernstian, the four unknowns, o, k, K and E}, are
probably most simply obtained by inserting trial values of « into the F(t) expression,
using one of the described data analysis procedures for obtaining k, K and Ej with
Nernstian systems, and repeating the process until an a-value yielding a set of k, K
and E', which is self-consistent over a range of w- and t-values is obtained. In situations
where the chemical reaction is so rapid that the w > k state cannot be reached with
experimental conditions, chances are good that at the lower end of the frequency scale
one will have k > w, chemical equilibrium will exist, and eqn. (46) is validated.
(20)*
Ay

Thus, phase angle values at lower frequencies may provide the A ,-value unless charge
transfer kinetics are overly rapid. Inserting A, in the theoretical relationships (the
relationships in terms of J are most appropriate—eqns. (24)—-(32)) yields relationships
dependent on the unknowns, k, K, EY and «, which may be handled as just outlined
for the case where 1 is known. In cases where neither the upper nor lower ends of the
available frequency scale provide an a.c. response in which chemical kinetic contri-
butions are truly absent, another principle may be applied to minimize such contri-
butions and facilitate evaluation of heterogeneous charge transfer kinetic parameters.
The principle in question is that contributions of the following chemical reaction
decrease as the d.c. potential becomes more cathodic and, in appropriate circum-
stances, may even be negligible over much of the cathodic side of the a.c. wave (e.g.,
see Fig. 1, A and C). Thus, combining extreme frequencies and measurements on
the cathodic side of the a.c. wave may improve the situation in borderline cases. Even
when such extreme efforts fail to yield conditions under which only the charge transfer
process and diffusion are rate-controlling, the possibility of unambiguous calculation
of the relevant heterogeneous charge transfer and following chemical reaction rate
parameters through even more sophisticated working curve procedures and/or trial-
and-error methods, should not be overlooked. One must keep in mind that a.c. polaro-
graphic current amplitude and phase angle data over a reasonable frequency and d.c.
potential range represents a pool of empirical knowledge in which much quantitative
kinetic information is hidden.

One might note that some of the data analysis procedures outlined demand
calculation of numerous working curves which may apply to one particular system
only so that the calculations must be repeated for each system. Despite the complexity
of the theoretical formulation, this is a minor problem with modern computational
aids such as the computer utilized in the present work.

cotd=1 + (46)
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CONCLUSIONS

Earlier theoretical and experimental studies have suggested, at least in a
preliminary manner, that a.c. polarography might be profitably applied to studying
systems with following homogeneous chemical reactions'®”'®. That the results
presented here both confirm and provide additional support for this concept is clearly
indicated, representing the most significant conclusion one can draw from this study.
Careful perusal of the calculational results seems to support this view regardless of
whether one’s interest lies in the heterogeneous charge transfer step or the following
homogeneous chemical reaction (or both).

Measurement of the heterogeneous charge transfer kinetic parameters, k, and
o, has been one of the most successful areas of application of the a.c. polarographic
method. However, such data has been forthcoming from simple quasi-reversible
systems only. The present study shows that, although a complicating factor, the
existence of kinetic effects of a following chemical reaction need not preclude the
evaluation of k, and «. The above theory provides guide-lines to various approaches
for eliminating and/or correcting for the perturbations introduced by the chemical
reaction.

Although evaluation of kinetic parameters of following chemical reactions
represents a rare application of a.c. polarography, this is not likely to be a continuing
situation. The marked sensitivity of the a.c. polarographic response to both the kinetic
and thermodynamic status of the following chemical reaction indicated by the present
calculations provides a sound basis for attempting such measurements. A.c. polaro-
graphy offers both advantages and disadvantages relative to the many other electro-
chemical techniques that have been suggested for characterizing following chemical
reactions! 14, so that its use may be recommended for many systems, but certainly
not all. Important advantages of a.c. polarography for such measurements are its
high inherent accuracy, the extensive data provided on the effects of d.c. potential
and the fact that both k and K may be evaluated simultaneously with many systems
involving reversible following chemical reactions (which is not usually the case with
other methods). Although not yet part of the established methodology, modern
computer-oriented approaches to a.c. polarographic measurements*® 3% may enable
acquisition of a.c. polarographic data for the entire frequency range of interest in
the time required for a single sweep of the d.c. potential range (10-20 min). Such an
advance would add rapidity of experimental investigation to the advantages of a.c.
polarography. The main disadvantage of a.c. polarography for the characterization
of following chemical reactions lies in the possibility that non-Nernstian behavior
will complicate and, in some cases, preclude such measurements. Such difficulties
can be avoided through the use of certain large amplitude relaxation techniques® 1141,
However, it should be recognized that many of the currently most studied classes of
electrode processes in which following chemical reactions are prevalent—e.g., elec-
trode reactions of organic or organometallic species in aprotic solvents®'— involve
rapid heterogeneous charge transfer processes. For such systems one expects at worst
small deviations from Nernstian behavior and minor difficulty in evaluating the
chemical kinetic parameters by a.c. polarography.
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SUMMARY

Results are presented of a detailed study of theoretical predictions for the

fundamental harmonic a.c. polarographic response with systems involving rate
control by diffusion, first-order following chemical reactions and/or heterogeneous
charge transfer kinetics. A general theoretical formulation based on a rigorous
solution of the expanding plane boundary value problem by the Matsuda method
is the subject of study. The calculated a.c. polarographic behavior is examined for a
wide range of kinetic conditions. Approaches to data analysis are recommended.

APPENDIX

Notation definitions

Cs
D

Ji
Ed.c.

i

e oI ANTTS

= & R
&

R

initial concentration of species O.

diffusion coefficient of species i.

activity coefficient of species i.

d.c. component of applied potential.

amplitude of applied alternating potential.

reversible d.c. polarographic half-wave potential (planar diffusion theory).
d.c. polarographic half-wave potential with chemical equilibrium following
Nernstian charge transfer.

polarographic half-wave potential with irreversible chemical reaction follow-
ing Nernstian charge transfer.

potential of cross-over point in a.c. polarographic drop-life dependence.
instantaneous d.c. faradaic current component.

instantaneous fundamental harmonic faradaic alternating current.

peak fundamental harmonic faradaic alternating current amplitude.

peak fundamental harmonic faradaic alternating current amplitude for dif-
fusion-controlled process.

phase angle of fundamental harmonic faradaic alternating current.
Faraday’s constant.

ideal gas constant.

absolute temperature.

electrode area.

number of electrons transferred in heterogeneous charge transfer step.

time.

angular frequency of applied alternating potential.

heterogeneous charge transfer rate constant at E°.

charge transfer coefficient.

backward rate constant for chemical reaction following charge transfer.
forward rate constant for chemical reaction following charge transfer.
equilibrium constant for chemical reaction following charge transfer (=k, /k,).
Euler gamma function.
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1. INTRODUCTION

The importance of the structure of the double layer for the quantitative inter-
pretation of electrode processes was first pointed out by Frumkin®. It is to him and
his school that we owe the broad picture of the effect of double layer changes on the
rate of electrode reactions which has been built up in the last twenty years?. It was
originally assumed that the electrochemical reaction can occur when the reacting
species from the solution is adsorbed at the inner boundary of the diffuse layer. This
has two consequences: first the rate of the reaction is affected, not by the whole of
the metal-solution potential difference (¢™), but by this less the potential difference
across the diffuse layer (¢,), i.e., the rate equation for a reduction is of the form:

i =k[A], exp[—o(¢" ~¢2)f] (L.1)

where [A], is the concentration of the reducible species at the inner boundary of
the diffuse layer and f=F/RT. Second, the concentration [A], differs from the con-
centration in the bulk of the solution and is given by:

[Al, =[A] exp(—2z¢.f) (12)

where z is the valency of A (positive for cation, negative for anion), if we assume
equilibrium across the diffuse layer and that there is no concentration polarization.
Hence

i=k[A] exp — (¢™f) - exp(a—2) . f (13)
This equation was first used by Frumkin! and Levina and Zarinskii® to account for
the independence of hydrogen overpotential on acid concentration in dilute acid
solutions. A more recent successful application® is to the reduction of polyvalent
anions in dilute solution. Here z is negative and near the point of zero charge, ¢, >
M —,, so that the effect of electrode potential on the reaction rate is expressed
primarily through the double layer term. Consequently, we have the striking effect of a
reduction rate reduced by a shift of electrode potential in the negative direction.

2. DEVIATIONS FROM THE SIMPLE THEORY

In general, it seems that the simple theory is capable of quantitative results
so long as no specific adsorption occurs on the electrode surface. In the presence of
specific adsorption there are two obvious possibilities :
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(a) the reacting particle is still located at the outer Helmholtz plane, but the
potential, ¢,, of this layer is altered by the presence of specifically adsorbed particles;

(b) the reacting particle moves closer to the electrode before reaction occurs
and ¢, must be replaced by the potential at this point.

Many effects may be accounted for qualitatively in terms of (a), but frequently,
additional hypotheses are required. For example, in the reduction of S,04? " in the
presence of 0.01 N chloride solutions® the marked effect of the nature of the cation
seems inconsistent with the insensitivity of the double layer capacity to the nature of
the cation®. Alternative but possibly equivalent explanations have been proposed for
this: that the detailed structure of the double layer must be taken into account’ and
that there is some ion-pair formation between S,04%~ and the cations®.

Another type of deviation is exhibited in the effect of tetraalkylammonium
ions on electrode process. In qualitative agreement with (1.3), hydrogen evolution
is retarded when these specifically adsorbed cations are present in solution®. However,
the reduction of H,0,, for which z=0, should be accelerated ; but it is also found to
be retarded!®. Here, it seems likely that the large size of the adsorbed ions causes a
blocking effect which outweighs the electrostatic effect. This blocking may be due to
the increase in dimension of the inner part of the double layer causing an increase in
the energy of activation of the reaction. Similar effects are observed with adsorbed
neutral particles.

In view of these, more obvious, reasons for deviation from the simple theory,
it is particularly interesting to examine the effect of adsorbed halide ions on the rate
of hydrogen evolution on mercury. The properties of the double layer in the presence
of these ions are now quite well known. It is improbable that these ions would cause
any appreciable blocking effect and the dissociation constants of the acids are so
large that complex formation may be assumed to be completely absent. Consequently,
it seems reasonable to expect that a simple electrostatic interpretation should be
possible.

3. APPLICATION OF THE SIMPLE THEORY TO HYDROGEN EVOLUTION IN THE PRESENCE OF
HALIDES

The effect of chloride, bromide and iodide ion on hydrogen evolution was
observed about 20 years ago by lofa et al.!!. Their striking results are shown in Fig. 1.

1.01
Q.81
0.6

044

-7 -6 -5 -4 logi
Fig, 1. Hydrogen overpotential at 25° on a mercury electrode vs. log current density in acidified 1N solns.
of the following salts: (1), Na,SO,; (2), KCI; (3), KBr; (4), KI (data from lofa et al.'!).
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They have been interpreted in terms of eqn. (1.3), but it seems unlikely that this is
correct. From Grahame’s excellent measurements'?, accurate values of ¢, can now
be calculated. These are shown in Fig. 2, for IN KI solution and for 1N KF solution
in which the anion is not specifically adsorbed (this will differ to a negligible extent
from the results for the Na,SO, solution used in the overvoltage work).

T T 1 T T T T T T

-80 4

~, (-]
-e0} °% = Y
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\

_20-/ -

1 1 L 1 1 1 1 L 1
-08 -10 T12 14
EIV(NCE)

Fig. 2. Outer Helmholtz potential (¢,) vs. potential (E) of a mercury electrode (vs. NCE) at 25° in solns.
of IN KF and IN KI (data of Grahame'?).

If the current density and concentration of hydrogen ions remain constant it
follows from (1.3) that

oM = <oc_;—1> ¢, +const. (33)

since z=+1.

At a current density of 10~ ° A/cm? the electrode potential becomes 0.30 V
more positive as the sulphate solution is changed to iodide. At the same time, ¢,
becomes 0.024 V more negative. Thus, although (3.3) accounts correctly for the direc-
tion of the effect, if « is taken as 0.5, the magnitude is wrong by a factor of more
than 10. Similar large discrepancies have been observed in the effect of halides on the
reduction of O, at mercury!®. Further, it may be noted from Figs. (1) and (2) that the
variation in ¢, in the course of the Tafel line in the iodide solution amounts to only
18 mV which is almost the same as the variation in the sulphate solution, although in
the opposite direction.

~ From these results it must be concluded that the change of the potential at
the outer Helmholtz plane due to specific adsorption is quite inadequate to account
for the observed results.

The second alternative proposed above has been investigated by Frumkin'?
and by Breiter et al.'*. Frumkin replaced ¢, by a potential calculated from a very
simple model of the double layer in the presence of specific adsorption and obtained
reasonable agreement with the observed effect at very low concentrations of the
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specifically adsorbed ions though divergences occurred at higher concentrations.
Breiter et al. used inner Helmholtz potentials, ¢,, calculated by Grahame!?. The use
of these potentials has been criticized'> and more recently the significance of the po-
tentials calculated by Grahame has been questioned!®. There is, however, a more
general difficulty with this approach. In order to account for the fact that specific
adsorption of halide ions accelerates the evolution of hydrogen, it is clearly necessary
that the potential which replaces ¢, in eqn. (1.3) must become considerably more
negative as the halide ion is specifically adsorbed. If the simple derivation of (1.3) is
accepted, then according to (1.2) hydrogen ions should be much more strongly ad-
sorbed in the presence of specifically adsorbed halides than in their absence. In
particular, if ¢, is replaced by ¢, this implies that hydrogen ions are specifically
adsorbed in the presence of specifically adsorbed halide ions. There is no evidence
for this.

On the other hand eqn. (1.3) can be obtained in another way in which the
effect of the electric field on the activated complex is considered directly rather than
indirectly as in (1.1) and (1.2). The formal nature of eqn. (1.3) has been discussed?*?
but no very clear model on which quantitative calculations can be based has emerged.

4. THE EFFECT OF SPECIFICALLY ADSORBED IONS ON THE RATE OF AN ELECTRODE
REACTION

An alternative way of accounting for the effect of specifically adsorbed ions
seems to be possible by retaining the ideas behind eqns. (1.1) and (1.2) but introducing
the interaction between the activated complex of the electrode reaction and the
adsorbed ions in the form of an activity coefficient.

According to the theory of absolute reaction rates!’, the rate constant of a
reaction is of the form:

k = (kT/h) exp (—AG*/kT)/y} (4.1)

where kT'/h is the universal frequency factor, AG* the standard free energy of activa-
tion (for an electrode reaction, corresponding to some standard potential) and y* the
activity coefficient of the activated complex. So far, in the use of eqns. (1.1) and (1.3)
it has been assumed implicitly that y* is independent of potential and of solution
composition. This is probably a good approximation in the absence of specific
adsorption if the active complex is located in the inner layer. The effect of the electrical
field on the energy of the activated complex in this case is sufficiently accurately
expressed by the exponential term in the potential, ™ — ¢,, in eqn. (1.1). In the pre-
sence of specific adsorption, however, this assumption is less plausible. The effect
of the double layer on the energy of the activated complex may then be expressed in
two parts: first, the direct effect of the charge on the electrode which is expressed in
the same way as in the absence of specified adsorption; and second, the interaction
between the activated complex and the specifically adsorbed ions, which is expressed
through the activity coefficient of the activated complex.

It has already been shown!® that specifically adsorbed anions behave as if they
constituted a two-dimensional imperfect gas and that the deviations from ideality
are sufficiently accurately expressed by a term in the second virial coefficient. It seems
reasonable, therefore, to regard the present system as a two-dimensional imperfect
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gas mixture. Temkin!® has shown that for such a system the adsorption isotherms may
be expressed in the form:
k=c¢

z 2B I, =1n Bia;—In (I/T) (4.2)
K=1

where I is the surface concentration of the species in question whose activity in the
bulk is a; and whose standard free energy of adsorption on a bare surface is — RT In ;.
I, is the saturation value of I';. The second virial coefficients, B, are defined as

B;,=mn J {1l —exp(—&,/kT)} rdr (4.3)
0
whereg; , is the energy of interaction between a particle of species i and one of species k
when they are a distance r apart. The summation in eqn. (4.2) is carried out over all
the ¢ species of particles k including k=1.
In the absence of any appreciable amount of adsorbed species, (4.2) reduces to

Li/Iy=Bia (4.4)

which is Henry’s law. If we take the ideal dilute film as the reference state then it is
clear from comparison of (4.4) with (4.2) rearranged in the form

LI, exp{; 2B; Fk} = Biq; (4.5)

that exp {X 2B, , I} may be regarded as the two-dimensional activity coefficient of
the species i. Thus, the required activity coefficient of the activated complex may be
written

Py = exp{z 2Bik1“k}
k

where the subscript ; refers to the activated complex. Since the concentration of the
activated complex (I';) is always very small, the term, B, I'y, which arises from inter-
actions of activated complexes alone, may be omitted from the sum.

In the presence of a single species of specifically adsorbed ion, as in acidified
alkali halide solution, the expression for the activity coefficient reduces to

y; =¢€xp 2By , T . 4.7)

From (4.1)and (4.7) the ratio of the rate in the presence to that in the absence of specific
adsorption is readily obtained

In [k/k(I'; =0)] = In [ifi(I'; =0)] = —2B, , I, , (4.8)

the comparison being made at constant potential and concentration of reactants, as
well as with neglect of the much smaller effect described in eqn. (1.3). Thus, the loga-
rithm of the rate constant depends approximately linearly on the amount of substance
specifically absorbed.

The value of the second virial coefficient, B, ;, will depend on the detailed
structure of the double layer, but it may reasonably be expected to be related to the
virial coefficient B, ; expressing the first-order interaction between the specifically
adsorbed ions themselves. The activated complex, being a transient species, will not
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seriously perturb the configuration of the specifically adsorbed ions during its passage
to the final state. Hence, to a first approximation it may be suggested that

B 1 =(z4/21)B1. 4.9)

where z,e is the effective charge on the activated complex and z, e the charge on the
specifically adsorbed ions. This assumes that the interactions are entirely electrostatic,
which is probably a good approximation at the densities for which (4.2) is valid.
It also assumes that the activated complex occurs in the inner Helmholtz plane and
deviations from (4.9) will obviously arise if it does not. It is also possible that these
deviations will depend on the nature of the specifically adsorbed ions and perhaps
also on their concentration.

5. COMPARISON WITH EXPERIMENT
The data of Fig. 1 was analysed by measuring the increase in log i between

the results in sulphate solution and those in the halide solutions at a series of constant
potentials. These values of A log i are plotted in Fig. 3 against the amounts of speci-
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Fig. 3. Increase in rate of hydrogen evolution at constant potential when the anion is changed from SO,*~
to a halide vs. amount of specifically adsorbed halide ion (data from Fig. | and from Grahame'?, Lawrence
et al.?' and Grahame and Parsons?°).

fically adsorbed halide ion at each potential obtained from data in 1 M potassium
halide solutions!?-2%-2!, Approximately straight lines are found, although the results
for iodide show significant curvature at the highest concentration. Values of B, ;
calculated according to (4.8) from the slopes of the linear sections are — 340, —630
and —1215 A? ion~ ! for iodide, bromide and chloride, respectively. This is in the
same sequence as the values of —B; ; for these ions, although the values of B, ;
obtained?®2! for bromide and chloride vary considerably with adsorbed density. The
value of B, , calculated from Grahame’s'? iodide data'® is about +350 A ion~!
which suggests that z, ~ + 1, which is perhaps surprising as an effective charge ofabout
+3 might be expected (cf. ref. 22).

More recently, Sluyters et al.>*** have studied the effect of specifically ad-
sorbed ions on the kinetics of the deposition of Zn?* on mercury. In their first paper??
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they obtained a linear relation like that predicted by eqn. (4.8) when they varied the
concentration of the adsorbed ion at constant potential. The slope of this line cor-
responds to a value of B, ; in iodide solutions of —280 A? ion~!. In the second
paper?4, experiments at varying potentials in solutions of constant composition were
carried out and these are more closely analogous to those of Fig. 1 for hydrogen.
The initial parts of the plots of log k against I'; are linear and have slopes correspond-
ingto B, ;= —440A%ion" ! foriodide,and —2060A*ion~ ! for chloride and bromide.
The value for bromide is much higher than can be explained on the basis of eqn. (4.9),
but those for the other two ions are consistent with this equation if the charge on
the activated complex is between + 1 and +2. A simple view based on the theory of
electron transfer reactions would lead to the expectation of an effective charge of
+2(1 —a), where « is the transfer coefficient. Sluyters et al.** suggest that the true
value of o is about 0.2. It must be noted that, for this reaction, like the hydrogen reac-
tion, there is no evidence for specific adsorption of the initial state so that a model of
the general type described here must be invoked. However, for the zinc reaction there
is the possibility of participation of halide complexes. This has been thoroughly
discussed by Sluyters et al.?>.

The occurrence of a decrease in the slope of the plot of log rate against speci-
fically adsorbed charge at the higher adsorbed densities may be a result of the environ-
ment of the activated complex becoming constant at the higher densities or of the
effect of the size of the adsorbed species as discussed in the next section. Nevertheless,
it is very difficult to explain the sharp change in direction observed by Sluyters et al.**
in their work in bromide solutions.

6. EXTENSION TO OTHER TYPES OF SYSTEM

The use of eqn. (4.9) implies that the interaction between the activated complex
and the specifically adsorbed ions is predominantly electrostatic. It has already been
mentioned above that blocking effects may occur which do not seem to be connected
with electrostatic interaction. A possible modification of eqn. (4.2) which would allow
for this type of effect is the Frumkin isotherm?® in the more general semi-empirical
form proposed recently?®

k=c

Y 2B Ii—r;In |:ri (1— kic Fk/ﬂﬂ = In B;a;—In (I;/T) (6.1)
k=1 k=1

where r; is the number of solvent molecules replaced by the adsorption of one mole-
cule of species i. The additional term in (6.1) compared with (4.2) allows for the finite
number of adsorbed molecules which can be accommodated on the surface. It is not
a rigorous equation because the first term on the left-hand side has been derived only
for low coverage of the surface; however, it is probably of the right form.

In the presence of a single adsorbed species (other than the solvent), each of
the sums in (6.1) may be reduced to a single term, as discussed above, because of the
infinitesimal surface concentration of the activated complex. For this simple situation
the activity coefficient of the latter reduces to

Iny,=2B; Iy —ry In[r(1-T/T))] (6.2)
and the effect on the rate of the electrode reaction becomes
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In [k/k(I'y=0)] = —2B,; ,I'y+ry In[r,(1-1/T)] (6.3)

If B, ;=0and r, =1, this reduces further to the simple equation which has been used
frequently®27~2° to express the idea that the electrode reaction occurs rapidly on
“uncovered” regions of the surface and very slowly, if at all, on “covered” regions.
Ina recent paper, Sathyanarayana®° found that the effect of butanol on the deposition
of Cu?*, Cd** and Zn?* on mercury required the use of an expression of the form :

In k =const.+b In (1—T/I) (6.4)

He described b as expressing the lateral repulsive interaction on the surface. Presum-
ably, b includes the effect of both terms on the right-hand side of (6.3) because it
varies with the nature of the reacting ion, being 1.74 for Zn?*, 1.93 for Cd?* and 3.97
for Cu®*; the latter two values were obtained from data at high coverages only.
According to the present model, r; should be characteristic of the nature of the in-
hibitor only, while B, ,, of course, depends on the nature of both reactant and
inhibitor. At present, not much is known from equilibrium measurements about the
interaction between neutral molecules and specifically adsorbed ions, except that it
seems to be repulsive®!3? in the case of anions.

The ideas used in eqn. (6.1) can clearly be extended to include the effect of
reorientation of the adsorbed inhibitor following the model already presented for
the p-toluene sulphonate ion?®.

7. DISCUSSION

The simple model proposed above goes some way towards a semi-quantitative
interpretation of the limited amount of experimental data available. The general
framework should be suitable for an improved approach based on a more detailed
model of the inner layer and on a better estimate of the charge and position of the
activated complex.

There is one difficulty concerning the general framework which should be
discussed here. The adsorption isotherm for an ionic species alone, which has the
form of eqn. (4.2) with ¢c=1, has been obtained experimentally for concentration
variations at constant charge; that is, the adsorption coefficient derived by extra-
polation to low adsorbed densities is found to be a function (linear for simple ions*®)
of the charge on the electrode. If it is assumed that the adsorption coefficient of the
activated complex has similar properties, then the standard electrochemical potential
of the activated complex should be dependent on the charge of the electrode rather
than directly on the potential as is usually assumed. This means that, in the condition
of constant potential imposed on eqn. (4.8), the standard chemical free energy of
activation will not be held constant because the charge of the electrode changes as
a result of the adsorption of halide ions, for example. In the comparison with experi-
ment carried out in section 5, this effect is included in the apparent second virial
coefficient. Correction for it will tend to increase the value of the second virial coeffi-
cient calculated. In the present rudimentary state of the model a more detailed analysis
of this problem seems scarcely worthwhile.

Finally, it should be noted that Krishtalik** has recently discussed the prop-
erties of the activity coefficient of the activated complex in terms of the Brensted rule.
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The situation discussed in the present paper is one in which the Brensted rule does
not apply, since, for example, the Tafel lines are non-linear. The basic reason for this
departure from the Bronsted rule is that the environment of the activated complex
is quite different from that of the reactants or products and cannot be derived from
the latter in a simple linear way.

SUMMARY

A simple model is proposed to account for the effect of adsorbed species on
the rate of an electrode reaction. It is assumed that this effect can be expressed by the
activity coefficient of the activated complex which can be calculated from the ad-
sorption isotherm. This approach gives a reasonable account of experimental data
already published and provides a framework for future experimental and theoretical
work.
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In virtually all studies of the adsorption of surfactants at electrodes, attention
has been focussed on the properties of the surfactant itself. The process involved,
however, is actually the displacement of water and of the ions of the background
electrolyte, so that properties of the latter should be taken into account. The role of
water has recently been emphasised by Bockris and his co-workers'. The influence
of the supporting electrolyte has been briefly mentioned in a number of studies, but
the only attempts at systematic investigation appear to be those of Breyer and
Hacobian? and of Damaskin et al.>.

We have been making studies of supporting-electrolyte effects in tensammetry
partly with a view to the use of tensammetric processes to characterise the structure
of the double layer—e.g., at solid electrodes. It soon became apparent that, before
the competitive adsorption of surfactants and ions could be quantitatively investigated,
it would be necessary to take into account the salting effect on the surfactant of the
various electrolytes. Results illustrating this point are reported here.

EXPERIMENTAL

Tensammetric curves were obtained with apparatus described elsewhere*.
Double-layer capacity values were obtained in some experiments by use of phase-
selective observation using an Ad-Yu Phase-Vector voltmeter Type 248 A.

Salting effects were measured by determining the solubility of the alcohol
(n-amyl) in the various salt solutions used. The concentration of alcohol in saturated
solutions was determined spectrophotometrically using the color developed by p-
dimethylaminobenzaldehyde ; this is similar to the method, described by Boruff®, for
estimation of fusel oils; details will be published elsewhere.

RESULTS AND DISCUSSION

Region of surfactant adsorption

Usually, the difference in potentials of the tensammetric waves—the wave-
spread—increases with increasing concentration of surfactant®. The wavespread might
therefore be used as a measure of adsorbability in comparing different surfactants apd
supporting electrolytes. This procedure is more advantageous than measuring changes
in the peak potential of either wave, since the individual potentials are affected by the
liquid-junction potentials. The utility of the wavespread as a criterion was investi-
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gated by examining the effects of various electrolytes, at different concentrations, on
the behavior of n-amyl alcohol (Table 1).

The wavespread was found to be unaffected by the frequency of the alternating
current (40 Hz—4 kHz). The magnitude decreased as the electrolyte concentration
(KF or KCl) increased, in accordance with the idea that electrolyte and surfactant are
competitively adsorbed. However, in sodium sulfate solutions the opposite effect
was observed in solutions not saturated with the alcohol. Clearly, two effects are

TABLE 1

TENSAMMETRIC WAVESPREAD AND CONCENTRATION OF AMYL ALCOHOL

Concen. of Salt soln.

alcohol KF Na,S0,4 KCl

(M) 0.1 M M 0.1 M 1M 0.1 M M
(mV) (mV) (mV)

0.01 810 770 740 920 620 550

0.02 1033 954 903 1078 788 745

0.03 1100 1070 990 1170 900 860

0.04 1218 1154 1071 1211° 950 902

0.05 1270 1210 1120 1220 1020 960

satd. 1577 1420 1436 1315 1463 1345

present : salting out of the alcohol by the salt, and competitive adsorption of electro-
lyte and surfactant. The former effect outweighs the latter with sodium sulfate, but
not with potassium chloride or fluoride.

Results in Table 1 can be converted to results at constant activity of n-amyl
alcohol by using the ratio of alcohol concentration to the saturation concentration

TABLE 2

TENSAMMETRIC WAVESPREAD AND ACTIVITY OF AMYL ALCOHOL

Activity Salt soln.

of KF Na,S0, KcClI

alcohol 01 M 1 M 0.1 M 1M 0.1 M I M
(mV) (mV) (mV)

0.079 986 757 858 748 768 606

0.143 1132 914 988 876 908 748

0.224 1254 1038 1098 979 1020 862

0.316 1342 1132 1178 1056 1105 948

1.0 1577 1420 1436 1315 1463 1345

for each salt solution. Table 2 shows that the “anomaly” in sulfate solutions then
disappears—the wavespread at constant activity of alcohol always decreases as the
concentration of sulfate increases (changes in the activity coefficient of the alcohol
with changing concentration of alcohol are neglected here; such changes are much
less than the salting effects”).
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Isotherm parameters

Measurements of the decrease in double-layer capacity near the point of zero
charge showed that, in the systems studied, adsorption closely followed the Frumkin
isotherm®

0
Bc = 18 exp (—2ab) (1)

where B is an adsorption coefficient, ¢ the concentration of surfactant in the solution,
a an interaction parameter, and 0 the fraction of surface covered. The latter was ob-
tained by the approximation that

Ca=(1-0)Co+0C, (2)
where Cy; is the observed capacity and C,, C, are the capacities for =0 and 0=1,
respectively.

Values of B are shown in Table 3. Once again, there are anomalies in that B

TABLE 3

ADSORPTION COEFFICIENTS OF AMYL ALCOHOL

Salt soln. B (see egn. (1)) B, (see eqn. (3))
(I/mole™1) (I/mole™")
0.1 M KF 370 343
1 M KF 60.9 30.1
0.1 M Na,SO,  64. 554
1 M Na,SO, 147 355
0.1 M KClI 34.8 325
1 M KCl 189 11.5

¢ All values of B were obtained from measurements at —0.5 V vs. SCE. The qualitative trend was the same
as at —0.45 V and at —0.55 V.

apparently increases as the electrolyte concentration increases. To allow for activity -
changes, one can use a different adsorption coefficient, B,, defined by

S

Ba - SOB (3)
where S is the solubility of the alcohol in the given salt solution and S, its solubility
in water. Results in Table 3 show that B,-values decrease as the salt concentration
increases, as would be expected.

Thus, apparently anomalous results are obtained when one seeks to compare
the adsorptive effects of amyl alcohol and of various electrolytes, if allowance is not
made for salting effects. The corrected data do not, however, provide a straightforward
measure of adsorbability; for instance, the largest wavespread (0.1 M KF, Table 2)
is not found in the same system as the largest value of the adsorption coefficient (in
0.1 M Na,SO,, Table 3). Indeed, one would not expect otherwise in view of the change
of specific adsorbability of anions with changes in the electrode potential.

Work is continuing on the relative adsorbabilities of surfactants and of electro-
lytes.
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SUMMARY

The adsorption of n-amyl alcohol has been studied by tensammetry in the
presence of various electrolytes. The apparent adsorbability of the alcohol increased
with increasing concentration of sodium sulfate under certain circumstances. This
apparent anomaly disappears when corrections are made for changes of the activity
coefficient of the alcohol, resulting from salting out.
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INTRODUCTION

The high-frequency (HF) polarographic method developed by Barker! using
Faradaic rectification is now accepted as one of the most elegant polarographic
methods of analysis of high sensitivity and resolving power. The methodology has
been treated theoretically and reviewed by several authors’ ~*. This method has also
been applied to the practical analysis of micro-constituents, such as zinc, cobalt and
nickel®, magnesium and calcium®, arsenic’ in food, and carbon disulfide® in carbon
tetrachloride, and some trace components® in high purity metals and alloys. The
temperature-dependence of the HF polarographic wave height is also clarified®.

It has been emphasized that in the analytical applications of the HF polaro-
graphic method the electrical resistance of the electrolysis cells should be as low as
possible®~7. The present study reports on the decrease in the HF wave height caused
by the external resistance.

THEORETICAL

According to Barker!, the HF polarographic signal, iy, is proportional to the
square of the amplitude of the superimposed HF alternating current. If the external
resistance, R.,,, is not small enough compared with the electrode-solution interface
impedance, Z, the effective potential difference at the interface, AE ., will be decreased
compared with the total applied potential difference, AEyg. Therefore,

1 2
Iup = kAEI%lFC (Z_’_Rm) (1)
where k denotes the proportionality factor and C the concentration of depolarizer.
Another interpretation of the HF polarographic signal is proposed by Yasu-
mori et al.!! on the basis of the Senda-Tachi theory!? for the Fournier polarogram.
The theory regards the HF method as a sort of Breyer a.c. polarography, in which
the mean potential during the half-period with the HF modulation differs from the
unmodulated constant potential. According to this theory, the HF polarographic
signal is proportional to the difference between the usual d.c. polarographic step and
the Fournier current. Thus, the HF wave for a reversible redox system is expressed by :

, iy ( nF \? d?%j
lnr = f(ﬁ) a3z AEgr (2)
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where
j =3(1 —tanh x)
nF(E—E,)
2RT

and the other symbols have their usual significance. Consequently, one may expect
that the resulting HF signal would be decreased by the factor, Z/(Z + R.,,), ana-
logously to the Breyer a.c. wave height, i.e.,

1

iHF = kAEéFC W
ext

(3)

An experimental investigation as to the validity of eqn. (1), eqn. (3) or neither, now
follows.

EXPERIMENTAL

Apparatus and reagents

The HF polarograph used was a Yanagimoto product, type PF-500, in which a
200-Hz square-wave voltage is modulated by a HF potential of 455 kHz.

The mercury pool at the bottom of the electrolysis cell was used as the anode.
The electrical connection to the mercury pool was made by means of a sealed platinum
wire of I-mm diam. If ordinary cells made of ca. 0.2-mm diam. platinum wire are
used, the recorded HF wave height fluctuates from cell to cell.

The characteristics of the dropping mercury electrode were: m = 1.04 mg
sec” ! in pure water, t = 4.88 sec in 1 M KCI at open circuit at h = 85 cm. Other
operating conditions are : synchro. = 1.5-3.0 sec after drop fall, gate = 2-7, and span
voltage, 2.0 V.

The reagents employed were all of analytical grade. The deionized water was
distilled and used immediately.

Control chart

Three electrolysis cells each equipped with a -mm diam. platinum wire were
labelled as No. 1, 2, and 3, respectively. With a standard polarographic solution,
(107® M in cadmium and 0.5 M in potassium chloride), the mean of four data of the
HF wave height was obtained ten times with the three cells. The method of one-
factor analysis of variance was then applied to the data sets. It was confirmed that
there was no significant difference in three means of wave heights obtained with the
three cells, as shown in Table 1.

The daily mean, X, and the range, R, were measured for ten days and the grand
mean, X, and the mean of daily range, R, were evaluated. Then, the X control chart
corresponding to the three-sigma deviation from the central line was constructed.

After the establishment of the above control chart, the HF wave height (with
the same standard solution) was each day confirmed at first to lie between two
critical lines, i.e., the working function of the HF polarograph was maintained under
controlled conditions, and then the appropriate measurements made under varying
conditions. An example of such a control chart for several days is shown in Fig. 1.
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TABLE 1

ANALYSIS OF VARIANCE FOR HF WAVE HEIGHTS OBSERVED WITH THREE ELECTROLYSIS CELLS

Source of Sum of Degree of Mean F, F(2,27,0.05)
variation squares [freedom square

Between cells 18.5 2 9.3 1.86 3.35

Error 134.1 24 5.0

Total 152.6 29

Conclusion: The three cells are equivalent.
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Fig. 1. X control chart for HF polarographic wave height. Standard electrolysis solution, 1-107% M Cd**
in 0.5 M KCl (25°); recorder sensitivity, 0.020 pA mm ~!; amplifier sensitivity, 3; damping, 1 uF; HF
amplitude AEyg, 5 V; electrode distance, 1 cm.

Effect of the electrode distance

The HF polarographic wave height tends to decrease with increasing distance
between the DME and mercury pool anode, as shown in Fig. 2. It is evident from
Fig. 2 that if the electrodes are more than 1.5 cm apart the wave height is definitely
lowered. Sets of data obtained with electrode distances of 0.5 and 1.0 cm, confirm,
by means of the familiar ¢-test,.that there is no significant difference between the means
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Fig. 2. Effect of electrode distance on HF wave height. Electrolysis soln., 1-10~ SM Pb%* in 0.5 M KNO,
(25°). Figures indicate A Eyyr in volts. The vertical line shows the 959 confidence limits. Recorder sensitivity,
0.020 uA mm ™ !; amplifier sensitivity, §; damping, 1 uF.
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Fig. 3. Variation of HF polarogram with external resistance. The amplitude, AEyp, of the HF modulation
voltage was kept to 4 V. Other experimental conditions as in Fig. 2.
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Fig. 4. Effect of external resistance on HF wave height. Experimental conditions as in Fig. 2. Figures
indicate AEyy in volts.

Fig. 5. Effect of external resistance on HF wave height. Experimental conditions as in Fig. 2, except that
amplifier sensitivity =1/1
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of wave heights. Thus, the electrode distance was kept at 1.0 cm throughout the ex-
periments.

Effect of the external resistance

Furutani et al.’>~7 report that at a constant depolarizer concentration the
HF wave height decreases with decreasing concentration of supporting electrolyte.
This may be caused by the increase in the cell resistance.

In the present study, the change of HF wave height produced by connecting a
standard resistor of variable resistances in series to the electrolysis cell, was measured.
Some examples of the HF polarograms recorded are shown in Fig. 3. The results are
given in Figs. 4 and 5.

The question as to whether the relationship that the HF wave height is pro-
portional to the square of the HF amplitude (as expected from eqns. (1) and (3)),
holds even under the condition of the external resistance connection, was first
examined experimentally. Zinc ions in potassium halides and lead ions in potassium
nitrate were used as depolarizers. These have various degrees of reversibility.

The results are given in Fig. 6. The double-logarithmic plot shown in Fig. 7
is treated statistically and the results are summarized in Table 2.

It was found that the mean values of the slope, m, for each solution in Table 2 do
not differ significantly. The correlation coefficient, r, approaches very closely to unity,
so that it may be safe to say that the relationship:

igr = kAE::
holds even under the condition of resistance connection.
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Fig. 6. Variation of HF wave height with amplitude, AE,, of HF pulse. Figures indicate the resistance
connected in series to the cell (in ohm).

Electrolysis soln., 1-107* M Pb?* in 0.5 M KNOj, (25°); recorder sensitivity, 0.060 A mm~'; amplifier
sensitivity, 5; damping, 1 uF.

Fig. 7. Double-logarithmic plot of the data shown in Fig. 6.
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TABLE 2

RESULTS OF THE CORRELATIONAL ANALYSIS OF log iy vs. log A Eyg
r=correlation coefficient and m=slope

Depolarizer 1-107* M Zn?* 1-10~* M Pp**
Supporting 1 M KCI 1 M KBr 1MKI 0.5 M KNO;
electrolyte

Rz r m r m r m r m

@

0 0992  2.047 1.000 1.753 1.000 2.021 0.991 1.805
20 1.000 2.043
50 1.000  1.882 0.991 1.858 1.000 2.033

100 0.999 1.782 0992 1923 1.000 1953 0.832  2.091
150 0.974 1.898 1.000  1.943 0945 2305

200 0962  2.176 1.000  1.908 3 0958 2.063
235 0979 2.084

It is expected from eqn. (1) that the plot of (C AE3g/igg)* vs. R, would give a
straight line ; on the other hand, it is seen from eqn. (3) that the plot of (C AEfg/iyg) vs.
R.,, should give a straight line. With zinc ion in various concentrations and with a
fixed amplitude (AEye = 5 V), the HF wave heights were measured and the results
treated by the method of least squares. Analogous measurements and statistical
treatment of data were carried out using lead ion as depolarizer and with varying
HF amplitudes. The sequence of measurements was completely randomized.

The results are given in Table 3 and Fies. 8 and 9. Application of the ¢-test to
the correlation coefficients listed in Table 3 has shown that there is a linear relation-
ship for each plot in Table 3.

Two sets of correlation coefficients shown in Table 3 are now analysed
according to the method described by Doerffel'. The k-value in Table 3 is calculated
by
(N, —3)(N,-3) s (1+r)(L—ry)

k=1.1513
N,+N,—6 (1=r)(1+ry)

TABLE 3

RESULTS OF REGRESSION ANALYSIS

Electrolysis Mathematical expression Correlation Degree of k-Value

soln. obtained* coefficient freedom

Zn?" in C/iyg=(0.654+0.03)-10"* 0.948 92

1 M KCl +(10.840.4)-1077 R,y 7.50
(Cliyp)i=(84+04)-1073 0.586 92

+(48+0.7)-107% R,

Pb** in CAEyg?/iyp=(8.42+0.88)-107* 0.796 28

0.5 M KNO; +(95+14)-1077 Ry, 1.26
(CAERg/iyg)f=(2.840.6)-1072 0.643 28

+(13410)-107° Ry,

4 C in mM, iyp in mm, AEyg in volts, and R, in ohms.
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Fig. 8. C/iyr vs. Ry Electrolysis soln.,=2-107°-1-10"* M Zn?* in 1 M KCI (25°); recorder sensitivity,
0.020 A mm™'; amplifier sensitivity, 25; AEyr, 5 V; damping, 1 uF.

Fig. 9. C AEjg/iyp vs. R, Electrolysis soln., 2:1075-1-10"* M Pb?* in 0.5 M KNO; (25°); AEyg, 3, 4 and
5 V; recorder sensitivity, 0.020, 0.040 and 0.060 A mm ~*; amplifier sensitivity, &; damping, 1 uF.
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Fig. 10. Calibration curves for Zn(II) in 1 M KCI (25°). AEyg, 5 V; recorder sensitivity, 0.020 yA mm™!;
amplifier sensitivity, 5; damping, 1 yF.

where r; and r, are the correlation coefficients and N, and N, are the corresponding
number of measurements. There is a significant difference in the coefficients 0.948
and 0.586 observed with zinc ion, since the calculated k-value of 7.50 is much larger
than 4.00 (99.99%; certainty) listed in the Table. The data obtained with lead ion show
that eqn. (3) fits better experimentally than eqn. (1), but the theoretical k-value for
959, certainty being 1.96, it is impossible to judge whether there is a significant
difference between two coefficients of 0.796 and 0.643.
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Calibration curve

While the HF polarographic wave height is influenced by the external re-
sistance, the wave height is proportional to the depolarizer concentration provided
that the circuit resistance is kept constant. Calibration curves obtained with zinc ion
are shown in Fig. 10. It is desirable, however, to maintain the resistances of cell,
capillary and lead wire as low as possible for high sensitivity analysis.

SUMMARY

Two expressions as shown by eqns. (1) and (3) are postulated and verified
experimentally for the dependencies of the HF polarographic wave height, i, on
the depolarizer concentration C, the amplitude AEy of the HF pulse, and the external
resistance R.,,. The statistical analysis of data has shown that eqn. (3) holds more
accurately than eqn. (1) (see Table 3). The importance of lowering the circuit re-
sistance in HF polarography is emphasized.
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INTRODUCTION

The anodic behaviour of metals makes a fascinating field of study. Amongst
the various phenomena that may take place we have : metallographic etching, polish-
ing, roughening, pitting, passivity, porous film formation and formation of flocs,
indefinite growth of film proportional to the potential applied, oxygen evolution,
formation of higher oxidation products and anode effect. The potentiostatic current—
potential curve taken under near steady conditions can be very complicated and con-
siderably differs in form with the electrolyte used ; the curve for nickel in sulphuric
acid and perchloric acid is given in Fig. 1. Similarly, the galvanostatic potential-time
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Fig. 1. Potentiostatic current—potential curve for nickel. (1), Anode, nickel wire embedded in araldite with
the cross-section exposed ; apparent area, 0.0079 cm?; electrolyte, 0.5 M perchloric acid ; time given for
obtaining stationary conditions, ca. 5 min. (2), As (1) with 0.5 M sulphuric acid as electrolyte.

Fig. 2. Galvanostatic potential-time curve for silver in hydrochloric acid. Anode, silver wire embedded in
araldite with its cross-section exposed ; electrolyte; 2 M HCI; current density, 10 mA/cm?.
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curve can be exceedingly complicated. The curve obtained for silver in hydrochloric
acid’ is given in Fig. 2; a galvanostatic curve for nickel in sulphuric acid is given in
Fig. 3. One striking aspect of the latter curves is the potential oscillations over a period
of time. Under controlled galvanostatic conditions, steady oscillations can be
obtained for a number of hours?. A typical oscillogram for potential oscillations in
the nickel-sulphuric acid system is given in Fig. 4. The present paper presents a new

Fig. 3. Galvanostatic potential-time curve for nickel in sulphuric acid. Anode, as in Fig. 1; electrolyte, 50 %,
H,SO,: current density, 200 mA/cm?. The main oscillogram sweep (CDEF) starts 1.5 sec after switching
on the current. There is no recognisable change of potential for the first 1.5 sec (vide AB).

Fig. 4. Potential oscillations in nickel-sulphuric system under galvanostatic conditions. Anode, as in Fig.1 ;
electrolyte, 0.5 M H,SO,+0.2 M NiSO,: pH adjusted to 2.0 (NiSO, is added to make the system less
dependent on fluctuations in nickel ion concn. in solution near the electrode); current density, 10 mA/cm?.

approach to explain the occurrence of oscillations and comments on the significance
of the potentiostatic curve referred to above.

PREVIOUS WORK

Oscillations have been observed in a wide variety of systems and a few that
have been discussed in the literature are given in Table 1. Most of the explanations
are based on: (a) film formation and dissolution; (b) the exhaustion, followed by

J. Electroanal. Chem., 21 (1969) 57-68



PERIODIC PHENOMENA IN PASSIVATING SYSTEMS

59

TABLE 1
No. Metal Details Explanation
system
1 Silver KCN Film formation and dissolution'® SR mecha-
2 Silver HCI nism (slow oscillations at lower current density)
PNJ mechanism (fast oscillations at high current
densities)*
3 Silver KCl Rearrangement in solid film; recrystallisation'#
4 Silver KOH A change in the semi-conducting property of
surface oxide layers Development of a genuine
electroactive surface and change in the mecha-
nism of electrode reactions'®
S Aluminium  lead laurate +5 p.p.m. C1~ Creation of “n”-type defects!'®
0.5 A/cm?, 25°, 20 osc./min
6 Cobalt 409% H,SO, pH changes at the film—solution'’
7 Cobalt 0.4 M CrO; +1 N HC], Reducibility of CrO; depends on the concentra-
. +03Vto—-02V, tion near the electrode'®
0.5 osc./sec
8 Copper HCI Film formation and dissolution®®
9 Copper HCl Depletion of H* and CI’ followed by replenish-
ment?°
10 Copper HCI Rise of potential due to dearth of H* and the fall
to dissolution of film?*
11 Copper HCI1 Convection controlled. Concentration changes
in the pores are important 22
12 Copper H,PO, 0.65-0.85V Formation and dissolution or destruction of
oxide film?3
13 Copper NaOH Change in semi-conducting property of surface
oxide layers'®
14 Gold 4 N HCL 1 A/cm?, 1.8V, pH changes'®
0.2 osc./sec
15 Iron Na,SO, +NaCl Connected with differences in c.d. distribution?*
16 Iron Sodium borate + NaCl Oscillations stop on stirring. Reaction product-
control?®
17 Stainless 0.1 N NaCl, 2 A/cm?, 30°, Diffusion-controlled. Pitting type; c.d. around a
steel 0.1 ke/sec pit being different at different times?®
18 Iron H,SO,, 10* osc/sec, Dissolution and formation of film?’
600 c/sec (20°), 4000 c/sec
(47°)
19 Iron H,S0,, 0.2 A/cm?, pH Changes'®
0.1 osc/sec
20 Nickel 509 H,S0,, 35°, Film formation and O, evolution?®
60 mA/cm?, 12 c/sec
21 Nickel 1 N H,SO, Instability phenomena are described by second-
order linear differential equation?®
22 Nickel H,SO, Progressive decrease of H* concentration in the
electrolyte next to the anode; the pH becomes
high enough for oxide precipitation and passivity
sets in3°
23 Nickel H,S0, SR and PNJ mechanisms?
24 Tin NaOH pH changes®!
25 Titanium Formic acid Film puncturing and simultaneous O, evolu-
tion3?2
26 Zinc 4 N NaOH, 0.2 A/cm?, pH changes'®
E=—1.1V,0.3 osc/sec
27 Zinc NaOH + silicate Dielectric breakdown and fresh film formation®3
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replenishment, of acceptor ions; (c) pH changes in the anode film caused by gas
evolution leading to alternate dissolution and deposition of film; (d) gas evolution
disturbing the stationary diffusion film; () periodic dielectric breakdown; and (f)
recrystallisation. Explanations (a), (b), (¢) and (f) do not indicate the factors that cause
the periodicity. Explanations (c) and (d) completely fail where gas evolution is not
observed, as for instance the oscillations observed by us (Fig. 2 and 3).

It will be shown later that even the observed association of the dissolution or
bubble formation, or the dielectric breakdown, with the oscillations in some of the
systems can be interpreted as a result of the SR or PNJ present near the film-solution
interface breaking down by the internal field emission, or an avalanche breakdown.

STOICHIOMETRIC REGION FOR SLOW OSCILLATIONS

On the basis of literature reports and our own observations with silver-hydro-
chloric acid and nickel-sulphuric acid systems, we'*? have formulated the following
mechanism for passivation and potential oscillations.

Let us first consider a system in which the electrode reaction is mainly, or
entirely, the dissolution of the metal. Since we are dealing with high overvoltages
(>0.1 V), nucleation would take place all over the metal surface and complications
due to differential effects of nucleation and growth® do not arise. Also we need not go
into the controversy* as to whether the film is formed by direct anodic conversion
(Thirsk) or by a dissolution—deposition mechanism (Bockris) as it is not relevant to our
mechanism.

Let us consider the oscillations in the nickel-sulphuric acid system.

Metals like nickel have a film of oxide (hydrated or otherwise) even when
there is no anodic current passing. The oxide film appears® before passivity sets in.
The anodic process in such a system would consist of a number of successive steps.
Ammar and Darwish® established that the conduction in such systems is not through
any active pores in the film but by a solid state conduction through the film. Three
important stages mark the passage of nickel ions into solution are: (i) the entry of the
nickel ion from the metal into the solid oxide filn; (ii) migration through the oxide
film and (iii) transfer to the solution forming the aquo or other complex. All these
three steps are more or less field—dependent. In the absence of electronic conduction a
positive potential on the metal would cause nickel ions to leave the metal and enter
the film, forming a non-stoichiometric nickel excess region at the metal-film interface.
Simultaneously, some nickel ions in the oxide film would get into solution causing a
nickel deficient non-stoichiometric region in the oxide film, near the film-solution
interface. These defects would tend to get concentrated in grain boundaries as well as
at the dislocation tubes inside the grains. Stoichiometric nickel oxide (even if poly-
crystalline) is a bad ionic (and a bad electronic) conductor at ordinary temperatures.
The (field-produced) non-stoichiometric defect regions however would exhibit high
ionic conductivity (this is a well-known phenomenon in silver halide'). The positively-
charged excess nickel ions would migrate from the metal-film interface towards the
solution. Similarly, the negatively-charged cation vacancies (corresponding to nickel
deficit) move from the film-solution interface towards the metal. The excess nickel
ions and the vacancies would interact on meeting each other and a stoichiometric
region (SR) may be expected to be formed (Fig. 5). The position of the SR would be
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determined by various factors of which the rate of production of nickel ion excess and
the vacancies and their rates of migration are significant (we have not taken into
account the possibility of conduction by interstitial anions and anion vacancies ; it
would require further investigation to determine the relative contributions of anions
and cations towards the ionic conductivity of the film). The SR would be a badly
conducting domain causing a large field in the region. This would lead to tunnelling
of electrons from the valence band of nickel oxide on the solution side of the SR to
the conduction band of the nickel oxide on the metal side of the SR. The charge on
excess nickel ions thus gets partially neutralised by the electrons. Similarly, the holes
produced (in the process of tunnelling) on the solution side of the SR partly neutralise
the negative charge of cation vacancies. The electrons and holes are perhaps mostly
in traps. The SR then builds up further in thickness. A stage is reached when tunnelling
of the electron becomes difficult and a further passage of current causes more nickel
excess and/or vacancies to be formed on the two sides of the SR. This leads to a strong
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Fig. 5. Picture of the SR in the oxide film. (e), electron ; (h), hole ; (@), excess nickel ion; (©), nickel ion vacan-
¢y (A), metal; (B), “nickel ion excess” region; (C), stoichiometric region ; (D), “nickel ion deficit” region.

Fig. 6. Schematic diagram for potential drop in the nickel-sulphuric acid system. (AB), potential in metal ;
(BC), potential drop at the metal-oxide film interface ; (CD), potential drop in “nickel ion excess” region ;
(DE), potential drop in SR ; (EF), potential drop in the “nickel ion deficit” region ; (FG), potential drop in
electric double layer at the film—solution interface ; (GH), potential in solution.

field in the SR. The potential drop in the badly conducting domain of the SR is the
main cause of rise of potential during the oscillation. A schematic representation of
potential drop distribution is given in Fig. 6. When the field reaches a sufficiently
high value, internal field emission occurs from the valence band of the nickel oxide
on the solution side of the SR to the conduction band of nickel oxide on the metal
side of the SR across the SR. This causes a breakdown of the SR, forming highly con-
ducting (because of high defect concentration) filaments. This brings down the po-
tential drop across the SR and the overall potential drop. The SR then again begins
to form. The repeated formation and breakdown of the SR is thus the main cause of
oscillations.

The dissolution of the film in the electrolyte may take place not only by creation
of cation vacancies in the film but also by the direct dissolution of holes (present in the
film) giving rise to higher valency aquo—nickel ions.

The SR mechanism was further supported by our experiments? on the effect
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of an additional anode pulse during the oscillation. At the crest where the SR is about
to break down, an additional pulse causes a more severe breakdown and the next
peak is, therefore, smaller. An additional anodic pulse given at the trough, however,
has little effect since the SR is already in the broken-down state.

If the SR is close to the solution—film interface, its formation and breakdown
may cause large changes in the structure of the film at the film—solution interface,
thereby causing corresponding large changes in the rates of dissolution. The picture
given by us is not, however, limited to homogeneous corrosion. The formation and
breakdown of the SR may cause preferential attack of metal in grain boundaries on
other appropriate types of localised defects in metal. In such cases, the oscillations
could as well be associated with the pitting type of corrosion’.

The observation of Tomashov® that a change from an active to passive state
can be brought about by passing an extremely small current (insufficient even to
cover the apparent surface by a unimolecular layer of oxygen) can be interpreted as
follows. The active state is presumably caused by a few conducting filaments across

|

)
—

10 ) 1o

12 v

1O

| -

Fig. 7. Experimental set-up for decay studies. (CCS), constant current source: 90-V battery with a high
resistance in series ; (A), milliammeter ; (C), experimental cell having a nickel anode, a platinum cathode and
the Luggin capillary of the reference electrode (Hg, Hg,SO,, 0.5 M H,S0,); (V), vacuum tube voltmeter :
Philips GM 6020, input impedance 1 MQ; (R), mercury-wetted relay : OSC Tektronix oscilloscope 531 A,
input impedance 1 MQ.

the SR. As the cross-sectional area of the filaments is only a small fraction of the total
surface, the build-up of the SR in the filament would require the passage of a very small
amount of electricity. Further experiments are necessary to establish the minimum
thickness of oxide film necessary for causing passivation, and the number and cross-

section of the conducting filaments, and for substantiating the interpretation given
above.

DECAY STUDIES

These experiments on potential decay were carried out on the nickel-sulphuric
acid system. The experimental arrangement is given in Fig. 7. Figures 8 and 9 give
the decay curves at the crest and trough of the oscillations. The fast decay is 125-130
mV at the crest and 165 mV at trough (the iR drop in the electrolyte between the
Luggin capillary and the anode is small and does not exceed a few millivolts). There-
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fore, the initial drop is lower at the crest than at the trough in spite of the potential
at the crest being higher by about 300 mV. This phenomenon can be interpreted
as follows.

Figs. 8-9. Decay of potential in nickel-sulphuric acid system on cutting off anodising current at the crest
of the oscillation (Fig. 8) and at the trough of the oscillation (Fig. 9), respectively. Anode, electrolyte and
current density as in Fig. 4.

The charge separation is mainly across the SR. When the polarising current
is cut off, the charges tend to neutralise. This can happen either across the external
circuit or through the SR. The resistance of the external circuit (i.e., input impedance
of the oscillograph and of the VTVM, each of which is IM Q) is very high. The neutra-
lisation is therefore almost solely across the SR. As the SR is in the broken-down state
in the trough of the oscillation, there is a quick neutralisation of charge through the
conducting filaments across the SR. A large drop in potential therefore takes place
in a short time. At the crest, however, the well-formed badly conducting domain of
SR allows a slower neutralisation of charge and therefore much of the drop has a
long time of relaxation. It is also clear from this that the voltage build-up from trough
to crest is not due to an increase in iR drop, but to a polarisation having a large time of
relaxation.

] 1N 3 |
| ,Nlll!l Ih‘.""

Figs. 10-11. Effect of momentary breaking of the circuit on oscillations. Electrode, electrolyte, current
density, as in Fig. 4 Momentary break of circuit at the second trough (Fig. 10) and at the second crest
(Fig. 11), respectively.

It is further of interest to examine the effect of momentarily breaking the cir-
cuit during the oscillations. Whether this is done at the trough or the crest, the next
oscillation is found to have a higher amplitude, as can be seen in Figs. 10 and 11.
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Fig. 12. Fast potential oscillations in silver-hydrochloric acid system under galvanostatic conditions.
Anode, as in Fig. 2; electrolyte, 10 M HCI; current density, 10 mA/cm?. Observations of oscillations are
recorded at intervals. The dotted lines indicate the amplitude of the potential oscillation as observed at the
different times of anodisation.

Fig. 13. Decay in a polishing system. Conditions as in Fig. 3 ; experimental arrangement as in Fig. 7; circuit
broken at oxygen evolution potential.

This is due presumably to a better formation of the SR, which offers a higher resistance
than that existing under stationary oscillation conditions.

The decay can be very fast if the SR does not exist, as in electropolishing
conditions (nickel in 509, H,SO, ; 200 mA /cm?). As can be seen in Fig. 13, the whole
of the potential drop takes place in less than 0.1 msec. Several seconds would be needed
for the decay to occur under passivating conditions where the SR is present (see
Fig. 14).

PN JUNCTION (PNJ) MECHANISM FOR HIGH FREQUENCY OSCILLATIONS

We now come to the anodic processes involving electronic conduction in the
film. One example (Fig. 12) is the behaviour of Ag-10 M HCI'. The potential shoots
up to as high as 50 V and shows rapid though irregular oscillations (higher than
100 kHz as observed in the oscillograph) of amplitude of 5 V or higher. This continues
for several minutes, while the mean potential goes on rising. There is chlorine
evolution, showing that electronic conduction is occurring. These can be inter-
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preted as follows. The anodic film of silver chloride consists of three regions. Near the
metal-film interface we have the silver ion excess region and near the film—solution
interface, we have the silver ion deficit region. The SR is formed somewhere between.
Under the conditions of the experiment, a good proportion of the associated electrons
in the silver ion excess region is in the conduction band, making it an N-type conduc-
tor. Similarly, the associated holes in the silver ion deficit region make it the P-type.
In between, a badly conducting PN junction (PNJ) can be expected to be formed.
There is a considerable potential drop across the PNJ domain. When the field goes
beyond a certain limit, the PNJ gets broken down by an avalanche type of breakdown
and causes highly conducting filaments to form. This brings down the potential. The
PNJ again builds up. The repeated formation and breakdown of the PNJ causes the
rapid oscillations.

Fig. 14. Build-up and decay curves in a passivating system. Nickel anode as in Fig. 1; electrolyte, 0.5 M
NiSO,;pH=3.“On"atA,C,E,G;“Off’at B,D, F.

The PNJ mechanism explains the abnormal transfer coefficients for the Fe?*,
Fe®* system at passivated nickel electrodes, observed by Makrides®, which are con-
nected with the significant changes in PNJ in the film by even small amounts of current
passing in the cathodic and anodic directions.

Similarly, if the PNJ is near the film—solution interface, there can be sudden
gas evolution during the breakdown of the PNJ. Furthermore, a large breakdown of
the PNJ may cause dielectric breakdown in solution causing the anode effect.

INTERPRETATION OF THE POTENTIOSTATIC CURVE

A working hypothesis for interpreting the potentiostatic curve (Fig. 1, curve 2)
for nickel in sulphuric acid is now presented.

The first rising portion, AB, shows the nickel ion entry from the metal into
the film is the rate-determining step. The curve should rise exponentially, but, in fact,
starts falling along CD because a compact film starts building up as the current tends
to reach the value necessary for the build-up® of the necessary concentration of dis-
solved Ni (i.e., NiOH * ?) near the electrode. The film is mostly a Ni** excess film. The
part covered by the compact film dissolves much more slowly than the bare metal or
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the non-compact film and by the mechanism of excess Ni?* in the film entering the
solution to meet the acceptor molecules or ions in solution. The horizontal portion,
EF, corresponds to the rate of removal of excess Ni?* from a surface completely
covered by the excess Ni? ™ film, and the current is controlled by this step. GH repre-
sents the formation of vacancies, and conduction by movement of vacancies which is
better than by interstitials. IJ represents formation of a thick SR, and KL the progres-
sive breakdown of the SR. Beyond 1.7 V, electronic conduction causes oxygen
evolution.

INTERPRETATION OF THE FORMS OF ANODIC DISSOLUTION

(a) At low overvoltages in suitable etching electrolytes, the dissolution is
controlled by the rate of entry of Ni*™ from the metal into the film which is different
Sfor grain boundaries and for the different faces of the grains. This gives metallographic
etching.

(b) Under conditions when a compact solid structureless film or a viscous
liquid film of electrolyte forms, the rate of dissolution becomes identical at the hills
and valleys and leads to polishing by the Edwards mechanism!?!1.

Figs. 15-16. Microphotographs of nickel anodically treated under potentiostatic conditions. Anode, as in
Fig. 1: electrolyte, 0.5 M H,SO, ; steady current density, 5 mA/cm?; time of treatment, 15 min. Potential
1.35 V (Fig. 15) and 0.15 V (Fig. 16).

(Figure 15 is a microphotograph of nickel after it was anodically dissolved at a
potential of 1.35 V (NHE) under conditions corresponding to (a) and Fig. 16 gives
that dissolved at 0.15 V under conditions corresponding to (b). Both were subjected
to the same current density. Conditions corresponding to (a) have resulted in etching
whereas those in (b) have resulted in polishing. The true current densities no doubt
would have been somewhat different, but the results would not be different even at
equivalent true current densities.)

(¢) Polishing can also be obtained by a reversible unimolecular adsorption film
of an addition agent, the dissolution taking place through the adsorption-free sites
which go on changing with time and statistically produce a uniform dissolution at
hills and valleys. Since in polishing, the hills and valleys to be levelled out are nume-
rous and are of very small magnitude, field-controlled preferential dissolution of hills
does not occur to any large extent.
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(d) If the film present is a thick solid film having a coarse structure of its own,
the dissolution is patterned on the structure of the solid film and this leads to roughen-
ing.

(e) Passivity is caused by a film which has an extremely low ionic conductance
which may, nevertheless, be sufficiently electronically conducting.

(f) Porous films and flocks are formed by fast creation of vacancies by acceptor
ions or molecules. The porous film may bring down convection and help the formation
of the compact film.

(g) Tons such as CI~ may replace O*~ in the oxide film and would induce more
of the cation vacancies (to bring about electroneutrality) and cause higher ionic
conduction and enhance the corrosion. They may also act as good acceptor ions to
remove cations from the oxide film or the metal.

(h) The oscillations may be associated with pitting if the metal shows gross
heterogeneity in the initial solution processes. Once the dissolution is localised for a
short time, the chloride ions may accumulate in the solid film near the spot and make
it easier for anion transport and hence accentuate the dissolution at this point,
causing the pitting.

(i) Indefinite growth of film is ensured in a film full of electron and hole traps so
that electronic conduction becomes impossible.

(j) Electronically conducting films would cause oxygen evolution.

(k) A sudden breakdown of a PNJ near the film-solution interface could cause
the anode effect.

CONCLUSION

We have shown in an earlier paper that the remarkable reversibility of the
calomel electrode and the systematic variation of the thermodynamic properties
of the solid halides of mercury and silver in contact with aqueous solutions having
varying concentrations of halide ions, are caused by solid-state effects!?. Future
progress in the study of passivity and even some cathodic processes is intimately
bound up with a clearer understanding of solid-state effects in the films formed on the
electrodes.

SUMMARY

The SR and PNJ mechanisms of Indira and Doss for explaining potential
oscillations in galvanostatic systems have been described. Additional evidence, based
on decay studies, in favour of the mechanism has been presented. The SR is shown to
give a good picture of passivity and is also useful for explaining the abnormal beha-
viour of passivated nickel electrodes, and how an apparent coverage of even a fraction
of the metal surface by oxygen atoms can cause passivity. A working picture has been
given to the potentiostatic curve for nickel in sulphuric acid, on the basis of the SR.
The mechanism of various forms of anodic dissolution and related phenomena is
discussed in relation to SR and PNJ.
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EIN VERFAHREN ZUR SYNCHRONISATION POLAROGRAPHISCHER
MESSVORGANGE MIT DER TROPFZEIT

GUNTER WILLEMS unp ROLF NEEB
Institut fiir Anorganische Chemie und Kernchemie, Johannes Gutenberg-Universitdt, Mainz ( Deutschland)

(Eingegangen am 4. November, 1968)

EINFUHRUNG

Vielfach ist bei polarographischen Untersuchungen eine Synchronisation von
Schaltvorgidngen mit der Tropfzeit notwendig. Die Synchronisationsverfahren lassen
sich in zwei Gruppen einteilen. Einmal wird der Tropfenabfall durch mechanisches
Abklopfen® ~#, einen elektrischen Stromstoss*> oder einen Druckimpuls® erzwungen.
Der Tropfenabfall wird hier von einem periodischen Programm selbst bestimmt. Bei
einer anderen Gruppe von Verfahren liefert der freie Tropfenabfall das Startsignal
zum Ablaufdes Programms. Das Startsignal wird auf elektroakustischem’, auf photo-
elektronischem® ™ 1° Wege oder aus dem sprunghaften Stromabfall’*-'? oder Impe-
danzwandel'3~22 beim Tropfenabfall erhalten.

Das von uns vorgeschlagene Verfahren benutzt ein natiirliches Synchronisa-
tionssignal der polarographischen Zelle, das beim Tropfenabfall zwischen Tropf- und
Vergleichselektrode auftritt (siche Abb. 1). Diese negativen Spannungsspriinge sind
in der Literatur bereits mehrfach beschrieben?® =25, ohne aber bisher zu Synchronisa-

tionszwecken ausgenutzt zu werden. Die Spannungsspriinge kénnen mit Hilfe der
Deutung der Potentiale von Metallen in eigenionenfreien Losungen erklart wer-
den

26,29

Abb. 1. Spannung einer polarographischen Zelle bei Tropfenabfall in Abhéngigkeit von der Zeit. Keine
dusseren Spannungen oder Strome angelegt. Grundelektrolyt: 1.2 N HCI; X-Ablenkung: 200 msec/cm
(Raster=1 cm); Y-Ablenkung: 50 mV/cm; Eingangswiderstand des Oszillographen (= Zellaussenwider-
stand): 10 MQ; Niveauhohe : 650 mm ; Kapillare: 0.05 mm (¥ ; Tropfzeit in 1 N KCl bei offener Zelle : 3.1 sec.
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Abb. 2. Spannungsverlauf an einer Stationirelektrode (stehende Extrusionselektrode nach Lit.%) bei
Abstreifen mit mechanischem Abstreifer. Keine dusseren Spannungen oder Strome angelegt. Grund-
elektrolyt: 1.2 N HCI; Oszillograph: X-Ablenkung 100 msec/cm, Y-Ablenkung 10 mV/cm; Eingangs-
widerstand (= Zellaussenwiderstand) 10 MQ; Kapillare: 0.5 mm J; Tropfengrdsse: 0.9 mm .

Streift man den Tropfen einer stationdren Quecksilberelektrode (stehende
Extrusionselektrode nach Lit.*°) mit Hilfe eines mechanischen Abstreifers®! ab, so
erhdlt man einen schwingungsformigen Spannungsverlauf (siche Abb. 2) ohne die
deutliche Spannungsspitze* der Abb. 1. Einen Spannungsimpuls, dhnlich der Abb. 1,
erhdlt man jedoch bei der Neubildung des Tropfens an der Stationérelektrode, wobei
die Hohe des Spannungsimpulses mit der Bildungsgeschwindigkeit des Tropfens
ansteigt (vergl.im folgenden die Abhéngigkeit des Spannungsimpulses von der Niveau-
hohe). Die Entstehung der Impulse ist also ursichlich mit der Neubildung der
Elektrodenoberfliche verkniipft. Die Schwingungsfrequenz bei Abstreifen an der
Stationdrelektrode (vergl. Abb. 2) stimmt nicht tiberein mit den bei Tropfkapillaren
gleichen Durchmessers beim Tropfenabfall auftretenden Frequenzen?3:24:32:33,
Wahrscheinlich handelt es sich bei der beobachteten Schwingung an der Stationdr-
elektrode um eine Sdulenschwingung des Quecksilbers in der Kapillare. Eine in Abb.
2 erkennbare hohere Schwingungsfrequenz ist vermutlich Oberflichenschwingungen
zuzuordnen, die an Quecksilbertropfelektroden beobachtet werden und die bei
hoéherer Auflésung auch in Abb. 1 zu erkennen sind.

Die Hohe des Spannungssprunges (vergl. Abb. 1) hingt von der Art des
Anions und des Kations der Grundlésung ab?®. Die meist nicht zu vermeidende An-
wesenheit geringster Spuren von Depolarisatoren (z.B. Sauerstoff, Quecksilberionen)
fithrt zu einer Dampfung und einem Abklingen des urspriinglich bei Tropfenabfall
auftretenden Spannungssprunges, aus dem dadurch der in Abb. 1 gezeigte Span-
nungsimpuls entsteht. Ein Aussenwiderstand an der polarographischen Zelle vermin-
dert ebenfalls die Impulshohe (siche Abb. 3). Ebenso wirkt sich die Zunahme der
Tropfzeit (Verringerung der Quecksilberniveauhshe) aus (siche Abb. 4).

* Der kleine negative Anstieg unmittelbar nach Abstreifen, in Abb. 2 links zu erkennen, stellt moglicher-
weise einen geringfiigigen Potentialanstieg gleicher Art wie in Abb. 1 dar. Es ist denkbar, dass beim Ab-
streifvorgang kurzzeitig dhnliche Verhiltnisse herrschen wie beim frisch heranwachsenden Tropfen an der
Tropfkapillare.
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Abb. 3. Abhingigkeit der Hohe der Spannungsspitze vom Aussenwiderstand R. Grundelektrolyt: 1.2 N
HCI; Kapillare : wie Abb. 1, jedoch Niveauhthe 40 cm. (E,), Spitzenhohe ; (Z), Zelle; (I), Impedanzwandler
(Eingangswiderstand 10'°Q); (O), Oszillograph.

Abb. 4. Abhingigkeit der Hohe E,, der Spannungsspitze von der Quecksilberniveauhdhe h. Grundelek-
trolyt 1.2 N HCl; Zellaussenwiderstand 10 MQ; Kapillare wie Abb. 1.

BESCHREIBUNG DER ANORDNUNG

Die von uns vorgeschlagene Synchronisationsmethode ist fiir polarogra-
phische und voltammetrische Verfahren geeignet, die die Polarisationsspannung(en)
wihrend des Tropfenabfalles abschalten (siehe z.B. Lit.>*). Dabei entlddt sich die
Doppelschichtkapazitit der Elektrode infolge stets vorhandener Depolarisator-
spuren (Quecksilberionen)* oder dusserer Widerstdnde, was zu einem zeitlichen Abfall
der an der Elektrode vorhandenen Spannung fithrt. Die am Tropfen bei Tropfenab-
fall noch auftretende “Restspannung” beeinflusst auch die in Abb. 1 gezeigten Span-
nungsimpulse. Im allgemeinen wird bei steigender Restspannung die Hohe des in
Abb. 1 gezeigten Spannungsimpulses geringer. Soll der Abschaltzeitpunkt der Pola-

Zum Programm-
steuergerdt

vom Polarographen —\——i—{ v ali MM
RI 3 c

&, []=

- <

Abb. 5. Prinzipanordnung der Pulsformerstufe. (R1), Relais; (Z), Polarographische Zelle; (V), Verstérker;
(MM), Monovibrator.

* Vergleiche Coulostatische Analyse?®.
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risationsspannung dicht (z.B. 50 msec) an den Tropfenabfall gelegt werden, so kann
die dann noch hohe Restspannung storen. Es zeigte sich, dass die Verkleinerung der
Restspannung durch einen Zellaussenwiderstand giinstig ist, obwohl dieser auch den
Spannungsimpuls dampft (vergl. Abb. 3).

Das Prinzipschaltbild einer Anordnung, die aus dem Zellsignal einen Syn-
chronisationsimpuls bildet, zeigt Abb. 5. Relais Rl schaltet, vom Programmgerat*
gesteuert, die Polarisationsspannungen. Das Zellsignal (Abb. 1) gelangt tiber C, auf
den Verstirker V. Die verstirkte Anstiegsflanke des Signals erzeugt am Differenzier-
glied CR eine scharfe Spitze, deren Vorderflanke am Monovibrator einen Rechteck-
impuls auslost, der das Programmsteuergerat startet.

Bei polarographischen Verfahren mit angelegter Wechselspannung konnen
Stoérungen auftreten, da Wechselspannungen (ausreichender Amplitude) kurz vor
dem Abschalten noch Synchronisationssignale verursachen, die das Programm-
steuergerit sofort wieder starten. Auch wiire der Verstdrker bei grossen Wechselspan-
nungsamplituden tibersteuert. Weiterhin ist es giinstiger, die Anordnung wiahrend der
Messvorgédnge von der Zelle zu trennen. Legt man den Verstarker V an einen Ruhe-
kontakt des Relais R1, so lassen sich die genannten Stérungen umgehen. Die Anord-
nung wird jedoch etwas komplizierter, da das Verbinden des Verstédrkers V mit der
jeweiligen Restspannung der Zelle einen steilen negativen Impuls darstellt, der ein

A B _C B B BF
c m V
[}
F o}
a
o
C
o
g D
L
o
¢

Ro R5

=
9 v it MM1
> RI

>0:

B <::l1 | E
+14AV—%RI —L[_ WBJ_ %Igtartimpuls
T
L
E

Z ] RA MM2 UND
Zum Programm-
steuergeradt

Abb. 6. Blockschaltbild der Pulsformerstufe mit Verzogerungskreis. (A), Abschalten der Gleichspannung;
(B), Vorderflanke des Synchronimpulses; (C), Einschalten der Gleichspannung; (E), Ende Verzogerungs-
impuls ; (F), Ende Synchronimpuls (richtet sich nach Programmsteuergerit). Inverterstufen sind im Block-
schaltbild weggelassen. (V), Verstirker Philbrick P85 AU, (RI), Relais Clare International N.V. Typ
HG 2A-1003; (R,), 470 k ; (R,), 470 k; (R ), 68Q; (R;), Trimmpotentiometer 20 k; (R), 1.5 k; (C,), 30 nF;
(C), 220 nF; (D), OA 95.

L L

Synchronisationssignal erzeugt. Die in Abb. 6 gezeigte Anordnung vermeidet dies
durch einen Verzoégerungskreis: iiber einen zweiten Kontakt des Relais R1 wird bei
Abschalten der Gleichspannung eine monostabile Kippstufe MM2 angesteuert, die
einen Rechteckimpuls liefern muss, der langer ist als die Schaltzeit des Relais und die
Pulsdauer von MM1 zusammen. Die Riickflanke dieses von MM2 gelieferten

* Das verwendete Programmsteuergerit arbeitet digital mit Quarz-Zeitbasis und vier beliebig kombinier-
baren Zeitvorwahlen.
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Abb. 7. Abhéngigkeit der Hohe E,, der Spannungsimpulse von der Vorpolarisationsspannung E. Schalt-
intervall der Gleichspannung: 0.5-3 sec nach Tropfenbeginn eingeschaltet. Kapillare : 0.05 mm ¢, Tropf-
zeit: 3.5 secin 1 M KCl bei unbelasteter Zelle, Niveauhdhe 52 cm Zellaussenwiderstand R, (vergl. Abb. 6.)
= 00. Messung mit Oszillograph (vergl. Abb. 1). (——-), Empfindlichkeitsgrenze der Anordnung.

(a) Einfluss des Entliiftens auf die Spannungsimpulse. Entliiftung 5 min bei —0.1 V mit nachgereinigtem
Stickstoff. (1), 2 M HCIOy, entliiftet; (2), 1.2 M HC], entliiftet; (3), 1.2 M HCI, nicht entl.; (4),2 M HCIO,,
nicht entl. (b) Spannungsimpulse in entliifteten Salzlssungen. (1), gilt angenéhert fiir: A1C15(2.4 M), MgCl,(2
M), CaCly(bei 20 gesittigt), Ca(NO3),(4 M), MgSO,(2.6 M), NaCH;COO(1 M). (2), NaNO;(7.1 M);
(3), (NH,4),S04(3.6 M); (4), K,CO4(0.1 M). (c) Einfluss von Komplexbildnern auf den Spannungsimpuls.
(1), 1 M Na-Tartrat/2 M NaOH;; (2), 0.1 M Titriplex [1I/2 M NaOH;; (3), 0.2 M K-Oxalat/2 M NH,OH ;
(4),1 M KBr;(5), 1 M NH,Cl/1 M NH,OH. Gegenelektrode bei allen Versuchen: Ag/AgCl.

Impulses 6ffnet tiber ein Flipflop FF ein Tor des UND-Gates. Erst dann kann ein
auf den Verstirker V gelangendes Signal am Ausgang des UND-Gates ein Synchro-
nisationssignal erzeugen, dessen hintere Flanke das Flipflop zuriickstellt. Diode D
iber dem Verstérker verhiitet, dass positive Impulse die Anordnung ansteuern.
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EIGENSCHAFTEN DES SYNCHRONISATIONSVERFAHRENS

Das Synchronisationsverfahren bewéhrte sich in vielen Grundldsungen. Der
Verstirker V (vergl. Abb. 5) wurde so ausgelegt, dass ein Spannungssprung (vergl.
Abb. 1) von 5 mV noch zur Ansteuerung ausreichte. Im allgemeinen sind die Span-
nungsspriinge bei Tropfenabfall sehr viel grosser (siche Abb. 7).

Fiir viele mineralsalzhaltige, entliiftete Losungen ist die Abhiingigkeit des
Spannungsimpulses E, von der Vorpolarisationsspannung E dhnlich (siehe Kurve 1
in Abb. 7b). In nichtentliifteten Lésungen zeigen die Kurven einen etwas anderen Ver-
lauf (siche Abb. 7a). Die Abnahme der Spannungsimpulse zu negativerer Vorpola-
risation E hin ist wegen der Zunahme der Restspannung verstindlich, jedoch sind
auch die Anderung der Tropfzeit, nachdem das Polarisationsintervall konstant
gehalten wurde, und der Gang der Doppelschichtkapazitit mit E von Einfluss auf
die Restspannung. Dies mag erklidren, warum nicht alle Kurven der Abb. 7 nach
negativeren Potentialen hin abfallen.

Depolarisatoren vermogen oberhalb ihres Abscheidungspotentials die Span-
nungsspitze zu dimpfen. In Kupfer-, Cadmium-, Wismut- und Bleildsungen arbeitete
das Verfahren jedoch bis zu Konzentrationen von 10~ 3 M einwandfrei. Zur Bestim-
mung so hoher Depolarisationskonzentrationen sind synchronisierte Messvor-
ginge meist nicht erforderlich. Die Ddmpfung durch Depolarisatoren zeigt sich auch
im Gebiet der Quecksilberauflosung (vergl. Abb. 7). In nichtentliifteten Lsungen
(vergl. Abb. 7a) tritt deshalb bei kleinen negativen Vorspannungen E ein Abfall der
Spannungsspitze auf. Gleichzeitig erhalt man in solchen Lésungen im negativeren
Gebiet eine Stabilisierung der Spannungsspitze, da die Restspannung durch den
Depolarisatorgehalt verkleinert wird.

Losungen von Komplexbildnern, die die Quecksilberauflésung in negativere
Bereiche verschieben, zeigen eine starke Dampfung der Spannungsimpulse, so dass das
Verfahren gelegentlich bei positiveren Potentialen versagt. Dies tritt ein, sobald eine
Kurve die Empfindlichkeitsgrenze (5 mV — gestrichelte Linie in Abb. 7) der Anord-
nung unterschreitet. In Gebieten so starker Quecksilberauflésung ist auch die Be-
stimmung anderer Elemente gestort, sodass dies keine Einschrinkung des Verfahrens
bedeutet.

Tenside, wie Eulan NK, Sulfetal K90, Triton X 100, kénnen in hoheren Kon-
zentrationen (0.1 und mehr) die Spannungsspitze in manchen Potentialbereichen
ungiinstig beeinflussen. Bei den analytisch angewandten, kleineren Konzentratio-
nen (vergl. z.B. Lit.?¢) reichte jedoch die Spannungsspitze zur Synchronisation aus.

Das von uns vorgeschlagene Synchronisationsverfahren benotigt keinerlei
(eventuell stérende) Hilfsspannungen oder Hilfsstrome zur Feststellung des Trop-
fenabfalles.

Uber das Tropfzeitverhalten der frei tropfenden Elektrode bei synchronisier-
ten Schaltprogrammen wird in einer spéteren Arbeit berichtet.

Die vorliegende Arbeit wurde in dankenswerter Weise durch Mittel der

Deutschen Forschungsgemeinschaft und des Verbandes der Chemischen Industrie
ermoglicht.
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ZUSAMMENFASSUNG

Eine Anordnung zur Synchronisation von Schaltprogrammen mit der Tropf-
zeit der Quecksilbertropfelektrode mit Hilfe eines natiirlichen Signals der polaro-
graphischen Zelle wird beschrieben. Das Signal wird bei offener Zelle, ohne Anschluss
dusserer Spannungen oder Strome erhalten. Einfliisse von Grundlésungen, Depola-
risatoren, Tensiden und Komplexbildnern auf das Zellsignal werden untersucht.

SUMMARY

An arrangement for the synchronisation of a switching programme with the
drop-time of a dropping mercury electrode using the natural signals of the polaro-
graphic cell is described. The signal is from the open cell circuit without recourse
to any external potential or current. The effect of base electrolyte, depolarisers,
surfactants and complex formation on the cell signal has been investigated.
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DOPPELSCHICHTKAPAZITATSMESSUNG MIT DER BREYER-WECHSEL-
STROMPOLAROGRAPHIE (TENSAMMETRIE)

H. JEHRING
Forschungsbereich Physikalische Methoden der Analytischen Chemie, Zentralinstitut fiir Physikalische
Chemie, Deutsche AKademie der Wissenschaften zu Berlin, Berlin-Adlershof (DDR)

(Eingegangen am 7. November, 1968)

. DEFINITION

Nach der bereits im Titel verwendeten Definition verstehen wir unter Ten-
sammetrie den Einsatz einer speziellen Messtechnik (Wechselstrompolarographie
oder -voltammetrie nach Breyer!-?) fiir die Untersuchung bestimmter Elektrodener-
scheinungen (Kapazitit der Phasengrenze Elektrode/Elektrolyt und deren Beein-
flussung durch Adsorption).

Wegen der Abhingigkeit der Kapazitit und der Adsorption vom Elektroden-
potential werden Kapazitits—Potential-Kurven aufgenommen. Methodisch erfolgt
dies durch Einspeisung einer kleinen konstanten Wechselspannung und Registrierung
des resultierenden Wechselstromes als Funktion der angelegten verdnderlichen
Gleichspannung.

Das zweite und urspriingliche Anwendungsgebiet der Methode mit tiberlager-
ter Wechselspannung ist die Untersuchung der Durchtrittsprozesse (von Breyer als
eigentliche Wechselstrompolarographie bezeichnet zur Unterscheidung von der
Tensammetrie, die Vorginge ohne Ladungsdurchtritt erfasst)®. Die Bezeichnung
Wechselstrompolarographie ist folglich sowohl als Uberbegriff der Tensammetrie
als auch als gleichgestellter Begriff im Gebrauch.

Fir die Untersuchung des hier gewdhlten Messobjektes, der Doppelschicht-
kapazitit, stehen noch andere. einfachere und kompliziertere elektrochemische Me-
thoden bereit, z.B. Impedanzmessbriicken oder auch die einfache Gleichstrom-
polarographie und oszillographische Polarographie*” 7. Diese Untersuchungen
fallen nach unserer Definition nicht unter den Begriff der Tensammetrie, obgleich
fur das Untersuchungsobjekt dieselben elektrochemischen Grundlagen bestehen.

Das ihr entgegengebrachte Interesse verdankt die Doppelschichtkapazitit in
erster Linie ihrer ausgepriagten Sensibilitdt gegeniiber Adsorption an der Elektrode,
die in allen elektrochemischen Problemkreisen eine wesentliche Rolle spielt und
ferner die analytische Erfassung nicht reduzierbarer grenzflachenaktiver Stoffe mog-
lich macht. In der Untersuchung der Adsorption liegt damit auch das eigentliche Ein-
satzfeld der Breyerschen Tensammetrie.

2. HISTORISCHE ENTWICKLUNG

Auf die Adsorption an Elektroden spricht nicht nur die Kapazitat C, sondern
z.B. auch die Grenzflichenspannung y der elektrisch geladenen Phasengrenze Elek-
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trode/Elektrolyt an, die nach Lippman iiber eine einfache Beziehung mit der Kapazitit
verkniipft ist:

E E
Y=g, — JE qdE = yg — fj CdE? (1)

Eo
Die Beeinflussung der Ladungsdurchtrittsprozesse durch Adsorption (z.B. die Inhi-
bition) gehort nicht mehr unmittelbar zu den Kapazititseffekten und bleibt deshalb
hier ausser Betracht.

An der Anderung der Grenzflichenspannung (Elektrokapillarkurve) wurde
nun auch erstmalig das Adsorptionsphinomen von Gouy® gefunden und niher
untersucht. Die Entdeckung des Adsorptionseinflusses auf die Doppelschichtkapazi-
tat (mit einem Substitutionsverfahren) geht auf Proskurnin und Frumkin® zuriick.
Durch den Einsatz geeigneter Prazisionsbriickenmesstechniken konnte das Gebiet
dann spiter niher exakt bearbeitet und theoretisch interpretiert werden!®!!. Die
Breyerschen Untersuchungen mit der Wechselstrompolarographie ergaben dieselben
Erscheinungen und wurden daraufhin auf verschiedene grenzflichenaktive Stoffe
ausgedehnt!?:13,

Der Einsatz der Breyer-Tensammetrie erbrachte zwar durch die einfache
Messtechnik viele interessante Phdnomene, hatte jedoch an der quantitativen Er-
forschung der Kapazitits- und Adsorptionsgesetzmassigkeiten zundchst nur einen
geringeren Anteil. Auch der Vorteil der gegeniiber den Briickenmethoden sehr viel
einfacheren Aufnahmetechnik wurde nicht ausgeniitzt. Erst die in den letzten Jahren
erfolgte stirkere Beachtung der Wechselstrompolarographie im Gerdtebau erméog-
licht eine volle Leistungserprobung der Tensammetrie.

Voraussetzung ist jedoch eine exakte (bisher hdufig etwas zu grossziigig und
mehr qualitativ gelibte) Mess- und Auswertetechnik unter Anwendung der mit den
(zeitlich und apparativ sehr viel aufwendigeren) Prizisionsbriickenmethoden erhal-
tenen theoretischen Grundlagen.

3. MESSTECHNIK

Die Polarisation der Elektrode mit der Gleichspannung E erfolgt nach der
inder klassischen Polarographie iiblichen Weise und in den auch dort iiblichen Poten-
tialbereichen. Die Einspeisung der Wechselspannung U und die Messung des Wechsel-
stromes I kann parallel oder in Reihe zur Gleichspannung erfolgen. Besonders in
hochohmigen Losungen ist eine potentiostatische Arbeitsweise hinsichtlich E und U

zweckmissig!*13.
Die Empfindlichkeit nimmt nach
I=2mvUC  (w=2nv) (2)

mit der Amplitude U und Frequenz v der Wechselspannung zu, das Auflésungsver-
mogen nimmt dagegen mit U ab. Die gebrauchlichen U-Werte liegen zwischen 1 und
20 mV.

Die Frequenzen konnen zwischen 10 Hz und 10 kHz betragen. Mit steigender
Frequenz gehen jedoch die nicht interessierenden Reihenwiderstdnde Ry, der Mess-
anordnung (Zelle, Elektronik) zunehmend verfalschend nach

I=U{(0C) 2+ Ry} * = UnC(REw*C*+1)"* (3)

- P As liAsAN ma AR
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mit in das Messergebnis ein'®!”. Diese miissen durch Sondermassnahmen (Uber-
briickung mit hohen Kapazititen, hohe Leitsalzkonzentration) weitestgehend elimi-
niert oder bei der Auswertung rechnerisch beriicksichtigt werden!®~2°. Die An-
wendung der einfachen Gl. (2) setzt voraus, dass in Gl. (3) R4w?C? < 1 gilt?!. Das
tibliche Frequenzgebiet liegt daher zwischen 10 und 300 Hz (beziiglich der tensam-
metrischen Wellen, die nicht rein kapazitiven Charakter besitzen und zusitzlich
frequenzabhingig sind, siche Abschnitt 5.3).

Als Wechselspannungsquelle kann das Netz iiber Transformator oder besser
ein RC-Generator (Ausschaltung von Stérungen durch Netzfrequenz und variable
Frequenz) dienen. Die Strommessung erfolgt an einem in Reihe geschalteten Arbeits-
widerstand als Spannungsabfall. Die Messempfindlichkeit, aber auch der parasitire
Einfluss nach GI. (3) nimmt mit dem Arbeitswiderstand zu. Der Wert sollte daher bei
0.1-10 Q liegen, wenn die Empfindlichkeit des nachfolgenden Verstirkers ausreicht.
In Sonderfillen (hohe analytische Empfindlichkeit und Eichkurvenauswertung) kann
der Wert bis zu 200 Q gesteigert werden.

Die Verstarkung des Wechselspannungssignals iiber dem Arbeitswiderstand
wird zur Ausschaltung von Fremdsignalen (héhere Empfindlichkeit und Genauigkeit)
moglichst frequenzselektiv durchgefiihrt. Nach der Gleichrichtung (und evtl. Damp-
fung der Tropfenoszillationen) erfolgt die Registrierung auf einem gesonderten Schrei-
ber oder dem Schreiber des Gleichstrom-Stammgerites (das auch die Gleichspannung
liefert) als Funktion des Elektrodenpotentials.

Zur Auswertung kann direkt die Wechselstromstirke Iz als Mass fiir die
Elektrodenkapazitit Cy benutzt werden, was fiir die meisten analytischen Aufgaben
ausreicht. Besser ist die Eichung des Ausschlages bei jeder Messreihe mit Prizisions-
kapazititsdekaden (anstelle der Zelle geschaltet), gegebenenfalls unter Zuschaltung
von Reihenwiderstdnden zur Beriicksichtigung unerwiinschter Serienwiderstinde.
Dies gilt besonders bei Einsatz hoherer Frequenzen.

Giinstigere Bedingungen hinsichtlich des Ry-Einflusses mit gleichzeitiger
Méglichkeit der Phasenwinkelmessung verspricht die von Bauer?? vorgeschlagene
Wechselspannungspolarographie (Uberlagerung eines konstanten Wechselstromes
und Messung der Wechselspannung iiber der Elektrode)®:23.

An stationdren Elektroden ist die Umrechnung der Elektrodenkapazitit Cg
(uF) tiber die Oberfliche 4 (cm?) in die spezifische Kapazitit pro Flicheneinheit
C (uF cm™?) leicht méglich nach

Ce=CA (4)

Dies gilt auch fiir ungeddmpfte Kurven bei der tropfenden Elektrode mit dem
Maximalwert C,, bei der Tropfzeit ¢, aus A, Bei starker Dimpfung der Tropfen-
oszillationen kann C aus dem Mittelwert der Tropfenzacken C mit der mittleren
Oberfliche A~0.6 A,, annihernd berechnet werden. (Der theoretische Wert 0.6 wird
nicht exakt erreicht, da die Messanordnung keine einfache Integration liefert)!.
Abweichungen von der einfachen A-t-Funktion, z.B. durch Riickdruckein-
fluss**2%, miissen gegebenenfalls rechnerisch mit beriicksichtigt werden. Beim Ar-
beiten mit einer selbsttitig tropfenden Elektrode (ohne Tropfkontroller oder Tast-
einrichtung) ist ferner die Abhingigkeit der Grenzflichenspannungy vom Elektroden-
potential E und von der Adsorption und damit die Auswirkung auf die Tropfzeit ¢,
bzw. A4,, und 4 (bei konstanter Ausflussgeschwindigkeit) zu beachten'®-2¢ (Abb. 1c).
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Die umstindliche manuelle Aufnahmetechnik (Auftragen des Voltmeteraus-
schlages gegen das schrittweise von Hand verinderte Elektrodenpotential) sollte
eigentlich, von Sonderfillen wie Phasenwinkelmessung udgl. abgesehen, nur noch
historische Bedeutung besitzen, weil hiermit der markante Vorteil der Breyer-Technik
(Schnelligkeit, Automation) auch nicht anndhernd genutzt wird. Seit Erscheinen der
Monographie von Breyer und Bauer? ist die Wechselstrompolarographie messtech-
nisch soweit verbessert worden, dass heute tensammetrische Untersuchungen mit
dergleichen Routine durchgefithrt werden konnen wie gleichstrompolarographische.
In den vergangenen Jahren sind nicht nur mehrere Publikationen iiber Laborauf-
bauten mit Schreiberregistrierung und tber Laborzusatzeinrichtungen fiir Gleich-
strompolarographen erschienen::14:13:19:22:23.26 749 " eg gind auch bereits fiir die
Kapazititsmessung geeignete Geriite kommerziell erhiltlich?¢-3~ 3%,

Auch der Barkersche Square-Wave-Polarograph eignet sich bei Einbau eines
gesonderten Integrationsgliedes zur Kapazititsmessung® >3, In der urspriing-
lichen Form (mit Kapazititsstromunterdriickung) konnen damit nur die tensam-
metrischen Wellen aufgenommen werden®” ; dies gilt ebenfalls fiir die in Japan ein-
gefithrte oszillographische Square-Wave-Polarographie®®3. Auch noch andere an-
gebotene Wechselstrompolarographen bzw. Zusatzgerite sind speziell fiir Durch-
trittsprozesse (Depolarisatoren) ausgelegt. Die zur Empfindlichkeitssteigerung fest
eingebaute Einrichtung zur Kapazitidtsstromkompensation (z.B. phasenempfind-
liche Anzeige mit fixiertem Phasenwinkel) macht diese Gerite fiir Kapazititsmes-
sungen ungeeignet®2:°°, Vorteilhaft, aber mit Vorsicht einzusetzen, sind Gerite zur
Aufnahme der Frequenzabhingigkeit.

Die der Breyer-Methode zugrundeliegende einfache Strom Spannungs-Mes-
sung ermoglicht nicht nur eine schnelle Registrierung, sondern weiterhin eine wenig
aufwendige Automation in der Prozess-Kontrolle und -Steuerung?®-®! ~©3 sowie auch
die rasche Computer-Auswertung der Ergebnisse!*-°4~ ¢,

4. KURVENVERLAUF UND AUSWERTUNG

In der Regel werden Wechselstrom—Potential- (I, .—E-) bzw. Kapazitdts—Poten-
tial- (Cp—E-)Kurven aufgenommen, an der tropfenden Elektrode zweckméssig mit
entsprechender Dampfung?® (Abb. la). Daneben haben noch Wechselstrom-Zeit-
(Ig—t-) bzw. Kapazitits—Zeit- (Cg—t-) Kurven bei konstantem Elektrodenpotential E
Bedeutung!®41:57:67=77 7 B, fiir die Untersuchung der Zeitabhiangigkeit der Ad-
sorption oder fiir die Verfolgung in der Losung ablaufender Reaktionen bzw. Kon-
zentrationsinderungen. An stationdren Elektroden ist der Zeitraum nahezu unbe-
grenzt. An der tropfenden Elektrode haben wir einmal die Mdglichkeit, innerhalb
eines Tropfenlebens (¢ < t,,) z.B. Anderungen an der Elektrode (Adsorptionsgeschwin-
digkeit) zu untersuchen (Cp—t-Kurven ungedampft). Zweitens konnen Anderungen in
der Losung tber den Zeitraum mehrerer Tropfen (t >1,,) Uiber ldngere Zeit hin ver-
folgt werden (C-t-Kurven, gedimpft) (Abb. 1b). Die Darstellung der Cy—t-Kurven
kann sowohl vor der Gleichrichtung auf einem Kathodenstrahloszillographen (Abb.
1d) als auch nach der Gleichrichtung mit Galvanometer oder Schreiber (kurze An-
sprechzeit) (Abb. 1c) erfolgen. Schliesslich ist es moglich, noch kiirzere zeitliche Ver-
inderungen, namlich innerhalb der einzelnen Wechselspannungsperioden, oszillo-
graphisch zu erfassen. Letzteres ist besonders als zusitzliche Uberpriifung der Ap-
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paratur bei der Aufnahme aller Arten von Kurven und als Méglichkeit der Phasen-
winkelmessung empfehlenswert.

Die am hiufigsten verwendeten C-E-Kurven, d.h. die eigentlichen tensam-
metrischen Wechselstrompolarogramme (oder Kapazitogramme), liefern folgende,

(a) Ig (c)

f

,‘E
:
B
A |

llﬂfiiln

—»t —t

Abb. 1. Registrier- und Auswertemdglichkeiten. (a), Wechselstrom—(I-) Potential-(E-) Kurven (verschie-
dene Konzentrationen); (b), Wechselstrom—(I-) Zeit-(t-) Kurven bei konstantem Potential E (zeitliche
Anderung der Konzentration ¢ in der Losung; (c), Wechselstrom—(fz—) Zeit-(t-) Kurven bei konstantem
Potential E nach der Glelchrlchlung mit Schreiber registriert (verschiedene Konzentrationen); (d),
Wechselstrom—(Ig-) Zeit-(t-) Kurven bei konstantem Potential E vor der Gleichrichtung oszillographisch
registriert.

fiir die Untersuchung der Adsorption auswertbare Grossen (Abb. 1a):

1. Die durch die Adsorption hervorgerufene Kapazititserniedrigung AC in
der Umgebung des Ladungsnullpunktes E, als Funktion der Konzentration in der
Losung ¢ und als Funktion der Tropfzeit t,,;

2. die Sattigungskapazitit Cg bzw. die Sittigungskapazititserniedrigung ACq
bei volliger Bedeckung der Elektrode;

J. Electroanal. Chem., 21 (1969) 77-98



82 H. JEHRING

3. das positive bzw. negative Desorptionspotential E, bzw. E_, d.h. die
Scheitelpotentiale der tensammetrischen Wellen beiderseits des Adsorptionsgebietes
als Funktion der Konzentration ¢:

4. die Hohe der tensammetrischen Wellen /i, bzw. h_ als Funktion der Kon-
zentration ¢ (u. evtl. auch der Tropfzeit t,); im Gegensatz zur Kapazititserniedri-
gung AC istdie Wellenhohe i, bedingt durch die Geschwindigkeit des Ad-Desorptions-
prozesses, zusitzlich noch abhingig von der Frequenz v;

5. die Gestalt der Wellen bzw. die Wellenbreite.

Bei einigen Systemen treten zusitzlich potentialabhingige Umorientierungen
in der Adsorptionsschicht auf, begleitet von Umorientierungswellen. Bei Vorliegen
mehrerer grenzflichenaktiver Stoffe gleichzeitig ergibt sich eine starke gegenseitige
Beeinflussung des Kurvenverlaufs (s. 5.4).

Da der Schreiber nicht die spezifische Kapazitiat pro Flacheneinheit C (uF
cm~2), sondern die von der Elektrodenoberfliche 4 abhingige Gesamtelektroden-
kapazitidt Cg bzw. die Mittelwerte C registriert, andererseits die A—t-Charakteristik
bei gleichen Versuchsbedingungen (Elektrode, Behilterhohe) praktisch unverandert
bleibt, ist es fiir die quantitative Auswertung zweckmaissig, anstelle der Cg-, ACg-
und hg-Werte die entsprechenden relativen (dimensionslosen) Grossen (auf den
Grundstrom beim gleichen Potential bezogen) auszuwerten, d.h. Cg/Cog, ACg/Cog
und hg/hyg. Man umgeht damit die Berechnung der Tropfenoberfliche und kompen-
siert gleichzeitig systematische Fehler bzw. Abweichungen der Messeinrichtung. Dies
gilt auch fiir Mittelwerte C usw.'®2®7! (s. dazu 5.2 und 5.3).

5. THEORIE DER ADSORPTIONSUNTERSUCHUNG MIT DER TENSAMMETRIE

5.1. Adsorptionsgleichgewicht und Doppelschichtskapazitdit

Der Adsorption an der Elektrode unterliegen sowohl die Molekiile und Ionen
des umgebenden Elektrolyten als auch besonders der Losung zugesetzte (meist
organische) Molekiile (bzw. Ionen). Die Adsorption z.B. organischer Teilchen an der
Elektrodenoberflache ist als Austauschadsorption anzusehen, d.h. sie ist verbunden
mit einer gleichzeitigen Verdrangung von Molekiilen und Ionen der Grundlosung
aus der Phasengrenzschicht. Bei der Adsorptionsenergie spielen eine Rolle sowohl
die Wechselwirkungsenergien Elektrode-Partikel als auch die Partikel-Partikel-
Wechselwirkung gleicher und verschiedener Natur (z.B. Losungsmittel, GelGstes).
Im Gegensatz zur allgemeinen Adsorption liegt jedoch an der elektrisch geladenen
Phasengrenze Elektrode/Elektrolyt eine elektrochemische Adsorption vor. Die freie
elektrochemische Adsorptionsenthalpie ist damit nicht nur bestimmt durch die Kon-
zentration ¢ (genauer Aktivitit) in der Losungsphase, sondern auch eine Funktion
der Oberflichenkonzentration I bzw. des Bedeckungsgrades 0 (I'-Abhéngigkeit der
Wechselwirkungsanteile) sowie des Elektrodenpotentials E7®~8°,

Wechselwirkungskrifte der adsorbierten organischen Molekiile unterein-

ander werden z.B. in der durch Frumkin®*®’ erweiterten Langmuir-Gleichung
berticksichtigt :
bc=0(1—0)"" exp(—2a0) (5)

Die Potentialabhangigkeit des Adsorptionskoeffizienten b und des Wechselwirkungs-
koeffizienten a (z.B. bei Neutralmolekiiladsorption)®!-%* kann ausgedriickt werden
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durch
Inb=In by—B(E—E,)* bzw. a=a,+aE (6) (7)

Unter annihernd idealen Bedingungen (6 < 1, Anfangsteil der Adsorptionsisotherme)
geht Gl. (5) in die lineare Form iiber:

be=0 (8)

Durch die thermodynamische Verkniipfung der freien Standardenthalpie der Los-
lichkeit mit derjenigen der Adsorption (entgegengesetztes Vorzeichen)®® ergibt sich
auch der entgegengesetzte Temperaturkoeffizient beider, der sich u.a. im unterschied-
lichen Vorzeichen zwischen einfacheren Stoffen und Makromolekiilen dussert®. °

Ausgehend von der (zunichst vereinfachten) Annahme, dass die Kapazitéts-
dnderung pro Flicheneinheit AC (uF c¢cm™?) direkt proportional der Oberflidchen-
konzentration I' (Mol cm~?) ist,

AC =AC,T )

bietet sich fiir die Auswertung das bewihrte Modell parallelgeschalteter Kapazititen®*
an:

C=Co(1—0)+Cs0+ (45— q0)(d6/dE) (10)

Die ersten beiden Glieder auf der rechten Seite der Gleichung geniigen fiir die Aus-
wertung der Kapazititserniedrigung im Potentialgebiet maximaler Adsorption
(d0/dE =0). Das dritte Glied, die Zusatzkapazitit, besitzt Bedeutung fiir die Wellen-
héhe beim Desorptionspotential. (d6/d E-Maximum).

5.2. Kapazitdtserniedrigung
Nach Gl. (10) ergibt sich mit d§/dE=0

0=(C—Co)(Cs—Co)~ ' =AC/ACs (11)

Aus den Adsorptionsisothermen AC/C,=f(c) bzw. =f(c) ist damit nicht nur die
quantitative Tensidanalyse méglich, sondern auch die Ermittlung von a und b. Vor-
aussetzung fiir letzteres ist, dass sich das Adsorptionsgleichgewicht zwischen ¢ und I
eingestellt hat, d.h. I" zeitunabhingig ist®%-82,

Als Kriterien hierfiir sind anzusehen: an stationdren Elektroden zeitlich
konstante Elektrodenkapazitit Cg; an der tropfenden Elektrode ist Cg propor-
tional der Tropfenoberflache, d.h. proportional t¥ bzw. Cg, ACg/Cog oder Cg/Cog
sind zeitunabhingig; die Mittelwerte C sind unabhidngig von der Behdlterhohe H
bzw. der Tropfzeit t,. Das Verhiltnis Mittelwert C zu Maximalmomentanwert (bei
tm) Cus liegt bei 0.618:26. Sofortige Gleichgewichtseinstellung findet man bei relativ
schwach grenzflichenaktiven Stoffen (keine Diffusionshemmung wegen der relativ
hohen eingesetzten Konzentrationen c in der Lésung). Die Konzentration ¢, in der
Losungsschicht unmittelbar vor der Oberfliche ist gleich der in der Losung (c (co=0).

Bei mittelstark grenzflichenaktiven Stoffen liegen die Losungskonzentra-
tionen ¢ fiir Gleichgewichtsbedeckung im 6-Bereich < 1 schon so niedrig, dass die
Gleichgewichtseinstellung wegen messbarer Diffusionshemmung bis zu einigen Se-
kunden Zeit erfordert. I steht zwar im Gleichgewicht mit ¢y, aber nicht mit c(co< ¢;
wihrend der Gleichgewichtseinstellung: co— c). Bis zur Gleichgewichtseinstellung
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ist daher I eine komplizierte Funktion der Zeit®®. Erst nach Erreichen des Gleich-
gewichtes gelten die Kriterien des ersten Falles, und die Gleichgewichtswerte sind
bestimmbar (¢, =c¢)"*. Auf Grund der komplizierteren I'-¢t-Funktion kann keine zeit-
lich konstante Bezichung fiir das Verhiltnis Mittelwert zu Maximalwert gegeben
werden.

Bei sehr stark grenzflichenaktiven Substanzen wird in den untersuchbaren
(niedrigen) Konzentrationen jedes andiffundierende Teilchen sofort so fest aus der
Oberflichenlosungsschicht heraus adsorbiert, dass ¢, zunichst immer null bleibt
und die Adsorption schliesslich zu §=1 fiihrt. Das Diffusionsproblem liegt hier ein-
facher,so dass wieder einfachere Bezichungen fiir die Zeiten bis zur vlligen Bedeckung
gegeben werden konnen*®-°® (zB. fiir die tropfende Elektrode):

0=7.36-10"*D* Sct* (12)

(S=Oberflichenbedarf (cm? Mol ') =1,"1).

Kriterien sehr starker Adsorption mit Diffusionshemmung sind : ACg wiichst
linear mit t7/°, und ACg/C o steigt linear mit t* withrend des Tropfenwachstums ; fiir
die Mittelwerte gilt analog AC/C, ~ t%, (Tropfzeit) bzw. ~ H ™ * (Behilterhohe)? 7189,
Fir das Verhiltnis Mittelwert zu Maximalmomentanwert ergibt sich AC/C,=
0.77AC,,/Con'®. Nach Erreichen der Adsorptionssittigung 6 =1 gelten die Beziehun-
gen fir den Gleichgewichtsfall. Gl. (12) kann zB. zur Ermittlung des Oberflichen-
bedarfes benutzt werden’?2.

Im Potentialgebiet maximaler Adsorption kann die Elektrodenkapazitit als
verlustfreier Kondensator und als unabhidngig von Amplitude und Frequenz (in den
liblichen Grenzen) der Messpannung angesehen werden. Die gemessene Wechsel-
stromstérke ist (unter den eingangs erwithnten messtechnischen Gesichtspunkten)als
eindeutiges Kapazititsmass anzuerkennen.

5.3. Kapazitdtsmaxima (tensammetrische Wellen)

Beim Scheitelpotential der tensammetrischen Welle liegt das Maximum der
Potentialabhéngigkeit der Kapazitit. Wihrend im Potentialgebiet maximaler Ad-
sorption praktisch nur durch das Abreissen des Tropfens und die Bildung eines neuen
das Adsorptionsgleichgewicht immer wieder neu eingestellt werden muss, wird beim
Ad-Desorptionspotential zusitzlich durch die tiberlagerte Wechselspannung das
Gleichgewicht periodisch im Rythmus der Frequenz laufend um kleine Betriige
gestort und ein zeitlich verzogerter Pendelvorgang- zwischen Adsorption und De-
sorption aufgezwungen. Im Gegensatz zur Kapazititserniedrigung ist die Gesamt-
kapazitit im Potentialbereich der tensammetrischen Wellen damit durch das 3.
Glied in GI. (10) verlustbehaftet (ohmsche Anteile) und stark frequenzabhingig (Ad-
sorptionskinetik). Durch die starke Nichtlinearitit der Elektrodenkennlinie C=f(E)
treten ausserdem Oberwellen und Gleichrichtereffekte auf.

Da in der Tensammetrie (mit der Giblichen einfachen Schalttechnik) nur die
komplexe Gesamtadmittanz (Z ') registriert wird, ist bei der quantitativen Inter-
pretation der Wellenhéhe (wegen der kapazitiven und ohmschen Anteile der Zu-
satzkapazitit) zundchst Vorsicht geboten. Eine einfache Korrektur wie beim Elektro-
lytwiderstand ist nicht moglich, eine gesonderte Bestimmung des Phasenwinkels 10}
daher erforderlich.

Es besteht damit eine gewisse Parallelitit mit den wechselstrompolarographi-
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schen Durchtrittswellen®® von Depolarisatoren, mit dem Unterschied jedoch, dass
im Gegensatz zu Durchtrittswellen bei tensammetrischen Wellen kein Ladungsdurch-
tritt durch die Phasengrenze, sondern lediglich eine Umstrukturierung und Ladungs-
dnderung des Phasengrenzkondensators (Wechsel des Dielektrikums und des La-
dungsabstandes) erfolgt. Wahrend bei Durchtrittswellen die Kinetik des elektro-
chemischen Redox-Vorganges in Verbindung mit der Diffusion (und evtl. chemischen
Reaktionen) bestimmend wirkt, ist bei tensammetrischen Wellen die Ad-Desorp-
tionskinetik (ohne elektrochemische Umwandlung) in Verbindung mit der Diffusion
massgebend (Beiadsorbierten Depolarisatoren konnen beide Vorgénge in einer Welle
vereinigt auftreten?).

Auf Grund der Parallelitiat zwischen Durchtritts- und Ad-Desorptionswellen
(ohmsche Anteile, Nichtlinearitidt) kann eine weitere Verstdrkung der tensammetri-
schen Wellen und damit eine Empfindlichkeitssteigerung mit den auch bei Durch-
trittsprozessen iiblichen Methoden®%14:°1-92 zur Unterdriickung des hohen kapa-
zitiven Grundstromes (phasenempfindliche Anzeige, Rechteckwellenpolarographie,
Oberwellentechnik) erreicht werden®6-57:9396,

Hinweise fiir die Unterscheidung beider Wellentypen®” ergeben sich zunzchst
aus der Kapazititserniedrigung. Aufschlussreich ist die Aufnahme von Gleichstrom-
polarogrammen (z.B. mit einem kombinierten Gleich—Wechselstrom-Polarographen).
Tensammetrische Prozesse rufen (auch bei hoheren Konzentrationen) nur eine kleine
Kapazititsstufe hervor. Unterschiede zeigen auch die Phasenwinkel, besonders hin-
sichtlich der Frequenzabhingigkeit.

Die im Inneren des Adsorptionspotentialbereiches mitunter zusitzlich auf-
tretenden tensammetrischen Wellen werden durch eine Umstrukturierung der ad-
sorbierten Teilchen (z.B. etwa beim Ubergang von positiver zu negativer Elektroden-
aufladung) verursacht. Da der Umstrukturierungsvorgang schneller verlduft als der
mit Stofftransport verbundene Ad-Desorptionsvorgang, findet man bei den Wellen
des ersteren eine geringere Frequenzabhzingigkeit als bei den Wellen des letzteren?!.

Die theoretischen Grundlagen fiir die Frequenzabhéingigkeit entwickelten*®
Frumkin und Melik-Gaykasjan®®, Berzins und Delahay®® sowie Lorenz und
Mockel 199191 Aus dem Ersatzschaltbild und dem Zeigerdiagramm (Abb. 2) ergeben
sich folgende wichtige Grossen :

(a) fir die Zusatzadmittanz der Welle:

Zi'=(0*C3+R;?)! und tan = (wCrRy)™* (13)
(b) fiir die Gesamtadmittanz beim Scheitelpotential (ohne Ry):
Z ' ={0?(C+Cr)*+R5?}* und tan ¢ =w(C,+CpRy (14)

Fiir die ohmschen (Ry) und kapazitiven (Cy) Anteile der kinetischen Admittanz (Z7*)
bzw. fiir den kinetischen Verlustfaktor tan 6 wurden von den genannten Autoren
quantitative Beziechungen fiir die Frequenzabhéngigkeit unter Beriicksichtigung bei-
der Teilschritte (Adsorption, Diffusion) aufgestellt und teilweise auch mit Briicken-
messungen iiberpriift¥2:98:100~102 T grenz beriicksichtigte noch als dritten Teilschritt
die zweidimensionale Assoziation in der Adsorptionsschicht!°® und schliesslich spater
noch den partiellen Ladungsiibergang Partikel-Elektrode!®*.

Mit zunehmender Frequenz nimmt die kinetische Zusatzadmittanz Z; ! ab**

* Vgl. auch Breyer und Hacobian'?. ** Uber C; und 1/R;.
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und der kinetische Verlustwinkel ¢ (d.h. die Abweichung von ¢=90°) zu. Bei sehr
hohen Frequenzen verschwinden schliesslich die tensammetrischen Wellen (Abb. 2c)
und es verbleibt der /p—E-Verlauf der “wahren” oder “HF-Kapazitit” C_, bestimmt
durch die ersten beiden Glieder in Gl. (10). Der relativ langsame Ad-Desorptions-
prozess (einschliesslich Diffusion) vermag dem sehr schnellen Wechselspannungsfeld
nicht mehr zu folgen, das 3. Glied in G1. (10), die kinetische Zusatzadmittanz, fillt weg.

-1

Rt

—iF—  wa| [

Ry
(a) (b) (c)

Abb. 2. Elektrische Eigenschaften tensammetrischer Wellen. (a), Ersatzschaltbild; (b), Zeigerdiagramm
(ohne Ry); (c), I-E-Kurven. (—-—-—- -), leere Losung (praktisch frequenzunabhiéngig); (———-), Strom der
wahren oder Hochfrequenzkapazitit (w=x); ( ), Strom der vektoriellen Summe aus wahrer und
Zusatzkapazitit (mit Verlustanteil) bei der Messfrequenz (0< w< oo). (Erklirung im Text, Symbole s.
unten). UZ~ ' und U, C,, sind in der I-Achse mit verschiedenen Masstiiben dargestellt. Der Strom der bei
hohen Frequenzen allein messbaren wahren Kapazitit liegt praktisch nach Gl. (2) wesentlich hoher, als
jener der bei niedrigen Frequenzen aufgenommenen Gesamtadmittanz.

Da ausserdem der Einfluss der parasitiren Reihenwiderstinde nach Gl. (3) mit
Z~ ! wichst, ist es gerade bei Wellen nétig, mit mdglichst niedrigen Frequenzen zu
messen, und moglichst fiir quantitative Interpretationen den Phasenwinkel ¢ geson-
dert zu bestimmen. Mit einem mehr oder weniger grossen elektronischen Aufwand ist
letzteres ohne weiteres moglich?:14:20:23:29:44.105 Dyamit kénnte der Tensammetrie
auch das Gebiet komplizierterer theoretischer Untersuchungen erschlossen werden,
methodisch in einem Grenzgebiet zwischen der einfachen Messtechnik und den auf-
wendigen Methoden. Es sollte jedoch vor dem Einsatz der Tensammetrie gepriift
werden, welcher Aufwand der Problemstellung entsprechend tatsidchlich unbedingt
erforderlich ist.

Die auf w =0 extrapolierte, verlustfreie (6 =0) Gesamtkapazitit C beim Schei-
telpotential der Welle ergibt sich nach Hansen!%® sowie Frumkin und Damaskin®*
als eine lineare Funktion von log c:

C=K;+K,logc (15)
Die Gestalt der tensammetrischen Welle wird im wesentlichen durch das Verhiltnis
Hohe zu Breite bestimmt. Einen grossen Einfluss iibt die Wechselwirkungskonstante
a aus. Da die Hohe mit a zu-, die Breite mit a dagegen abnimmt, werden die Wellen
nach Frumkin und Damaskin®* mit zunehmendem a immer schmaler und spitzer bis
zu einer vertikalen Linie bei a=2. Bei a > 2 treten in Ubereinstimmung mit Ergebnis-
sen von Lorenz'®? Hysteresiserscheinungen in der Potentialachse und folglich auch
keine Wellen mehr auf.
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Die Scheitelpotentiale der positiven (E,) und negativen (E_) tensammetri-
schen Welle und damit das Potentialgebiet der Adsorption hingen von der Natur
des adsorbierten Stoffes (und besonders von der Ladung) sowie von der Zusammen-
setzung der Grundlosung ab*®-#4. Durch den starken Einfluss der K onzentration sind
sie (im Gegensatz zu Depolarisatoren) nur in wenigen Fillen geeignet fiir die Identifi-
zierung der Stoffe?®. Bei einigen Makromolekiilen jedoch nehmen die (negativen)
Scheitelpotentiale mit dem Molgewicht zu. Da sie hier gleichzeitig praktisch unab-
hiingig von der Konzentration sind, ergibt sich die Méglichkeit der Molgewichts-
bestimmung und der getrennten analytischen Erfassung in Mischungen (vgl. z.B.
Abb. 3)*%?%72 Fiir die Konzentrationsabhingigkeit der Scheitelpotentiale einfache-
rer organischer Stoffe wurden von verschiedenen Autoren unterschiedliche Beziehun-
gen gefunden und interpretiert. Eine Diskussion hieriiber erfolgte in der Arbeit von
Frumkin und Damaskin®*, wo u.a. eine kritische Auseinandersetzung mit den Vor-
stellungen von Doss'? und Breyer!? (AE;~ log c) sowie von Lorenz und Mackel!©°
((AE;)* ~log c) erfolgt. Eine wesentliche Rolle hierbei spielt wieder der Wechselwir-
kungskoeffizient a.

Fiir die Zeitabhingigkeit der tensammetrischen WellenhShe, genauer des
registrierten Wechselstromes (z.B. wihrend des Tropfenwachstums), gelten wieder
etwa analoge Beziehungen zur Kapazititserniedrigung. Im Gleichgewichtsfalle ist
die Gesamtelektrodenkapazitdt Cg wieder proportional der Tropfenoberfliche A,
d.h. an der Tropfelektrode (in erster Ndherung) proportional t* und unabhingig von
der Behilterhohe?6-°6-6%:197 Das Verhiltnis Mittelwert zu Maximalmomentanwert
C/C,,~0.6. Eine Auswertung aus der Mitte der Tropfenzacken ist damit moglich. Bei
diffusionsgehemmter Adsorption, d.h. vor beendeter Gleichgewichtseinstellung (nie-
drige Konzentrationen starker Tenside) sind die bei der Kapazititserniedrigung ge-
fundenen Gesetzmassigkeiten durch die Potentialabhéngigkeit nach Gl. (6) nicht
ohne weiteres iibertragbar. Fiir das Verhiltnis Mittelwert C zu Maximalmomentan-
wert C,, ergeben sich unterschiedliche Werte zwischen beiden Grenzfillen, wodurch
die Auswertung der Mittelwerte erschwert wird>°.

5.4. Mischadsorption und Adsorptionsverdringung

Die Mischadsorption an Elektroden wurde bisher, wenn man alle elektroche-
mischen Methoden einbezieht, etwa in fiinfzig Arbeiten mehr oder weniger ausfiihr-
lich behandelt!?-26-35:51.57:59.62,69,79,89,94,101,108 132 Tyjege relativ geringe Zahl
zeigt im Vergleich zu den mehreren hundert Verdffentlichungen auf dem Gebiet der
Einzeladsorption die Vernachlassigung, aber auch die besonderen Schwierigkeiten
dieses Problems.

Die fiir die Einzelstoffadsorption giiltigen Beziechungen kénnen auf die Misch-
adsorption (im folgenden fiir zwei Substanzen A und B in der Grundldsung) erweitert
werden. Bei niedrigen Bedeckungsgraden 6, ., 0. < 1 und 0, + 05 < 1 ergeben sich zu-
néchst wieder, wie bei der Einzeladsorption (Gl. (8)), lineare Beziehungen

Or-=bcy, bzw. 6Og =bcy (16)

0, 0g=Bedeckungsgrad bei Einzeladsorption

04+, 8- =Bedeckungsgrad bei Mischadsorption.

Beide Partner werden folglich unabhingig voneinander gleichzeitig adsorbiert. Es
gilt
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Opo=04s; Og=0p; Opap=0s+05=0,+0p (17)

Bei hoheren Bedeckungsgraden macht sich im Adsorptionsgleichgewicht die gegen-
seitige Konkurrenz im Platzbedarf an der begrenzt aufnahmefihigen Elektroden-
oberfliche und damit eine gegenseitige Adsorptionsverdriangung bemerkbar. Es gilt
hier z.B. die auf Mischadsorption erweiterte'!! Langmuir-Gleichung

bACAZHA'(l_eA'—OB’)_I (18)

Wechselwirkungskrifte A-A, B-B und A-B in der Adsorptionsschicht werden
schliesslich in der durch Tedoradze u. M.!3! erweiterten Frumkin-Gleichung beriick-
sichtigt : Zusitzlich zur Adsorptionskonkurrenz kénnen folglich noch starke Wech-
selwirkungskrifte den Gesamtverlauf der Adsorption beim Ubergang von der Einzel-
zur Mischadsorption beeinflussen. So gilt analog zu Gl. (5) fiir die Mischung mit
a,.(= Wechselwirkungskoeffizient der gleichartigen Partner A in der Mischung) zu-
nichst

baca=0x (1 =04 —0y)"" exp(—2a,04) (19)

Bei Erweiterung um den Wechselwirkungskoeffizienten der verschiedenartigen Part-
ner A und B untereinander ergibt sich

baca=0a(1—0, —0p)" "exp (—2a,0, —2a,p0p) (20)

Untersuchungen bei eingestelltem Adsorptionsgleichgewicht ergeben wie bei Einzel-
adsorption (mit je einer positiven und negativen tensammetrischen Welle) einen Po-
tentialbereich der Kapazitdtserniedrigung durch Mischadsorption oder auch durch
Einzeladsorption des sehr viel starker grenzflichenaktiven Partners bei volliger Ver-
dringung des schwicheren Partners. Das Potentialgebiet der Adsorption wird wieder
durch je eine Desorptionswelle eingeschlossen, verursacht durch die Desorption
beider Partner oder (bei starken Unterschieden in der elektrochemischen Adsorp-
tionsenergie) des nur noch allein adsorbierten starkeren Partners. Eine Erfassung der
Einzelpartner iiber getrennte tensammetrische Wellen ist damit nicht moglich. Bei
genauer Kenntnis der qualitativen Zusammensetzung der Untersuchungslosung
kann tiber Eichkurven die Bestimmung des einen Partners erfolgen, wobei der Gehalt
des anderen Partners bekannt oder konstant sein sollte. Anderenfalls ist vor der
analytischen Bestimmung eine stoffliche Trennung (z.B. chromatographisch)!?3-134
erforderlich.

Fir die Trennung giinstigere Voraussetzungen liegen nach Untersuchungen
von Jehring?6:3%:51.57.69.94.117-119 yor hej Systemen, in denen bei einem oder bei
mehreren beteiligten Partnern bis zur Messzeit das Adsorptionsgleichgewicht noch
nicht eingestellt ist (z.B. durch Diffusionshemmung). Der langsame Diffusionsvor-
gang fithrt zu einer gewissen Stofftrennung. Sehr stark grenzflichenaktive Stoffe (nie-
drige Konzentration—langsame Diffusion) sind in der Losungsschicht unmittelbar
an der Elektrode nur in stark begrenzter Menge vorhanden und konnen damit
schwiécher adsorbierte nur zum Teil verdrangen. Es kommt damit auch zur Ausbil-
dung der Einzeladsorptionswellen beider Partner. Dadurch ist es moglich, schwach
grenzflichenaktive Stoffe neben stark aktiven und mehrere starke Tenside nebenein-
ander (Abb. 3) zu bestimmen, wenn mdglichst kurze Messzeiten (Tropfzeiten) gewéhlt
werden. Das gesamte System bzw. das Mischadsorptionsverhiltnis ist damit stark,
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aber reproduzierbar zeitabhingig. Die Zeitabhdngigkeit kann an Cg—t-Kurven ver-
folgt werden. Fiir die zunehmende Verdrangung eines sofort adsorbierten schwach
grenzflichenaktiven Stoffes durch langsamer andiffundierende starke Tensidmole-
kiile gilt die fiir Einzeladsorption bei Diffusionshemmung abgeleitete Gl. (12). Aber
auch mit den Schreibermittelwerten kann die Mischadsorption in Abhingigkeit von

20000
5000

3000

1000

oo

-EMg g

180 170

Abb. 3. Tensammetrisches Spektrum “einer Mischung: Polyithylenglykolen verschiedenen mittleren
Molekulargewichtes M in 1 M LiCl. M (c): 1000 (20.0), 3000 (7.5), 5000 (3.0), 20000 (15.0) {c in (mg 1~ 1)}.
Gerit: Mervyn Modular Square-Wave-Polarograph in der urspriinglichen Schaltung zur Grundstrom-
kompensation (Tastung innerhalb des Tropfenlebens und innerhalb der Rechteckperiode); Amplitude
2mV.

der Tropfzeit t,, (bzw. Behilterhohe H) und der Konzentration untersucht werden.
Mit zunehmender Tropfzeit wichst die Welle des stirker adsorbierten Stoffes (hohe-
res Desorptionspotential) auf Kosten der Welle der schwicher adsorbierten Substanz
(Abb. 4)' '8, Hier zeigt sich der grosse Vorteil der einfachen Breyer-Methode, die eine
sehr wenig aufwendige Verfolgung des zeitlichen Verlaufes der Doppelschichtkapa-
zitdt und damit der Adsorption erméglicht.
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Abb. 4. c- und t,-Abhingigkeit der Mischadsorption von Tristhylphosphat (TAP) und Polyathylenglykol
(PAG) M=1000 in 1 M KCI. Gerit: GWP 563 (Deutsche Akademie der Wissenschaften zu Berlin);
Amplitude: 6 mV; Frequenz: 78 Hz. (a), Kurve 1, KCI; Wellen 2-10, cyxp 2.50- 1073 m, cpyg verindert;
tm 2.1 sec. (b), Kurve 1, KCl, 1,, 2.2 sec. Wellen 2-5, cqxp 2.5:107% m+cpyg 1.33-107° m; t,, verindert;
(c), Kurve 1, KCI; Wellen 2-10, cpgg 1.7-107° m, crxp verdndert; ¢, 2.1 sec.
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6. ERGEBNISSE UND ANWENDUNGEN

Die Ergebnisse iiber die Adsorption an Elektroden resultieren aus Messungen
mit verschiedenen Methoden neben der Tensammetrie. Die Uberpriifung der wich-
tigsten quantitativen theoretischen Grundlagen erfolgte jedoch hauptsichlich mit
komplizierten Impedanzmessbriicken. Uber die Theorie der Struktur und der Eigen-
schaften der Doppelschicht einschliesslich der Adsorption liegen moderne Ubersichts-
artikel und Monographien vor8°~83 Im letzten Abschnitt dieser Arbeit soll nur {iber
die speziell mit der Tensammetrie gewonnenen Resultate berichtet werden, aus-
gehend etwa vom Stand in der Monographie von Breyer und Bauer?®. Inhibitions-
effekte an Depolarisatoren und grenzflichenaktive Depolarisatoren, d.h. der Einfluss
auf Durchtrittsprozesse***123:13% werden nur am Rande behandelt.

In zahlreichen der im folgenden kurz zitierten Arbeiten wurde die eingangs
dargelegte Mess- und Auswertetechnik nur unzureichend beriicksichtigt, einige be-
sitzen daher in wissenschaftlicher Sicht nur qualitativen oder halbquantitativen bzw.
empirischen Wert. Wihrend beim Einsatz der selbstentwickelten komplizierten
Briickenmethoden theoretisch fundiert gearbeitet wurde, ging man an den Einsatz
der einfacheren, aber mit zahlreichen zusitzlichen Faktoren belasteten Tensammetrie
hiufig ohne griindliche vorherige Auseinandersetzung mit den messtechnischen
Realititen.

Die Tensammetrie hat insgesamt gesehen beider Erforschung des Adsorptions-
verhaltens wertvolle Dienste geleistet und ldsst in der Zukunft noch zahlreiche viel-
seitige Einsatzgebiete, nicht nur auf dem Gebiet der Analytik, erwarten. Gerade die
einfache—gegeniiber der Gleichstrompolarographie apparativ nicht aufwendigere—
Aufnahmetechnik ermoglicht eine breite Anwendung der Tensammetrie. Die Repro-
duzierbarkeit liegt mit zuverlassigen Apparaturen bei +19%;. In derselben Grossen-
ordnung konnen die Abweichungen von den theoretisch geforderten Kapazitits-
werten, z.B. in der Kapazitdtserniedrigung, gehalten werden. Die hohe Empfindlich-
keit erlaubt bei sehr starken Tensiden eine Bestimmung bis zu 1 mg 1~ ! mit kurzen
Tropfzeiten?®-61. Mit lingeren Zeiten (langsamtropfende oder stationire Elektroden)
kann die Nachweisgrenze noch um ein bis zwei Grossenordnungen herabgedriickt
werden. Eine weitere Empfindlichkeitssteigerung ist durch Einsatz besonderer Mess-
techniken (z.B. Oberwellen) fiir die Wellenuntersuchung méglich®7-3. Das Auf-
16sungsvermogen benachbarter tensammetrischer Wellen (unter den in Abschn. 5.4
gegebenen Voraussetzungen) hingt naturgeméiss von der Wellenbreite ab und ist bei
schmalen Wellen sehr hoch, teilweise bis zu 10 mV (vgl. Abb. 3).

Die aus der Literatur zu entnehmenden tensammetrischen Untersuchungen
erstrecken sich iiber eine breite Substanz-Palette; vielseitig sind auch die Anwen-
dungsgebiete (z.B. polarographisch inaktive Stoffe, Tenside, Makromolekiile, Inhi-
bitoren, Fungizide sowie Biochemie und Flotation). Uber die Adsorption anorgani-
scher Stoffe liegen, wenn man von einfachen Ionen, z.B. des Leitelektrolyten, absieht,
naturgemass nur wenig Arbeiten vor. Bei organischen Verbindungen erstreckt sich
dagegen das Stoffspektrum von den einfachsten Verbindungen bis zu ausgesproche-
nen Tensiden und Makromolekiilen. In der abschliessenden Ubersicht werden nach
der Breyer—Bauer-Monographie erschienene Arbeiten, nach Substanz-Gruppen ge-
gliedert, stichwortartig kurz zitiert. Tatsdachlich ist der Bereich der Ergebnisse und
Anwendungen wesentlich grosser als diese Ubersicht vermittelt, da hier nur speziell
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mit der Breyer-Methode durchgefiihrte Untersuchungen einbezogen wurden. Letztere
lassen sich grosstenteils aufdie mit anderen Methoden bearbeiteten Gebiete ausweiten.

Alkohole
Kettenlange, Isomerie, Mehrfachbindung?®:89-116,136-138
Mischadsorption und Lésungsmitte]26-59:94.115,116,120,130,139,140
Zeitabhingigkeit und C—t-Kurven?!8:26:71
Inhibition?®-31.70:140.141 "Wechselwirkungskoeffizient

. Oszillographische Square-Wave-Polarographie®$-*?
Oberwellen- und Doppeltonpolarographie®®

Kationaktive Tenside

Alkylamin- und Alkylammoniumverbindungen?3°-4©:62:116.130,142,143
Einfluss der Kettenldnge und ¢-Abhéngigkeit”3

Oszillographische Square-Wave-Polarographie>®
Alkylpyridiniumverbindungen?¢:33:89:117,138

Fluortenside?®:51

Zeitabhangigkeit®®-#1-46:73 Mischadsorption®*

Anionaktive Tenside

Sulfate?6:61:142:144,145 ¢, oy W -Pol.5°
Sulfonate?¢:-3%:69,89,117,142,146 Bogt in PVC-Pulver:147
Fluortenside?®, Mischadsorption2®-8%-94

Nichtionogene Tenside
Polyglykolither?6-35:69,89,117

Einfluss des Athoxylierungsgrades®-148
Mischadsorption?6->1-69-89.117  prozesskontrolle®!
Einfluss auf Durchtrittsprozesse?6-57:89:107,149 - 151
Oszillographische Square-Wave-Polarographie®®

Makromolekiile

Methylcellulose?®+11¢; Mischadsorption und Inhibition2®
Na-Carboxymethylcellulose : M-Abhéngigkeit®®, Mischadsorption®*
Polyvinylalkoho]?6:51-116.130

Polyéthylenglykole: M-, t-Abhéngigkeit®26:35.72; M_Abhingigkeit, Oberfléichen-
bedarf’?; c¢-, t-Abh. d. Mischadsorption2635-57:94.118 . vercch  tensammetrische
Meth. (z.B. Oberwellen)37-%%

Difo-P(Polydiglykolformal)*®

Polyvinylpyrrolidon: M-, t-Abh., Oberflichenbedarf’?

Biopolymere : Umwandlungen und Grundkérper! 32153

Verschiedenes

Struk tureinfluss6-137-138
Kohlenwasserstoffe?¢:138.145.154

Dioxan’?, Cyclohexan!*3, Resorcin, Phloroglucin®>
Komplexe!>” 132 Farbstoffe!39-16°
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145,161 . 26,70,116,130.
3 9.

Organoschwefelverbindungen Inhibitoren Flotationsmittel®%:
127,128,162 : Fungizidel()3
Organophosphorverbindungen
Organozinnverbindungen!20-140-163
Mischungen26,35.51,57.59,()9,89,94.115.1 16-119,127,130,140,142
Vergleich mit Oszillopolarographie
Oberwellen- und Doppeltonpolarographie®®
Chromato-Tensammetrie!*

Anorganische Stoffe: Polyphosphate (hydrolytischer Abbau)!®®

26,35,69,117,118,133,159.164

37,117,121,166,167

ZUSAMMENFASSUNG

Es wird eine Ubersicht gegeben iiber den gegenwirtigen Stand der Mess-
und Auswertetechnik, der Theorie sowie der Leistungsfiahigkeit und Anwendung der
Tensammetrie nach Breyer. Bei Einhaltung exakter Versuchsbedingungen und Be-
riicksichtigung der Einflussgrossen besitzt die Tensammetrie nicht nur analytischen
Wert, sondern auch Bedeutung fiir theoretische Untersuchungen des Gleichgewichtes
und der Kinetik der Adsorption. Die wichtigsten Parameter vor allem fiir letzteres
sind die Frequenz, die ohmschen Anteile (bzw. der Phasenwinkel) und die Zeit. Die
theoretische Interpretation erfolgt nach den mit aufwendigeren Prizisionsmethoden
erarbeiteten und tiberpriiften Grundlagen. Durch Variation der wechselstrompolaro-
graphischen Messtechnik kann die Aussage in wissenschaftlicher und analytischer
Hinsicht erweitert und vertieft werden. Durch den relativ geringen apparativen und
zeitlichen Aufwand wurden tensammetrische Untersuchungen bereits in zahlreichen
Anwendungsgebieten eingesetzt.

SUMMARY

A short review is given of the present development of the measurement and
evaluation technique, of the theory as well as the performance and use of Breyer’s
Tensammetry. Provided that exact experimental conditions are observed and the
parameters are taken into account, tensammetry has not only value in analysis, but
also significance for the theoretical investigation of equilibria and kinetics of adsorp-
tion. The most important parameters are the frequency, the ohmic component (or the
phase angle) and the time. The theoretical interpretation follows on the basis of funda-
mentals which have been developed and tested with the more tedious precision
methods. By variation of a.c. polarographic techniques the scientific and analytical
information value can be expanded and deepened. With relatively small expenditure

of apparatus and time tensammetric investigations have been applied in numerous
fields.

VERZEICHNIS DER VERWENDETEN SYMBOLE

a = Wechselwirkungskoeffizient

A = Elektrodenoberfliche (s. unten)
b = Adsorptionskoeffizient

c. = Konzentration in der Losung
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for = Konzentration in unmittelbarer Elektrodennihe
C = Differentialkapazitit pro Flacheneinheit (s. unten)
AC, = molare Kapazitatserniedrigung

Cr = kapazitiver Anteil der Zusatzimpedanz Z

C, = “wahre” oder HF-Kapazitit (w=o0)

D = Diffusionskoeffizient

E = Elektrodenpotential

E, = Null-Ladungs-Potential

Er,E,,E_ = Scheitelpotentiale tensammetrischer Wellen
= Hohe tensammetrischer Wellen (s. unten)

= Behalterhohe

= Wechselstromdichte (s. unten)

= mittleres Molekulargewicht von Makromolekiilen
= Ladungsdichte (s. unten)

= Widerstand

= Elektrolytwiderstand

= Reihenwiderstinde im Messkreis

= ohmscher Anteil der Zusatzimpedanz Z,

= Oberflachenbedarf

= Zeit

= Tropfzeit

= Wechselspannungsamplitude

= Gesamtimpedanz

= Zusatzimpedanz der tensammetrischen Welle
= Admittanz pro Flidcheneinheit (s. unten)

= Konstante

= Konstante

= Grenzflaichenspannung

= Oberflichenkonzentration

= Oberflachenkonzentration bei =1

= Verlustwinkel

= Bedeckungsgrad

= Frequenz .
= Phasenwinkel zwischen Strom und Spannung
=2nv

AR RS
e

-

—1

£6 T XN ™R N

NAHERE BEZEICHNUNG EINIGER GROSSEN

Oberfliche Kapazitdt

allgemein 0=0 0=1

pro Flicheneinheit C Cy Cs
beliebige Oberflache A Cg Coe Cse
maximale Oberflache Am Cs Con Csm
mittlere Oberfliche A C Co Cs

gilt entsprechend fiir g, h, I und Z~ 1.
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INTRODUCTION

Much of the credit for the remarkable general development of voltammetry

during the last 20 years goes to the late Professor Breyer, “the father of a.c. polaro-
1

graphy”!.

Meanwhile, a.c. polarography has developed in many ways?*>. One significant
trend of fundamental interest has been the increase in potentialities offered by high
frequency methods with very short measuring times, ¢;. The shorter the accessible
t1-values, the more sensitive becomes a given voltammetric technique for the kinetics
of charge transfer reactions and of very fast chemical steps involved in the overall
electrode process. The application of these advanced techniques, among them
Breyer’s a.c. polarography, to the study of the current-voltage curve, has led to many
fundamental conclusions, one of the most important being that very fast chemical
steps are involved in most electrode processes. Thus, these advances have forced
electrochemists to depart from simple, conventional views and models, but, on the
other hand, have rewarded them by the more detailed and accurate knowledge
obtainable about the complicated phenomenon called the electrode process.

Besides these general aspects, certain voltammetric techniques provide an
attractive and advantageous alternative*> to other non-electrochemical relaxation
methods® ~? for the study of the kinetics of several types of fast homogeneous chemical
reactions in solution. The basic condition for the voltammetric approach is to find
a suitable electrode reaction to couple to the chemical system. The charge transfer
step then achieves by rapid consumption of one of the chemical reactants a very rapid
shift of the chemical equilibrium in the neighbourhood of the test electrode. At the
same time, the current, or one of its components, being partly dependent on the rate
of the chemical reaction initiated by the equilibrium shift, provides experimental
access to the kinetics of the forward and backward reaction of the chemical system,
if suitable conditions have been selected.

An example of this application of voltammetry to fast homogeneous chemical
kinetics in solution is the study of the dissociation and recombination of carboxylic
acids and other weak acids containing no further electrochemically reactive substi-
tuents. For several years we have studied intensively this type of reaction*3-10~13
using an advanced technique of polarographic character called high level faradaic
rectification (HLFR)'*~ 6. This technique allows the application of measuring times,
t;, down to 1 usec, thus giving a kinetic determination limit for first-order rate con-
stants up to 3-10® sec™ 1.
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In the study of these proton transfer processes, the reduction of the H*-ions
atamercury electrode serves as the coupled electrode reaction, and as overall electrode
process one has:

ka
HA = H*+A~ (I
kr
kCl
H*+e” — 1 H, (I1)

The reactants are naturally hydrated in aqueous solution.
FUNDAMENTAL ASPECTS OF THE APPLICATION OF VOLTAMMETRIC METHODS

As the electrode reaction is restricted to the electrode/solution phase boundary,
the resulting gradual shift of the chemical equilibrium in the direction of dissociation
is limited in the pseudo-stationary state established after the relaxation time to a

_ K
H v A" <9 HA

| H'+A"=—==HA
1 <eeHL| |
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Fig. 1. Schematic model of the surroundings of the test electrode and the concn. profiles of reactants in
this range. Upper part: diffusion layer (dp) with reaction layer (u); lower part: formal (u,) and effective
(ieg) reaction layer thickness with effective diffuse double layer of diameter, 4 p,. The outer Helmholtz-
plane is at x=0 and the region between electrode surface and x =0 corresponds to the inner or compact
part of the double layer. The position of the planes, x;;,, and x,;, is indicated by arrows.

reaction layer with a thickness defined generally by eqn. (1). This reaction layer sur-
rounds the test electrode (see Fig. 1).

p=(Dy/kecys-)t (1)

Dy is the diffusion coeffficient of the H*-ions, k, the recombination rate constant
and ¢, - the concentration of the carboxylate anions. For the proton transfer reactions
considered, p equals 20-60 A according to the adjusted value of ¢, -.

This situation, typical of the voltammetric approach, creates two major prob-
lems*:>,

J. Electroanal. Chem., 21 (1969) 9-122
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(i) The participation of mass transfer of the reactants towards and from the
test electrode region is unavoidable. Restriction of the mass transfer to diffusion or
convective diffusion by using suitable techniques allows easy elimination of the mass
transfer contribution to the overall rate of the electrode process in the evaluation of
the electrical signal measured. However, as the rate of diffusion decays with the time
elapsed from the start of the overall process, (I+1I), by polarization of the test elec-
trode, the time, ¢, has to be restricted to sufficiently small values so that the overall
rate and the corresponding electrical signal are at least less than 90 9, (preferably less
than 759;) controlled by diffusion. In this respect, the HLFR-method with its ¢,-
values down to 1 usec has allowed access to the kinetics of a large number of very fast
reactions not accessible hitherto by any other voltammetric technique.

(if) There remains as a second problem, increasing in importance with the
amount by which the electrode potential differs from the electrocapillary zero
potential, the fact that the inner part of the reaction layer coincides with the diffuse
part of the double layer (see Fig. 1). Consequently, the homogeneous chemical reaction
—for instance the dissociation and recombination of acid (I)—proceeds partly in an
electric field increasing progressively over the diffuse double layer in direction to-
wards the outer Helmholtz plane (O.H.P.). Thus, the chemical steps will be influenced
diversely and to a different extent by several double-layer effects. The present paper
deals with the resulting problems. The dissociation and recombination of weak acids
will be taken as example for the treatment. However, it must be stressed that the
conclusions are generally valid for all chemical reactions in which a charged or un-
charged particle dissociates into two differently charged products according to:

k
U7 = X7 Y™ (I11)
ke
Important further examples would be metal complexes and ion-pairs. The various
double-layer effects to be considered are:

(i) A static y-effect on the stationary concentration of charged reactants.

(ii) A dynamic y-effect on the reactant of the charge transfer step, i.e., the H™-
ions in our example. As the evaluation is restricted to the limiting current region, this
effect will not affect the rate of the overall process in this range*.

(iif) The progressive decrease of the dielectric constant, ¢, of the medium in
the solution layers of the diffuse part of the double layer adjacent to the outer Helm-
holtz plane caused by the growing electric field strength and by the total of all solute
particles present. This decrease of ¢ is related to the polarization of the solvent.

(iv) A dissociation field effect increasing the dissociation rate in the solution
layers adjacent to the outer Helmholtz plane. This effect is substantial for larger
differences between the electrode potential and the potential of the electrocapillary
zero (and, consequently, high charge densities of the electrode) and may even become
the dominating double-layer effect on chemical reactions prior to the charge transfer.

Thus, an electrode is not an ideal probe for determining the kinetics of fast
homogeneous chemical reactions in solution and it is evident that the evaluation of
relevant and sufficiently exact values for the rate constants requires corrections for
double-layer effects.

Although several authors'’~ 2% have already deduced corrections for y-effects
and effect (iii) has also been treated?! ~ 24, a quantitative treatment of the dissociation
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field effect (iv) was missing until recently although the need for it had often been
indicated!7-20:25-42_ Barker?® has proposed an empirical global correction for the
sum of all these double-layer effects on the rate of homogeneous chemical reactions
prior to the charge transfer step. We have demonstrated the potentialities and range
of this correction®>1%:12:13 Tt applies if the condition: p >4 p, is met, where pq is
the formal thickness of the diffuse double layer which for a 1,1-electrolyte medium
of ionic strength, I, is given by:

pa = 198810710 (eT/I)* 2)

The advantage of this empirical correction, dicussed in detail elsewhere**>*7, is that
it relies on experimental data for a given system and remains independent of special
theoretical models for the structure of the double layer and their mode of action as
well as of possible errors in the relative distribution of the global effect on the four
effects mentioned previously. Thus, there are no longer any fundamental uncertainties
in the application of voltammetric techniques in the study of fast chemical reactions
in solution.

APPROXIMATE THEORETICAL TREATMENT OF DOUBLE-LAYER EFFECTS

Although, from a practical viewpoint, a satisfactory situation had been
achieved, it was desirable to attempt a detailed theoretical treatment of all the various
double-layer effects on chemical reactions prior to the charge transfer step. We made
a first approximate attempt?’ by treating the diffuse double layer by the Gouy-
Chapman-theory?® and the dissociation field effect according to the theory of On-
sager?®. As it was found that the dissociation field effect rapidly became a dominating
influence if the y-potential in the outer Helmholtz plane, ¥, exceeded |50 mV], for
simplicity all other double-layer effects were neglected in this treatment. Also, neither
the progressive decrease of the dielectric constant, ¢, near the electrode nor the screen-
ing action of the supporting electrolyte ions on the reactants were accounted for.
Thus, a more refined and detailed reconsideration of the whole problem seemed
desirable for reasons of consistency although preliminary calculations®® showed
that no fundamental alterations in the main results were to be expected*.

(a) Experimental

The following experimental conditions will be assumed for the subsequent
treatment.

The test electrode is a dropping mercury electrode. The temperature is 20°.
The aqueous solution contains 1 M LiCl as inert supporting electrolyte. This salt also
adjusts the ionic strength in the bulk of the solution and the thickness, pg4, of the diffuse
double layer, because the reactants of the acid equilibrium (1), i.e., HA, H* and A~,
are present in such small concentrations that in practice only LiCl is responsible for
the formation of the double layer. Thus, the outer Helmholtz plane will be defined by
the plane of closest approach to the electrode for the centres of the primarily hydrated

* The published treatment of the global correction for double-layer effects will not be influenced at all
in the practical aspects by the present refined theoretical treatment. However, with respect to improved
consistency, in the electrical equivalent circuit in Fig. 1 of ref. 27 the resistance, Rpg, equivalent to the total
of all double-layer effects should be inserted in place of Rgq.
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Li*-ions. For the concentration ratio of the carboxylic acid HA and the corresponding
anion A~ we shall always assume the condition:

Cua/Ca- < 15 A3)

thus converting the recombination into a pseudo-monomolecular step of first-order.
Complications due to specific adsorption of reactants, of impurities and of supporting
electrolyte ions will be regarded as absent. This is a realistic assumption, because at
the rather negative electrode potentials, E, in the limiting current region for the H* -
reduction at the DME, there will certainly be no specific adsorption of anions and
still no specific adsorption of Li*-ions. In fact, many of the carboxylic acids, HA, are
specifically adsorbed up to E more positive than —1.2 to —1.3 V (NCE), but desorb
at more negative potentials?'13. In this respect, the selection of an electrode material
with very large hydrogen overvoltage like mercury is of importance for the feasibility of
the measurements on many carboxylic acid systems.

It is presumed that a voltammetric technique is employed, where the electrode
potential, E, is adjusted and the resulting current or one of its components is the signal
measured (though analogous arguments could be put forward for methods of the
galvanostatic or coulostatic branch). Because in chemical kinetics only the forward
and backward rates of (I) are of interest, the limiting current region of the current—
potential curves will be evaluated. Owing to the total irreversibility of the hydrogen
evolution on mercury and the extremely short measuring intervals, ¢, in the usec-
range applied with the HLFR-technique, the limiting current region falls into the
very negative potential range of —2.2 to —2.3 V (SCE), i.e., about —1.6to —1.7V
more negative than the potential of the electrocapillary zero for aqueous 1 M LiCl-
solutions. In view of the extent and complexity of the calculations, the present treat-
ment will be restricted to the electrode potentials mentioned, E, and the ionic strength,
I=1.0, in the bulk of the solution. Calculations according to the scheme to be outlined
are being extended with the aid of computer programmes to a scale of electrode
potentials and ionic strength values and the resulting data will be published®! in the
form of tables as guide for the design and the evaluation of further investigations.

(b) Calculation of the double-layer parameters

First, the function of the y-potential and the corresponding electrical field
strength, ¢, over the effective diffuse double layer have to be calculated. Empirically it
has been shown*3:12-27 that the effective thickness of the diffuse double layer is given
by:

Pdece =4 Pa > (4)

where pgy is defined by eqn. (2). The calculation is based on the Gouy—Chapman-
theory?® with the modification that allowance is made for the progressive decrease
of the dielectric constant, ¢, towards the outer Helmholtz plane, while, on average, ¢
is regarded as constant within every plane parallel to the O.H.P.

There are two reasons for the decrease of e.

(i) With decreasing distance, x, from the O.H.P. there is a progressive increase
in the concentration of the supporting electrolyte cations, i.e., the Li*-ions, in our
case. Thus, from the total amount of available water, the fraction bound in the
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primary hydration shells of Li*-ions, where the H,O-dipoles are in the stage of di-
electric saturation’?*, increases the smaller the value of x.

Other authors3°+>3 in their studies on other systems have allowed for the
progressive decrease of the dielectric constant across the double layer. However, as
their calculations contain certain approximations based on the different objectives
of their investigations, for our purposes a calculation along the lines indicated in the
following sections was regarded as necessary.

(ii) In addition, the effect of the progressively increasing electric field strength
¢, on the remaining “free” H,O-dipoles increases with decreasing x.

The complex situation outlined required an iterative computation of the
profiles of ¥, ¢ and ¢ over the diffuse double layer™.

The potential-dependence of the differential double-layer capacity was
determined for 1 M LiCl up to —2.0 V (SCE) with a square-wave-polarograph at a
frequency of 225 Hz*. The curve could be extrapolated satisfactorily up to —2.4 V
(SCE). By stepwise integration, the value Q4=34.3 uCcm™* was obtained for the
total charge density of the diffuse double layer at an electrode potential, E= —2.2 to
—2.3 V(SCE). Inserting for the dielectric constant the bulk valuein 1 M LiCl (¢, =65)
values for ., the Y-potential at the O.H.P., and for p, were first obtained fromeqn. (5).

Qq= —11.72 (g0, /en,0)* ¢f *sinh {(zF/2 RT) Yy} (5)

en,0=280; ¢, is the inert excess electrolyte concentration (LiCl in our case) in moles/l.
Curve 1 in Fig. 2 for the y-profile could be calculated using eqn. (6).

yimv)
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39
Fig. 2. y-potential profile across effective diffuse double layer for Q4=34.3 uC cm~? and I = 1.0 with LiCl
(1), 1st iteration; (2), 2nd iteration.

tanh{(zF/4 RT)y} %

tanh {(zF/4 RT)yy) P~ pg (6)

A first result for the ¢-profile followed (see curve 1 in Fig. 3) using eqn. (7).

* In the primary hydration shell of Li*-ions 2.3 H,O-dipoles are to be regarded on time average as always
in the stage of total dielectric saturation®?.
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Fig. 3. Profile of electric field strength, ¢, across effective diffuse double layer for Q4=34.3 uC cm™* and

I=1.0 with LiCL (1), st iteration; (2), 2nd iteration.

g.= - KT ismh< Gl w) )
Pa

zF 2RT

Subsequently, for each y,, a first iteration value of the corresponding con-
centrations, (cf;), and (c&_),, within the diffuse double layer was calculated with
eqn. (8).

(c*), = "c exp — (zF/RT) Y (®)

The calculation of the distribution of the ion concentrations according to eqn. (8)
is a simplifying approximation. The introduction of relations accounting for the final
volume of the ions and the polarization of the solvent?! =2 would be more exact.
The net result would be somewhat smaller values for (c*),.

Generally, the decrease of the macroscopic dielectric constant of a solution
due to growing ion concentrations, and the consequent increase of the amount of
solvent dipoles in the dielectric saturation stage is given by>*3>:

(e0,) = em,0— (cLi+ Opi+) — (Cc1- Ocr-) )

Up to moderate salt concentrations of about 2 moles/l, the sum, J;;+ +d¢- & —15
I/mole is a constant, while at higher salt concentrations its value decreases at a
progressively declining rate (see Fig. 4). From a comparison of the values for the sum,
5, +06_, for other alkali chlorides at moderate concentrations (< 2 moles/l) it was
concluded* that to a first approximation:

OLi+ @ 3(0Li+ +0ci-) (10a)
and
dc1- ®§(0pi+ +0ci-) (10b)
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Thus, assuming that this distribution ratio for the §-increments remains constant for
all LiCl-concentrations, one can compute from the known concentration-dependence
of the sum, Jy;+ + ¢ -, in symmetrical LiCl-solutions (see Fig. 4) the profile of d,;-
with respect to ¢y ;+, which is given in Fig. 5. From this curve the (J,;-),-value corre-
spondingtoeach (cf;+), was interpolated, while for (4, - ) the constant value — 51/mole
was taken. Inserting the respective values of the increments, (dy;+), and (J¢;-),, and
the corresponding concentrations, (cf;+), and (c&-),, in eqn. (9) the profile of (¢g¥),,
(i.e., the decreased macroscopic dielectric constant in each solution layer at a given
distance, x, due solely to the progressive increase in ion concentration and in asym-
metry of ion distribution over the diffuse double layer) followed (see Fig. 6, upper
curve).

T 2 3 4 5 6 7 8 9 10 M 12 13

c, M)
Fig. 4. Dependence of the macroscopical dielectric constant of solution on salt concn. according to ref. 35.
The curves have been extrapolated for ¢; >5 M.

&Li+
1

OC-NMwWwhUuoNw®O©O

1 2 3 4 5 6 7 8 9 10 1 12 13 14
CLit™M)

Fig. 5. Dependence of the increment J, ;. in I/mole on Li*-concn. (viz eqn. (10)).

However, allowance still had to be made for the second superimposed effect
of the electric field consisting in the orientation of the remaining fraction of “free”
H,O-dipoles, which leads to a further progressive decrease of the actual macroscopic
dielectric constant,the smaller the value of x. If the solution in the diffuse double layer
~ is regarded as composed of a series of layers with progressively decreasing (&f,).-
values, the profile of (g.), was obtained by inserting (¢3,), into a relation given by
Grahame?3®
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(eetr)e = 1(e8)x— €1im}/(1+2 b2)* + £4im (11)

with ¢, =3, the value of the dielectric constant for total dielectric saturation of the
solution*, and b=1.2-10""3 cm? V™2 The resulting (¢.¢),-profile is shown by the
lower curve in Fig. 6. Essentially the same result would have been obtained with the
equation of Booth®’, as the comparisons of various treatments in ref. 38, Fig. 3-10,
show.

A further iteration step for the whole calculation of the profiles of ¥, ¢, ¢* and
¢ over the diffuse double layer proved to be necessary. In order to account more
effectively for effects resulting from the significant decrease of the effective dielectric

13 (2
80 80
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60 60
50 50
40 40
30 30
20 20
10’/ 10
€im3 Elim3
0705 1 15 2 25 3 35 4 45 5 O~0%5 7 5 2 25 3 35 a4 45 5
X X
Qqy &4,

Figs. 6-7. Profile of ¢§, (upper curve) and ¢, (lower curve) across effective diffuse double layer according
to 1st iteration for I=1.0 with LiCl and curves (1) for y and ¢ in Figs. 2 and 3 (Fig. 6); and according to
2nd iteration for I=1.0 with LiCl and curves (2) for  and ¢ in Figs. 2 and 3 (Fig. 7).

constant in the surroundings of the O.H.P., however, the values of ; and ¢y were
now calculated from the following expression given by Grahame?®.

8* — &lim 5 8_*1 4 — blim
("')f’def"‘ (1+2 bgp2)t — (0)”#"1 + Eim®i =

327RTc;- 1073 | zFyy
D, sinh <2 RT) (12)

(€8,),a.,, is the average value of (e%,), over the effective diffuse double layer with
thickness pg_,, =4 pg; Do=1.1138-10"'2 C/V cm is the diabattivity, a term defined
by Grahame3®.

Also, a new value for p, was calculated by inserting ir.to eqn. (2) the average
value of (&), over the p,_-value of the first iteration (e.),, ., . '

Subsequently, the second iteration followed exactly the same scheme as has
been outlined for the first iteration step. Curves (2) in Figs. 2 and 3 resulted for
and ¢, and the curves in Fig. 7 for (¢§,), and (e.¢),- As expected, a rather small effect

* This situation will be not reached completely even in the first water layer at the electrode solution inter-
face at room temperature, for which, according to the results of several authors®®~4°, an g -value of 6-8
is now generally assumed.
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on the y-profile (see Fig. 2) is obtained by allowing for the progressive decrease of
the macroscopic dielectric constant, caused by the two effects of the electric field
mentioned, while the change in the ¢-profile is already more pronounced (see Fig.
3). However, the e-profile will gain significantly in importance for the dissociation
field effect.

(¢) The dissociation field effect

The treatment of the dissociation field effect is based upon the theory of
Onsager?® according to which the ratio of the dissociation rate constant enlarged by
the dissociation field effect, k¥ _, to its value at zero field strength, k,, is a first-order
Bessel function of the parameter, b.

( (’;DF/kdO)x = F(bx) (13)

First the case of an uncharged acid dissociating into two oppositely charged products
with |z| =1 is considered. Then

bx =9.636 d)x/(seff)x T2 (14)

This expression shows that the values of the electric field strength as well as the

*
deF/kdo
35} *
deF/kdo
30}
200
25} I=10 160}
20}t 120 \ 7 =10
sl |
15- \
40
10t
Rl Tz‘ 4176 BX|
X €, X
51 lim=d krit
05 55— X[A]

Xlim&d Xkrit 4ey4

Fig. 8. Ratio kf__/k,, (viz eqn. (13)) as function of distance, x, from O.H.P. Dotted line corresponds to the
magnitude of f;. The right-hand part shows on reduced scale the course of k¥, _/k4, up to distances x < xy;,.
I=1.0 with LiCl; ¥, ¢ and ¢ from 2nd iteration.

amount of the effective dielectric constant will determine significantly the extent of
the dissociation field effect.

As ¢, is growing and (e.g), is becoming smaller with decreasing x, both
parameters act together in producing a steeply increasing dissociation field effect in
the region close to the O.H.P., as the profile in Fig. 8 shows.
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The Bessel function, F(b,), can be generally developed into the following
converging series.

F(by) = 1+b,+b2/3+b3/18 +b*/180+ b3/2700+ b®/56700+ ... (15a)

For b, >10, the following asymptotic solution is a close enough approximation:

2\ 1 ‘ 3 15
Fib) _<n> g1 P62 <1 T 8(8bh) 1288 b) . 115R)

It should be noted, however, that the action of the dissociation field effect is
restricted to an intermediate ion-pair stage which the dissociating acid particle passes
after the breaking of the covalent bond between O and H in completing the dissocia-
tion. During this intermediate ion-pair stage, the dissociation field effect can favour
dissociation by increasing the rate of the separation step of H* and A~ beyond the
critical distance of coulombic interaction between the oppositely charged products
of dissociation?®. Obviously, in solutions of higher ionic strength there will be ion—
dipole interactions or even crypto ion-ion interactions (or for charged acids, ion-ion
interactions) between the dissociating acid particle and the ions of the inert excess
electrolyte adjusting the ionic strength. One generally speaks of salt effects on the
dissociation*!. On the other hand, these inert excess electrolyte ions will certainly
screen the dissociating acid particle to a certain extent against an external electric
field. Thus, Onsager’s equations can only be applied if there are no screening ion
clouds around the dissociating acid pérticle, i.e., either I =0, or at finite ionic strength
there are electric fields which are strong enough to peel off the surroundingion cloud°.

Therefore, we have assumed, to a first approximation, that under our experi-
mental conditions the dissociation field effect will only operate if it is larger than the
normal salt effect in 1 M LiCl-solutions on k4. This salt effect, which acts also outside
the diffuse double layer in the bulk of the solution, is defined by the factor (16)

f1=ka,/kq, > (16)

where kg, is the dissociation rate constant at ionic strength, I, adjusted with LiCl, and
kg, is the value already mentioned, now more precisely defined, at zero external
electrical field and zero ionic strength. The factor, f;, depends mainly on the con-
centration and nature of the cations of the excess electrolyte, while f; being due to
coulombic interaction forces remains largely independent of the nature of the acid
especially if this is uncharged*!. Thus. for a given acid type the numerical value of f;

is determinable from measurements of k; at the respective ionic strength, I, and
1z04.5,12,13.

At a certain distance, x ,;,, from the O.H.P. for given experimental conditions,
frand (k¥ _/k4,), will reach the same order of magnitude. Thus, the range where only
the dissociation field effect is effective but the salt effect disappears owing to the
peeling off of the ion cloud formed by the excess electrolyte ions, will be restricted to
distances, x<x,,;,, approximately (sce Figs. 8 and 1)*.
(d) The case of charged acid particles

An analogous treatment is to be applied if the acid particle carries a charge?’.
The parameter, b, is defined by the following more general expression®®:
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2 ((52
_ ’ZA*”ZA"|(AH*+AA*).9.636 P

- 17)
|Za-||Ag+| +|Zgg+| A4 - (Eerr) T2 (

X

A is the ionic conductivity. Since for the effective range of the dissociation
field effect a complete disappearance of the ionic cloud around HA® ~ is presumed,
known values at I =0 may be inserted for A.

Further, the stationary concentration profile of the (charged) acid across the
reaction layer* will be shifted by a static y-effect in that part of the reaction layer that
is coinciding with the diffuse double layer (see also Fig. 1). Thus, the more general
eqn. (18) has to be applied instead of eqn. (13).

( Sor/kao)x = F(by)exp (— zys F/RT)Y, (18)

Important examples for this case of charged acids are the higher dissociation
stages of multi-basic-acids where zy , has a negative sign. Then there is an antagonistic
action of dissociation field effect and static y-effect on the acid particle.

(e) Comparison between theoretical and experimental results

When the results of the theoretical treatment are compared with the experi-
mental observations one has to take note of the fact that the voltammetric measure-
ments always determine the average value over the whole reaction layer of an effective
dissociation rate constant, (k¥),. This entity is related to the value of the dissociation
rate constant, k4, operating in the bulk at a given ionic strength, I, adjusted by a
certain excess electrolyte (for instance LiCl), by the following equation :

o Xcrit * [Hleff
(kE) ks, Ju U d—"Fdx+J ﬁ*ldx} (19)

fl.ueff Xcrit vdo

In chemical kinetics one is mainly interested in kg, the value free from any double-
layer effects.

The first integral within the brackets refers to the dissociation field effect
restricted to the range, x < x ., of the diffuse double layer, while the second integral
corresponds to the salt effect acting on the dissociation rate in the remaining part
of the reaction layer as outlined above, i.e., for all distances x;, < x <y (see also
Fig. 1). As k4, and k,, are independent of x for this range, the second integral reduces
to the product, f;(iepr — Xcrie)-

The factor f,, to be discussed in the next section, allows for the influence of
the electric field on the recombination rate averaged over the effective reaction layer.
These effects lead in total to a decrease of the recombination rate. Thus, they can
also be treated as if they cause an equivalent increase in (k¥),, the effective dissociation
rate constant directly accessible by experiment.

The ratio (ﬁ)u/kd, follows in the course of the evaluation, directly from
experiment before application of the empirical correction for the total of the double-
layer effects*>!>27. The curve of the dependence of this ratio on the corresponding
p-values has the same shape as the theoretical curve defined by eqn. (19) regardless
of the numerical value inserted for x,;,, (see Fig. 9). If the right value for x,;,, is selected,

Xlim

* The basic condition*? for a stationary acid concentration across the reaction layer is dp =3 u, where
dp is the diffusion layer thickness given, in the case of linear diffusion, by &, = /TDyat.
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the experimental and theoretical curves coincide. For the reaction type treated and
the assumed experimental conditions, x;;,-values between 1.4 and 1.5 A have to be
inserted in eqn. (19) to reach this coincidence. As these x;;,-values have to be inter-
preted as the average values for the distance of closest approach to the O.H.P. of
the carboxylic groups of the acid particles, their magnitude seems plausible. The

72 po [A]

Fig. 9. The experimentally accessible average ratio (k_j‘)u/kdl as function of the formal reaction layer thickness,
Hos for the same conditions as in Fig. 8. (O), Computed curve for x,,, = 1.45 A ; (A), expl. curve for benzoic
acid (x;,=1.375 A); (0O), expl. curve for acetic acid (x;;,=1.50 A).

centres of the acid particles can approach the O.H.P. closer, on average, than x;; ..
The sum of the diameter of the compact double layer plus x,;,, then defines the
distance of closest approach for the carboxylic function of HA to the electrode?’.
Since the O.H.P. was defined by the average value of closest approach to the electrode
for the centres of the hydrated Li*-ions, a complete coincidence of O.H.P. and x;;,,
i.e., X;,, =0, was not to be expected. At first glance there might seem difficulties in
accounting for the length of the acid particles. However, despite the dipole moment
of HA and the high electric field strength, only a certain diagonal orientation of the
HA-particles in the distance of closest approach is possible, on average, at room
temperature and not a position completely normal to the electrode surface.

(f) Influences on the recombination

Following the discussion of the influences of the electric field in the effective
diffuse double layer acting directly or indirectly on the dissociation step of importance
for the reaction type treated under the applied experimental conditions, the effects
on the recombination step will now be considered. Here, the recombination of A~
and H* to HA is usually regarded as a totally diffusion-controlled reaction*~". For
this reaction type it follows that*>4¢:

k. =y4nNy 1072 aP(Dy+ +D,-) (20)
with
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Tyt Zx-€3 1
= : 21
P exTa ( zH+erS) (1)
exp —— | —1
exTa

Equation (21) refers to a situation, where shielding by ion clouds is absent. y is
a yield factor determined mainly by steric requirements*®, which has a value of about
0.6 for normally behaving®>!'"!2 carboxylic acids; N; is Avogadro’s number;
e, =4.8-10" 1% electrostatic units; k=1.38- 10~ 1 erg deg ~ ! is Boltzmann’s constant ;
¢ is the respective effective value (e.s), of the macroscopical dielectric constant of the
solution and « is the critical encounter distance of the hydrated H*- and A~ -ions.

If H* and A~ have approached each other by diffusion up to the distance a,
an intermediate stage has been formed, which we term a “latent ion-pair™#:>-11713

H*-aq.+A™ -aq.+(n—2)aq. 2 [H" (aq.),A”] = HA+n-aq. (Iv)

In this stage, an intermolecular hydrogen bridge system reaching over n water
molecules (aq.) couples H* and A~ and a very rapid proton transfer by the special
proton-“jump”-mechanism to A~ becomes possible. This completing step of re-
combination to HA (or HA®) proceeds by orders of magnitude faster than the diffusion-
controlled approach of (hydrated) H" and A~ to the critical distance a. A preliminary
partial dehydration of the reactants is not necessary, because a water dipole in each
of the primary hydration shells around H* and A~ participates in the intermolecular
H-bridge system going over n H,O-molecules**.

The electric field across the diffuse double layer will affect this type of re-
combination in principle in three different ways, of which only one proves to be of
significance. All three effects act in the evaluation of the measured limiting current
via the value of the effective thickness of the reaction layer, p . This quantity is defined
by eqn. (22).

far ™ ( @ D_) f B <k(D_)>((17k) >i &l

Heff Herf

(i) By the disintegration of the ion clouds the electric field causes an increase
of the mass transfer rate of H* and A~ in the diffuse double layer. For x < x ;,, this
effect, well known from conductivity studies as the first Wien-effect, reaches a limiting
value. On k, it acts via the sum, (Dy+ + D, -), in eqn. (19). As Dy dominates the sum,
because Dy+ >D,-, its influence on p. largely compensates according to eqn.
(22)*7.

(ii) A further effect of the electric field on k, results from its influence on g
and a (see eqns. (20) and (21)). If for x < x.,,, a total disintegration of the ionic clouds
around H* and A~ is assumed the value a*~7.5-10~8 c¢m valid for I ~0, must be
inserted in eqns. (20) and (21)*3, while for ¢ the respective (¢.g),-value is relevant. On
the other hand, assuming for x > x_,;, complete shielding of H* and A~ by surround-
ing excess electrolyte ion clouds, p;~1 and a;~13.5-1078 cm, valid for I=1.0 ad-
justed with 1 M LiCl must be inserted in eqns. (20) and (21)**. Then for the increase
of k, in the range, x < X ;:

(k¥)x/key = pEa*/ay (23)

The profile of this ratio across the diffuse double layer is given in Fig. 10.
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Fig. 10. Ratio k*/k; (viz eqn. (23)) as function of distance x from O.H.P. I=1.0 with LiCl; py=2.32 &;
a*=175-10"% cm; ¢;=13.5-10"% cm; P, ~ 1.

Also, for recombination the average value of the smallest distance for the
reactants from the O.H.P. equals x,;,,. Thus, the mean value of the ratio defined by
eqn. (23) which affects . is:

— 1 Herr k* 1 Heff 1k 4%
(k;’k/kn)#err = J ( . )x dx = — [ L% dx (24)
Bese J xum Ky Hese ar

Table 1 shows that for u. >4 pg, the experimental condition usually adjusted, the

Xlim

TABLE 1
Ho  Her (ke uere W
() (4)
2 5.25 1.097 0.955
5 7.35 1.055 0.974
10 12.60 1.030 0.985
20 22.20 1.015 0.995

effect expressed by eqns. (23) and (24) remains negligible. Therefore it was not taken
into account in our previous publications®:>-12:13:27,

(iii) Of some significance for ¢, and thus for the total of all double- layer
effects on chemical reactions, there remains the third influence of the electric field
on the recombination rate*>, i.e., the static y-effect on the stationary profile of ¢, -
across the reaction layer, and thus also its part coinciding with the diffuse double
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layer. Figure 11 shows the profile across the reaction layer for the ratio defined by
eqn. (295).

(*CA‘)x/OCA‘ = exp(—ZA‘F/RT) Wx’ (25)

where %c, - is the anion concentration at =0, and is in practice a constant if con-
dition (3) has been regarded. For y, the values of the second iteration (curve 2 in
Fig. 2) have been taken.

2.0 \t 1 (S SN 1 1 1

0 2 4 6 8 10 12 16 x[R]
Fig. 11. Profile of the concn. ratio of the carboxylate anions A~ (viz eqn. (25)) across effective diffuse double
layer for I=1.0 with LiCl and y, from curve (2) in Fig. 2.

Equations (1), (22), (23), (24) and (25) give:

Hes = Mo Jy (26)
and
k. Oc. g* [Her Befr z. F 5
oir = | Dy / —F A *d — d 2
Hesr ( H lorely unm Px XJO exp RT Y dx (27)
Thus
' Heff z._ F 4
fo = (kr,ue” @ | e - 2 wxdx> (28)
For pieee >4 py, however, 0.97 < k, /(k¥),.,. < 1.0 and eqn. (28) reduces to:

i Heff ZA-F 3
Jo = | Mers . exp — RT Yrdx (28a)

Aseqns. (28) and (28a) contain ¢ as factor and as upper integration limit, f, has to be
computed by iterations until convergence is reached.

The dependence of f, on the ratio py/p.c, is shown in Fig. 12 for the y-potentials
operating under the conditions of our measurements and the curves obtained for
our conditions with the expressions given by other authors!®2° are included for
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comparison. Generally, the agreement is fair and becomes excellent for the condition,
1 >4 pg usually adjusted in such measurements*.

As has already been mentioned in section (e), although in reality the influence
reflected in f), causes a decrease of the recombination rate, f,, acts virtually according
to theevaluation of the measured limiting current as if it were responsible for an equiva-
lent increase of the effective average dissociation rate constant, (k¥),. Thus, f,, has to
enter eqn. (19) as a factor.

v <
22 = e

1 | 1 ’ I

12 1.0 0.8 06 0.4 0.2 0o $¢/,,

Fig. 12. Dependence of the factor, f,, defined by eqn. (28), on the ratio of the diameters of diffuse double
layer (p4) and formal reaction layer (u,) for I =1.0 with LiCl and -values of curve (2) in Fig. 2 according
to the relations of different authors:(—-—) Albery; (—e —) Matsuda; ( ) Niirnberg.

DISCUSSION

(a) General aspects

The good agreement between the experimental observations and the final
results of the theoretical treatment (see Fig. 9) shows that the main aspects of the
complex problem of double-layer effects on homogeneous chemical reactions are
theoretically accessible in the manner described. This is at least true for the type of
homogeneous chemical reactions considered and the assumed experimental con-
ditions, while for the more general case a somewhat more extended approach including
a further double-layer effect, discussed later, might become necessary.

It is of interest that the modified Gouy-Chapman-theory which has been
applied, is obviously a sufficient model to describe the behaviour of the diffuse double
layer and the profile of its parameters (\, ¢, &) across it, although this theoretical
approach reduces what is in reality a 3-dimensional problem to a 1-dimensional one.
A homogeneous value of the double-layer parameters within the planes parallel to
the electrode surface is presumed in the Gouy-Chapman-theory. Although the
reality is almost certainly different, it can be concluded that, on average, the degree
of homogeneity in each of those planes is large enough to avoid disagreements
between the theoretical and the experimental results obtainable at present. In other
words, although the Gouy—Chapman-theory is certainly not an exact and complete

* The equation relevant to the reaction type treated here is eqn. (25) in ref. 18 for the case p#0 and —gq.
The treatment of Gierst and Hurwitz!” should lead to the same final results as the relation of Matsuda?®,
because for our conditions (K. < 1 and large |y,|-values) the treatments of all the authors mentioned lead
to the same final equations.
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model of the diffuse double layer, it reflects sufficiently well the major trends and
aspects with respect to their present experimental accessibility.

A further general conclusion is that the double-layer effects on the kinetics
of fast homogeneous chemical reactions with respect to the error limits of +20-309
now obtainable with advanced voltammetric techniques® > demand consideration
and correction if |iy| =50 mV, even if a relatively large reaction layer thickness of
40 A < < 60 A and quite a small thickness, pg, of the diffuse double layer are obtained
by adding 0.1-1 M inert excess electrolyte to the solution?”.
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Fig. 13. Percentage, y, of dissociation ficld effect contribution to the experimentally accessible ratio

(k¥),/kq, (viz Fig. 9) as function of the formal (—— p,) and the effective (------- Hegr) Teaction layer thickness.
For u>22 A both curves coincide.

Another general result is the fact, reflected by Fig. 13, that for large |yy/-
values (>100 mV) and small diameters, p,_, for the effective diffuse double layer
corresponding to larger ionic strength values in the bulk of the solution (between 0.1
and 1.0, or higher) the dissociation field effect will be the dominant double-layer effect,
especially if the condition, pi ¢ > pg_,,. holds as is usual. Then the dissociation field
effect corresponds, according to the amount of Hegs> to 80959/ of the global double-
layer effect. In this respect, the neglect of other double-layer effects-in our previous
paper?” appears as a not impermissible crude approximation for the reaction type
treated under the assumed experimental conditions.

(b) Restrictive effects on dissociation in the double layer

During the last ten years a series of papers?! ~24 have dealt with effects in the
double layer especially on the dissociation of acids and more generally on the dis-
sociation of chemical compounds into charged products according to relation (III).
At first attention was limited mainly to the consequences of the polarization of the
solvent caused by the electric field and by all sorts of solute particles present in the
solution. The external electric field, as well as the solute components, contribute to
the decrease of the macroscopic dielectric constant of the solution. For thermodynamic
reasons, the stage of uncharged (or less charged) compounds (as acid molecules, HA,
or more generally ion-pairs) will be more favoured than the stage of ions in a medium
of low dielectric constant (g.), i.e., for instance the polarized aqueous solution in the
diffuse double layer. Thus it was concluded at first>*-?? that generally the net result
on chemical reactions in the double-layer region would always be a restriction of
dissociation.
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Obviously, this general postulation is in contradiction to our experimental
results, which show unequivocally that, at least under our experimental conditions,
the action of the electric field in the diffuse double layer leads to a significant increase
of dissociation*3-10-12:13.27 Eyrthermore, it has been shown in the preceding sections
of this paper that our experimental observations can be satisfactorily interpreted in
terms of Onsager’s theory of the dissociation field effect besides additional rather
small effects. Equations (14), (15), (17) and (18) stress the point that also the progressive
decrease of ¢.¢¢ near the electrode, as well as the progressively growing field strength, ¢,
contribute considerably to the progressive increase in dissociation rate. It is the joint
action of both parameters, ¢, and (&), that is responsible for the very steep increase
of the ratio, k¥, _/kq,, near x;, (see Fig. 8).

On the other hand, thermodynamically the ion stage is doubtless less favoured
in the same region of low (s.¢),~values where the dissociation field effect is strong and
thus, via the polarization of the solvent, the electric field should indirectly exert also a
restricting influence on dissociation, because the unfavourable solvent conditions
cause an increase in the value of the free activation enthalpy, AG¥, of dissociation.
Yet this restrictive influence is obviously largely overruled by the dissociation field
effect under our experimental conditions. Consequently, the earlier theoretical
postulation?:?2 that the sole result of the electric field in the double-layer region is
(with respect to dissociation) its restriction via the polarization of the solvent, can no
longer be accepted, as has been recently admitted by the same authors?3:24,

However, there is also experimental evidence*’ pointing more to the decrease
of dissociation in the double-layer region with the solvent progressively more
polarized nearer the electrode. In a number of cases, additional interactions, such as
specific adsorption at the electrode or water structure induced association of relative
large ions with a considerable degree of hydrophobic character (an association type
termed also “cavity sharing”*®) seem to be largely responsible for the restriction of
dissociation. However, there remain examples where ion-pairs are primarily due to
coulombic interactions and our following considerations are restricted to this type.

At first it must be concluded that the complete problem of the double-layer
effects on chemical reactions is more complicated than previously anticipated and
that it seems to depend significantly on the respective conditions whose influence
on dissociation becomes dominant.

In a recent paper, Sanfeld and Steinchen-Sanfeld?* attempted to show that
their theory could also explain the enhancement of dissociation, provided the follow-
ing conditions are fulfilled :

(i) The dielectric constant has to decrease with the concentration of the un-
charged acid particle, i.e., —(0¢/dcya)-

(ii) The numerical value of this entity has to be larger than the sum — [ (0¢/dc , ) +
(@e/dc_)], which refers to the influence of the ionic components of the solute. As a
consequence of the significant dielectric saturation of the water dipoles belonging to
the primary hydration shells around the ions, this sum is assumed to have always a
negative sign for salt concentrations above 10~ 2 M. Also, a negative sign for dg/0cya
seems not implausible with respect to the increased order of the water immediately
surrounding the HA-particles resulting from hydration of the second kind*?-%° (i.e.,
water structure with non-tetrahedral H-bridges) around their hydrophobic part and
the usual hydration, more similar to that around charged sites, at the carboxylic
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group of the acid particles. However, the resulting degrees of the enhancement in
dissociation are rather small and throw severe doubts on the authors’ suggestion that
this might be a treatment equivalent to the application of Onsager’s relation?® for
the dissociation field effect. On the contrary, in our opinion a further but small con-
tribution to an enhancement in dissociation of second order magnitude is treated
here, operating if the assumed conditions are given.

Furthermore, the treatment just discussed certainly provides no explanation
at all for the enhanced dissociation observed under our experimental conditions,
which are characterized in this respect by a large excess of supporting electrolyte
(viz 1 M LiCl in the bulk of the solution). In this case, the influence of the solute com-
ponents on the polarization of the solvent is, in practice, caused entirely by the sup-
porting electrolyte ions, i.e., for negatively charged electrodes, largely by the cations,
which are Li*-ions in our study.

A more promising comprehensive theoretical treatment of the whole complex
problem has quite recently been published by Jenard and Hurwitz>!. Their approach
accounts both for the enhancement of dissociation via the Onsager relation for the
dissociation field effect?®* and for the decrease of dissociation via a factor refer-
ring to the polarization of the solvent which alone was considered in earlier papers?'+?2.

The calculations of Jenard and Hurwitz®! show that up to an electric field
strength, ¢,, of 2-3-10° Vcm ™!, the dissociation field effect is dominant, while at
higher fields, under certain conditions, the decrease of dissociation due to the polar-
ization of the solvent might begin to overrule. However, if eventually ¢, reaches
values that cause, under the respective other conditions, total dielectric saturation of
the solvent, the dissociation field effect again breaks through and operates solely for
further increasing ¢,.

We have also considered a similar approach®?, which has not so far been
published because for our conditions, the modifications invoked by the decrease of
dissociation due-to polarization of the solvent remain rather small as is shown below.

Our experimental conditions are characterized by large negative yy-values
(due to the very negative range of electrode potential, E, for the limiting current region
in our HLFR-measurements) and a high ionic strength, adjusted to I =1.0 with LiCl
in the bulk of the solution. Allowance for the decrease of dissociation arising from
polarization of the solvent can be made by correcting the ratio, k¥, _/k4,, defined by
eqns. (13) or (18), with the factor, f;. This gives:

(k?;r)F/kdo);c = ( gpp/kdo)x .f6 (29)
with
fs=1exp(—9,4/8 nRT) (30)

For ¢,, the values from curve 2 in Fig. 3 (after conversion to c.g.s.-units (!))
were inserted and for &, the constant amount, — 1.5 10* cm?®/mole. The progressive
increase of the Li"-concentration and of the asymmetry of the ionic strength over
the diffuse double layer probably causes some corresponding decrease in ,. However,

* An exact calculation is only possible for selected x-values by inserting into the Onsager function the
respective value (e.¢),. This demand has been met only approximately in ref. 51 for the case where ¢~ 10
was inserted.
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the easily accessible value for J, was employed as a sufficient approximation for the
calculation of limiting cases.

Figure 14 shows a logarithmic plot of the resulting dependence for the ratios
(k¥ - /ka,)x defined by eqn. (13), and (k¥ . /k4,)x f5, defined by eqn. (29), on the electric
field strength, ¢, for two values (I=1.0 and I =0.1) of the ionic strength in the bulk
of the solution (adjusted with LiCl) and the yy-value referring to the very negative
electrode potentials (E= —2.2 to —2.3 V vs. SCE) in the limiting current region of
our HLFR-polarograms*:>+12:13,
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For the bulk value I=1.0, the situation corresponding to our conditions of
measurement, the effect of f; to account for the decrease of dissociation due to the
polarization of the solvent, remains very marginal and furthermore, constitutes an
upper limiting case, as in reality é, should not be constant but decrease somewhat
with ¢,. No minimum indicating the occurrence of a dominating f;-effect appears,
because, owing to the high ionic strength for ¢, >3-10° Vem ™, the stage of total
dielectric saturation of the solvent is already approached and, on the other hand,
for ¢, =2-3:10° Vecm ™! the distance, x =Xx,;,,, is reached. In the stage of complete
dielectric saturation of the solvent, the dielectric constant cannot be altered further
and for (.e)y =é&iim» 0,=0. Thus, the whole effect of the decrease of dissociation
represented by the influence of f; in eqn. (29) is limited for the conditions of our studies
on the dissociation and recombination of carboxylic acids, to a very small decrease
of x;,, from 1.45 A to maximal 1.05 A (see Fig. 14).
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A somewhat more pronounced effect of f; is to be expected, if the bulk ionic
strength is reduced to I =0.1*. For x > x,;,,, corresponding to ¢, <2.5-10° Vem ™!,
a decrease into a minimum is also not yet observed. However, the minimum appears
if smaller x-values and higher ¢ -values are considered because even for x-values
somewhat smaller than x;, the solvent has not yet reached complete dielectric
saturation since the concentration of supporting electrolyte ions is now lower and,
consequently, also their corresponding contribution to the decrease of (e.), (see
eqn. (9)). Under these circumstances, the square of the electrical field strength entering
the exponential in eqn. (30) defining f; can display for high ¢.-values its full influence
and may lead to an overruling of the dissociation field effect. Thus, a dominant effect
of the decrease of dissociation due to polarization of the solvent seems possible for
reactions with smaller x;;,-values and the same, or larger, amounts of ,. In this way,
the stabilisation of ion-pairs in the double layer, emerging from the investigations
of Gierst and Hurwitz!” for various cases where special additional interactions as
“cavity sharing” or specific adsorption can be excluded, might find a theoretical
explanation.

In general, one may conclude that by the joint efforts of various investigators
the main contours of the rather complex influences on homogeneous chemical
reactions in the double layer have now been clarified and brought to at least an
approximate quantitative theoretical interpretation. Further progress in this direction
is not only important for electrode kinetics but has also considerable biological
interest with respect to the mechanism of the “active” transport of alkali ions through
cell membranes. Also, for this process, chemical reactions which proceed under the
action of rather high electric fields in a double layer of the system, cell membrane/
aqueous alkali salt solution, are of great significance.
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SUMMARY

An approximate theoretical treatment of the various influences on homogene-
ous chemical reactions in the diffuse double layer is given and compared with experi-
mental results. The dissociation and recombination of carboxylic acids prior to the
charge transfer step of the hydrogen evolution at a mercury electrode is taken as an
example.

On the basis of a modified Gouy—-Chapman-theory the profiles of the various
double-layer parameters across the effective diffuse double layer are computed and
the profile of the dissociation field effect is then obtained with Onsager’s theory. The
double-layer effects on the recombination rate are also discussed. Good agreement
between the experimentally accessible global effect of the double-layer effects and the

* It should be mentioned that so far an experimentally confirmed curve for (k¥__/k4, ). does not exist for
our systems in the case, I =0.1.
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overall theoretical result developed, is achieved. Under the conditions assumed, the
dissociation field effect proves to be the dominant double-layer influence on the
reaction type considered. Finally, decrease of dissociation for thermodynamic reasons
caused by the polarization of the solvent is discussed. It is shown that these restric-
tions remain very marginal for the reaction type treated under the assumed conditions,
although they might be of more importance for other cases.
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APPLICATION OF AN ENFORCED LINEAR IMPEDANCE BRIDGE TO
A.C. POLAROGRAPHIC MEASUREMENTS
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(Received October 24th, 1968)

The measurement of impedances of electrode—solution interfaces as a function
of the d.c. potential of the electrode provides useful information on the mechanism
of the electrode process. The conventional a.c. polarograph is a most practicable
instrument suitable for routine work ; most of the accurate work over a wide range of
frequencies, however, has been carried out by bridge techniques similar to that of
Grahame'. When the bridge technique is applied to the a.c. polarographic measure-
ment, one meets difficulties in connecting a direct voltage source to the cell. These
difficulties, which are more important at lower frequencies, were thoroughly discussed
" by Britz and Bauer?. Modifying the instruments used by Randles® and by Bauer and
Elving*, Britz and Bauer proposed an apparatus capable of high accuracy over a
wide range of frequencies, including frequencies as low as 5 Hz?.

Recently, the present authors examined the utility of a deviation-linear
bridge®, in which two operational amplifiers enforce the linearity, in the accurate
measurement of faradaic impedances and a.c. polarograms including tensammetric
waves. The technique proposed in this paper eliminates the difficulties in applying a
direct voltage to the cell, and proved to be very useful for electrochemical studies.

The basic circuit of the apparatus is shown in Fig. 1.

YV N

ATV
Cs Rs

Ry L 4L
Fig. 1. The measuring circuit: (OA;—OA,), operational amplifiers (Model 9814, Aiko Denki Co., Ltd.,
Tokyo); (P), d.c. potentiometer ; (RG), ramp generator; (OSC), oscillator.

The alternating voltage generated by the oscillator (OSC) was added by the operational
amplifier (OA,) to the direct voltage supplied from the potentiometer (P) and/or
the ramp generator (RG) ; the output voltage of OA; was applied both to the cell and
the variable standard impedance (STD) consisting of a decade resistance (R,) and a
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decade capacitance (C,) in series. The voltage across the cell and STD is practically
equal to the output voltage of OA,, because the voltage between the summing
points of operational amplifiers, OA, and OA ;, and ground is virtually zero within
the error signal of the amplifiers (usually less than 0.1 mV). The currents flowing
through the cell and STD were amplified by OA, and OA;, respectively.

In impedance measurements by the bridge technique, the difference between
the output voltages of OA, and OA ; was detected by the operational amplifier, OA,
with switch Sin position 1 ; the output signal of OA , was then introduced to a cathode-
ray oscilloscope equipped with a tuned amplifier. Simple calculation shows that the
following conditions should be satisfied when the alternating voltage at the output
of OA, is made equal to zero by adjusting R, and C,,

R, = RS& and CX=CS&

R, R,
where R, and C, are the series resistance and capacitance, respectively, of the cell

impedance. .
The accuracy and sensitivity of the bridge were examined with a dummy cell
consisting of a known resistance (500 Q) and capacitance (1 uF) in series at various
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Fig. 2. A.c. polarograms of 0.1 mM Cd(NO3), in 1 M KCI measured at 140 Hz and at 25° (time constant
of the damping circuit, ca. 3 sec): (a), without base-current compensation ; (b), with base-current compen-
sation (R;=50Q, C,=0.6 uF).

Fig. 3. A.c. polarograms of | mM Zn(NO;), in 1 M KCI measured at 35 Hz and at 25° (time constant of

the damping circuit, ca. 3 sec) : (a), without base-current compensation ; (b), with base-current compensation
(R,=60 Q, C,=0.4 uF).

J. Electroanal. Chem., 123-125



AN ENFORCED LINEAR IMPEDANCE BRIDGE FOR A.C. POLAROGRAPHY 125

frequencies of 40-2,000 Hz and at various settings of R; and R,. When the amplitude
of the alternating voltage applied to the bridge was about 15 mV, the accuracy of
R- and C-measurements was proved to be better than 0.59, and the deviation as
smallas 0.2 % was easily detected except for the resistance measurements at frequencies
lower than 100 Hz. The performance of this bridge at higher frequencies is determined
mainly by the “roll-off” characteristics of the operational amplifiers with frequency;
a careful control of the closed-loop gains of OA, and OA ; was required in order to
operate the bridge at frequencies higher than 1 kHz.

Conventional a.c. polarographic measurements at various frequencies can
also be made by this apparatus with switch S in position 2 and by connecting a suitable
recorder with an a.c.-to-d.c. converter to the output of OA,; the output signal was
proved to be directly proportional to the alternating current flowing through the cell.

Because of the enforced linearity of the bridge, the proposed circuit is effective
in suppressing the base-current in a.c. polarography. When switch S is set in position
1 and the values of C, and R, are properly adjusted, the contribution of the double-
layer capacity and the resistance of solution can be eliminated from the total imped-
ance of the cell at the output of OA ,. A reasonable suppression of the base-current was
achieved in this way as shown in Figs. 2 and 3. Under the ideal conditions that the
resistance of solution is zero and the value of C, is exactly equal to the double-layer
capacity, the instrument response is expected to be determined only by the faradaic
impedance of the system.

SUMMARY

The circuit of a deviation-linear bridge for the measurement of faradaic
impedances is described. Examples of a.c. polarograms obtained with the bridge are
given.

REFERENCES

C. GRAHAME, J. Am. Chem. Soc., 63 (1941) 1207.

RITZ AND H. H. BAUER, J. Sci. Instr., 44 (1967) 843.

. B. RANDLES, Discussions Faraday Soc., 1 (1947) 11.

H. BAUER AND P. J. ELVING, J. Am. Chem. Soc., 82 (1960) 2091.
F. MORRISON, Anal. Chem., 35 (1963) 1820.

™ g

1 D.
2 D.
310
4 H.
3 C

J. Electroanal. Chem., 21 (1969) 123-125






ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 127
Elsevier Sequoia S.A., Lausanne — Printed in The Netherlands

NOISE CONNECTED WITH ELECTRODE PROCESSES
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Shot noise’ in electronic devices is dependent on the charge of the current
carrier as well as on the current flowing and it is to be expected that electrical noise
connected with statistical fluctuations in the rate of an irreversible electrochemical
charge transfer process will also depend on the size of individual charge transfer
events. This possibility, which seems not to have been discussed previously, is consi-
dered in this paper. Noise arising in electrochemical systems at equilibrium is also
discussed.

HIGHLY IRREVERSIBLE CHARGE TRANSFER REACTION

Noise associated with the ideal highly irreversible charge transfer process
O+ne & R

is considered first. The simultaneous transfer of n electrons to species O is supposed
to form R which does not participate in any other electrode process. Ideality in this
case implies complete kinetic control of the reaction rate and the absence of catalysis
by ions or other species present at the interface. Charge transfer is regarded as a
completely random process which occurs with equal probability at all points on the
surface. The faradaic current has a small fluctuating component analogous to the
shot noise component of the current flowing in a temperature limited (no space charge
of electrons close to the cathode) thermionic diode. The mean square noise current,
A#?, at constant interfacial potential within a small frequency band, df, is given by
the analogue of the Shottky expression’ for shot noise and

Ai? = 2|nei|df (1)

where iis the average faradaic.current, ¢ the specific electronic charge and n the number
of electrons which cross the electrode-solution interface simultaneously when the
process occurs once. The current noise is dependent on n and, in principle, n can be
determined directly if the noise at constant interfacial potential can be measured. The
noise per unit bandwidth is independent of frequency and such noise may be termed
“white noise” to distinguish it from noise considered later that lacks this frequency-
independence.

In practice, owing to the finite internal resistance of the cell and the finite
double-layer capacity of the electrode it may not be feasible to hold the interfacial
potential even approximately constant, and only fluctuations in interfacial potential
may be measurable. In such circumstances, the current noise can still be evaluated

J. Electroanal. Chem., 21 (1969) 127-136



128 G. C. BARKER

with the aid of the equivalent electrical circuit for the cell. This takes the form shown
in Fig. 1(a) if the counter-electrode is sufficiently large to be regarded as noiseless and
unpolarizable. In this circuit Cy, is the differential capacity of the electrode (assumed
to be virtually noiseless), R, is the internal resistance of the cell and R, the apparent
charge transfer resistance (0 E/di) connected with the dependence of i on the interfacial
potential, E. As charge transfer is taken to be entirely kinetically controlled, noise
due to random variations in the surface concentration of O is unimportant. The noise
component of i is represented in the circuit by an infinite-impedance current generator
supplying a current defined by (1) which shunts the differential capacity. Noise due to
thermal agitation of the ions in the solution is allowed for by inserting a zero-impedan-
ce voltage generator in series with R, the voltage supplied by this generator being
defined by the Nyquist equation?

AV? = 4k TR df (2)

where k is Boltzmann’s constant and T is the absolute temperature. Strictly, this equa-
tion is only applicable to a resistance through which no current flows steadily, but

Rc

Cai

INZ

(a) (b)

Fig. 1. Equivalent electrical circuits when the faradaic current associated with a highly irreversible charge
transfer reaction has a noise component.

for a solution of a strong electrolyte and fields of normal magnitude, (2) should still
accurately define noise connected with thermal agitation of the current carriers in the
solution.

In the circuit in Fig. 1(a), the charge transfer resistance is treated as a noiseless
component but in an alternative form of the circuit (Fig. 1(b)) the noise current
generator is replaced by a zero-impedance noise voltage generator connected in
series with R, the voltage supplied by the latter being given by

AW:A—Fth (3)

This noise voltage, it should be noted, only equals the “thermodynamic” voltage due
to thermal agitation of the current carriers in a real resistance of value R, when the
transfer coefficient for the charge transfer process is 0.5. The significance (if any) of
this fact is not obvious.

It is evident from the circuits in Fig. 1 that both the internal resistance of the
cell and the double-layer capacity of the test electrode will hamper the measurement
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of noise components of the faradaic current and interfacial potential, especially at
high frequencies. However, elementary calculations suggest that using modern elec-
tronic techniques, noise measurements should be feasible at frequencies up to at
least 100 kHz in the casc of a mercury electrode in contact with a highly conducting
solution. At high frequencies, although the contribution of the charge transfer process
to the noise voltage developed between the two electrodes of a cell may fall rather
rapidly with increasing frequency, adventitious noise such as that due to mechanical
vibration almost certainly will become unimportant at frequencies above 100 kHz.
The actual noise voltages or currents will usually be minute compared with the
potential and current variations when conventional relaxation techniques are used to
study electrode processes, but this is only a trivial difficulty as with available solid state
amplifying devices, noise factors below 6 dbs can be achieved at frequencies above 1
kHz with source impedances down to a few ohms if transformers are used to match
the cell impedance to the input impedance of the measuring equipment.

Possible complications

No systematic measurements of noise associated with an irreversible charge
transfer process have yet been made and it would be premature to discuss at length the
consequences of deviations of real charge transfer processes from ideality. There are,
however, three possible complications which should be mentioned. The first of these
is concerned with the size of the individual charge transfer events. It is doubtful
whether in any multi-electron irreversible reduction more than one electron crosses
the electrode—solution interface at a time, though it is possible that the delay between
the transfer of the first and subsequent electrons may often be extremely small. Thus,
when considering the noise associated with a two electron reduction it may be neces-
sary to regard the reduction as a two-step reaction

O+¢ — OR OR+¢ — R

where OR is an unstable intermediate which possibly exists only at the interface. The
noise component of the total faradaic current in such a case may depend on whether
the frequency is large or small compared with the reciprocal of 7, the half-life of
species OR. Clearly, if 7 is relatively small and OR is largely converted to R, the
system will behave as though O is converted directly to R and the appropriate value
of n to be substituted into (1) is then 2. At frequencies large compared with the reci-
procal of 7, the correlation between the two charge transfer processes tends to vanish
and then the mean square noise component of the total current, i, presumably tends
to become the sum of the noise currents associated with two independent currents,
each of magnitude i/2. Thus, remembering that noise currents and voltages must be
summed vectorially, the mean square noise per unit frequency interval at high fre-
quencies should fall to half the low frequency value. Information about the average
life of unstable intermediates thus might be obtained by studying the distribution
of noise energy throughout the frequency spectrum.

The second important complication is catalysis of charge transfer by species
adsorbed at the interface. The reduction of nitrate ions at a mercury electrode is
known to be catalysed by certain polyvalent cations and even the reduction of the
hydrogen ion often takes place more readily at a mercury surface contaminated with
organic matter. Although in such cases the exact mechanism of the catalysis usually is
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not known, it is clear that the rate of charge transfer will depend on the surface concen-
tration of the catalyst and the current thus may contain additional noise due to varia-
tions in the number of catalytic centres. In an extreme case the mean square noise
current may be given approximately by

A2 = A’Z"Ziz
m

(4)

where m is the total number of catalytic centres and Am? is the mean square variation
in m. It will be shown later that if the catalyst is an organic molecule or an inorganic
ion it is possible to evaluate Am*/m?* with the aid of the equivalent circuit for the
interface if certain electro-capillary data are available. Alternatively, if the frequency
is sufficiently low for equilibrium to exist between the interface and the solution as
regards the adsorption of the catalytic ion or molecule, it follows from an equation
derived later (11) that if the surface density of catalytic centres is low

Am? 4df )
m?>  ANC.(2wD.)*

where C. is the catalyst concentration in the solution (mole cm ™~ 3), D, the diffusion
coefficient of the catalyst, w the angular frequency, N Avogadro’s number and A
the electrode surface area. From (4) and (5) it is clear that as the frequency decreases
catalytic noise increases progressively in size. Such “red” noise may be likened to
flicker noise in thermionic valves which, although not well understood, is probably
due to variations with time in the emissive characteristics of the thermionic cathode.

The last complication to be mentioned is thermal agitation of the surface of a
mercury electrode. Normally, the electrical energy stored in the double layer at the
interface does not very greatly exceed the total kinetic energy of the mercury ions in the
surface and it is clear that the occurrence of short-lived surface irregularities with
dimensions comparable with or larger than the thickness of the discrete part of the
double layer may be quite frequent. Whether or not such irregularities appreciably
influence the rate of charge transfer and introduce another type of noise is far from
clear. It is certain from arguments presented later that the electrical double layer at
an electrode in contact with a concentrated aqueous solution of a strong electrolyte
is not normally a very noisy part of the electrochemical system, but reasoning con-
nected with a system in equilibrium gives no certain indication of the possible effect
of thermal agitation of the surface (which is linked with variations in energy stored in
the double layer) on the rate of an irreversible charge transfer process. Intuitively, one
expects that heterogeneity in the surface will not make charge transfer more random
than random but the matter requires detailed theoretical study.

SYSTEMS AT EQUILIBRIUM

It was first shown by Nyquist® that the mean square noise voltage developed
across an isolated resistance is:
AV? = 4kTRdf (2a)

where R is the value of the resistance. The noise voltage is thus not dependent on the
mechanism of current conduction or on the charge and mobility of the current car-
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riers if the resistance is unpolarized. This simple equation was derived by considering
the noise power transferred between two identical resistances linked by a transmis-
sion line the characteristic impedance of which equals the two terminating resistances.
Invoking the second law of thermodynamics, the noise energy transferred from one
resistance to the terminated line must equal that transferred from the other resistance
to the line and (2a) readily follows from a consideration of noise energy stored within
the line.

The derivation of expressions for noise voltages and currents in an electroche-
mical system at equilibrium is even more straightforward if an equivalent electrical
circuit for the system is available. Again, invoking the second law of thermodynamics,
there can be no steady loss or gain of energy by the electrochemical system if it is con-
nected to its equivalent circuit. It is obvious that a zero-impedance noise voltage gene-
rator satisfying (2a) must be inserted in series with each resistance in the equivalent
electrical circuit if this thermodynamic requirement is not to be violated. It is also
clear that any reactive elements in the equivalent circuit must be treated as noiseless
components as any actual reactance is a noiseless component. The calculation of
noise in an electrochemical system at equilibrium is thus, in principle, a trivial problem.

One further fact is also clear. Measurement of the frequency-dependence of
noise associated with a system at equilibrium at the best can only give information
about the frequency dispersion of the resistive and reactive parts of the equivalent
circuit for the system, information that usually can more readily be obtained by a
conventional perturbation method. In the remainder of the paper noise in equilibrium
systems is discussed in greater detail mainly to clarify the causes of the noise or to
obtain results needed for the calculation of noise associated with a faradaic current
that is influenced by parts of the system which are virtually at equilibrium.

Simple redox reaction
In the absence of reactant adsorption at the interface, the equivalent electrical
circuit for the faradaic impedance?® associated with the reaction

O+n =R

consists of a charge transfer resistance, R, in series with the diffusion impedances for
the two reactants. If the system is at equilibrium the potential of the open-circuited
electrode contains a noise component due to noise defined by (2a) originating in Re
and in the resistive parts of the diffusion impedances for reactants O and R. In the
complete equivalent circuit for the interface, this noise is represented by noise voltages
supplied by three generators inserted directly in series with the three sources of noise.
The observed noise component of potential may of course be smaller than the vecto-
rial sum of these noise voltages if, at the frequency in question, the impedance of the
double-layer capacity is not very much larger than the faradaic impedance.

As R.=RT/nFi,, where i, is the exchange current at equilibrium, the noise
voltage associated with the two opposing charge transfer processes is

A2 _4(RT)2 .
A= nFNi, ¢ ©)

If by some means R could be short-circuited, the noise current flowing through the
short-circuit would be:
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Ai? = 4(nei)df (7)

This is the noise current predicted by the Shottky equation® for two opposing and
independent currents, each of magnitude i,, and each composed of randomly occur-
ring charge transfer events of size ne. A clear and not unexpected link between statistic-
al noise and noise due to thermal agitation is thus found in the case of noise connected
with a charge transfer resistance. Charge transfer resistance noise is dependent on the
size of the charge transfer events but unfortunately the evaluation of n demands a
knowledge of i, which invariably presupposes a knowledge of n. Measurements of
charge transfer resistance noise consequently provide no unique information about
the mechanism of charge transfer. All that can be determined experimentally is ni,and
this quantity usually can be readily obtained by more conventional methods®*

Diffusion impedance noise

If in the case of a simple redox reaction the reactants move to and from the
electrode only by linear diffusion it is known® that the diffusion impedance for each
reactant can best be represented in the equivalent circuit for the faradaic impedance
by a resistive transmission line with uniform series resistance and shunt capacity.
This circuit is only valid if the deviation of the line voltage from the equilibrium value
(normally zero) is minute compared with RT/nF and it is also implicitly assumed that
the standard free energy of formation of the reactant is the same at all points in the
solution and that the inner potential of the solution is absolutely constant. It is,
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Fig. 2. Equivalent electrical circuit for a diffusion impedance when account is taken of thermal agitation.
consequently, a circuit without precise thermodynamic meaning but its electrical
characteristics are consistent with known experimental facts and it can be employed
to clarify the physical significance of a noise component of potential connected with
the resistive part of a diffusion impedance.
To allow for the effects of thermal agitation, noise voltage generators must be

distributed along the length of the resistive conductor of the transmission line as
shown in Fig. 2. The resistance per unit length of this conductor is:

R, = RT/n*F*AC,D, (8)
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if the line represents the linear diffusion of reactant I and this reactant participates in a
charge transfer reaction (apparently) involving n electrons®. Thus, diffusion across
a layer of solution of thickness, dx, is represented in the circuit by the diffusion of
charge through a resistance of value, (RT/n* F? AC, D,)dx. Using the Nyquist equa-
tion the noise voltage developed across this small element of series resistance is
found to be

dV? = RT/F)*dfdx/An*NC,D,

and as a change in line voltage, dV, represents a change in reactant concentration,
(nFC,/RT)dV, the mean square variation in reactant concentration across a thin layer
of solution of thickness, dx. due to thermal agitation within the layer is

dC? = 4C,dfdx/AND, ©)

This result can be used to calculate non-equilibrium noise connected with the diffusion
of a reactant through a diffusion layer at a polarized electrode.

However the validity of (9) will first be checked by using (9) to calculate the
variations in the concentration of the reactant at the electrode surface (x=0) when
no electrode reaction takes place. Use is made of the well-known expression for the
temperature in a semi-infinite medium when the temperature at the plane x=0
varies sinusoidally with time®, remembering that random variations in concentration
in a small frequency band, df, can be regarded as the vectorial sum of a large number
of minute sustained sinusoidal variations having frequencies within this band. Also,
it has to be borne in mind that concentration variations across a thin layer of solution
tend to be propagated towards x= oo as well as towards x=0, and that the actual
variations in concentration at x=0 are the vectorial sum of concentration variations
originating in solution laminae from x=0 to x=|oo|. It readily follows that for an
infinite medium (x= — o0 to x= + o0) the mean square variation in reactant concen-
tration at x=0is

— s 402 2w l%
AC{ - exp x D, | X
2C,df

S o)

Il

For a semi-infinite medium extending from the plane of the electrode surface to infinity,
the mean square noise component of concentration will be twice the value for an
infinite medium and thus the concentration variations at the electrode surface when
the reactant is not reduced or oxidised by the electrode are:

Yo . . (1)

AN (2wD))?

The same result can be obtained more directly by the application of the Nyquist
equation to the resistive part of the diffusion impedance® {RT/n*F>C,(2wD,)*} and
replacing line voltage by concentration using the conversion factor employed
earlier. The noise component of potential in the case of a completely reversible redox
reaction is clearly due to fluctuations in the concentrations of the reactants at the
electrode surface induced by thermal agitation in the entire body of solution, although,
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of course, solution near the surface contributes most of the noise. Diffusion impedance
noise, it will be noted, increases progressively as the frequency decreases and becomes
relatively more important with decreasing reactant concentration.

Diffusion current noise

Equation (9) should still hold for a system which, although microscopically
at equilibrium, is macroscopically not at equilibrium and, in the case where reactant
[ is reduced at the electrode surface and a diffusion layer of appreciable thickness, 9, is
established at the surface, the concentration variation across a thin layer of solution
within the diffusion layer now is

dC? = 4¢, g dfdx/AND, (12)

A linear concentration gradient for 0 < x < ¢ and zero concentration at the electrode
surface are assumed. The noise component of the diffusion current can be calculated
with the aid of the solution of the previously mentioned problem in heat conduction®
introducing positive and negative images of the concentration sources within the
semi-infinite medium in order to satisfy the boundary condition, C;=0at x=0. The
solution for frequencies large compared with 7D;/6? is found to be:

Ai§ =

oo 1 .

dfmg0 Gm+ip 1.23| neiy| df (13)
where ig4 is the limiting diffusion current. The mean square noise component of the
limiting diffusion current is thus about two-thirds of the noise for an equal current
composed of randomly occurring charge transfer events of size, ne. The space cloud
of diffusing reactant reduces the noise in much the same way as the electronic space
charge that surrounds the cathode of a thermionic valve reduces the shot noise. It is
somewhat surprising that the reduction is almost identical in the two cases, the factor
to be applied in the thermionic emission case’ being also approximately 3.

It is assumed in the derivation of (13) that the reactant is reduced (or oxidised)
instantaneously on arrival at the electrode surface and that the reaction takes place
with equal probability at all points on the surface. Clearly, the noise might change in
size somewhat if reduction, although apparently diffusion-controlled, only takes
place close to ions adsorbed at the interface. The noise might conceivably exceed that
predicted by (13) if, for example, the reduction of a hydrated metallic ion were to be
catalysed by adsorbed (halide) ions. Another case in which excessive noise might well
be observed is when the dynamic y-effect® markedly affects the rate of an intrinsi-
cally fast charge transfer process. It is possible that noise measurements might serve
to clarify such phenomena.

nF .
N

Non-faradaic noise

Although few measurements have yet been made of the impedance at high
frequencies® of the electrical double layer at the interface between a mercury electrode
and a moderately concentrated aqueous solution of a single electrolyte, there is no
evidence indicating that the differential capacity is not an aperiodic quantity up to
frequencies of at least 1 MHz. The resistive part of the double-layer impedance at such
frequencies must be very small and noise due to thermal agitation will usually be small
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compared with that due to thermal agitation of the ions in the bulk of the solution.
Often, therefore, it is justifiable to regard the double-layer capacity as a noiseless
component.

Non-faradaic noise should, however, be observed when a minor organic or
inorganic component of a concentrated electrolyte solution is strongly adsorbed at
the interface. It is known that the equivalent circuit for the double layer®!° then
takes the form shown in Fig. 3. The capacity, C,, the differential capacity at infinite
frequency (ignoring small effects’! due to the change in the transport numbers of the
ions of the main electrolyte at the interface) is shunted by an adsorption capacity, C,,
in series with a resistive transmission line. The latter circuit component is connected
with the linear diffusion of the strongly adsorbed component in the solution and is
responsible for the non-faradaic noise. As with other electrochemical systems at
equilibrium, thermal agitation is allowed for in the circuit by introducing a noise
voltage generator in series with the resistive part of the circuit. The input impedance
of the transmission line is known to be!?

(2], () (3 oo

where I', is the surface excess of the strongly adsorbed minor component A, g is the
double layer charge density and C, the concentration of A in the solution. Application
of the Nyquist equation to the real part of this impedance gives the noise voltage and
it is a simple matter to calculate the noise component of I'y if the derivatives in (14) and
the derivatives defining C, [ A(0g/0E)r,] and C,[A(0OI'y/0E)c, - (0q/0T 4)g] are known.

Noise voltage
/genemtor

Tronsm|55|on line

Fig. 3. Equivalent electrical circuit for the interface when a minor component is strongly adsorbed and ac-
count is taken of thermal agitation.

Although appreciable non-faradaic noise might sometimes be observed, it
seems likely that studies of such noise cannot yield any information that cannot more
easily be obtained by other experimental routes. However, as mentioned earlier, the
circuit of Fig. 3 may be needed to account for noise in a polarized system when charge
transfer is catalysed by species adsorbed at the interface which in some way facilitate
the passage of electrons or charged ions across the interface. Catalysis in systems at
equilibrium does not influence the noise other than by its effect on the exchange cur-
rent, this being a consequence of the principle of microscopic reversibility.

Tentatively, it can be concluded that while it would seem a profitless task to
study noise in electrochemical systems at equilibrium, it is possible that noise measure-
ments made on non-equilibrium systems might, together with more conventional
kinetic measurements, help to establish the mechanism of charge transfer in certain
cases.
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SUMMARY

Electrical noise in electrochemical systems at equilibrium, and in a non-equili-
brium state, is discussed. It is shown that although little is to be gained from studies of
noise in equilibrium systems connected with thermal agitation and the finite size of
charge transfer events, experiments with systems far from equilibrium may cast some
light on the mechanism of charge transfer. Noise measurements are most likely to

prove informative when charge transfer is catalysed by a minor component of the
interface.
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INTRODUCTION

One of the interesting problems in electrochemistry is the theoretical inter-
pretation of the kinetic parameters of electrode reactions. The most studied subject
in this respect is probably the hydrogen evolution reaction on mercury. For example,
the relation between overvoltage and double-layer structure has been investigated
by Frumkin?, and various attempts have been made to assess a scheme for the reaction
mechanism (for a review, see Vetter?). Parsons and Bockris® have given a calculation
of the theoretical energy of activation based on the model of the so-called discharge
reaction?, the result of which compares favourably with experimental values. From
this and also from other work*~1? it appears worthwhile to study the temperature-
dependence of the exchange current density, io, and the transfer coefficient, .

Unfortunately, the inconsistencies of the abundance of experimental data'!
available for the hydrogen electrode make it difficult to draw decisive conclusions.
Also, anomalous results are often reported, and need further investigation. Most of
this work has been concerned with the determination of the Tafel'? parameters by
direct current methods.

As part of a general programme for the study of the effect of temperature on
the parameters of electrode reactions, and the properties of the electrode—solution
interface, we investigated the impedance of the dropping mercury electrode in con-
centrated acid solutions at different temperatures. The advantage of the impedance
method is that it contains information both on the electrode reaction and the double-
layer capacitance, even in the potential region where the faradaic process occurs! 14,
As the rate of an electrode reaction is closely related to the structure of the double
layer, this may be a valuable parameter.

Moreover, the H*/H,(Hg) reaction appears to be a suitable system for the
demonstration of the applicability of the impedance method to the study of irrever-
sible systems, as postulated recently’.

In this paper, we report the results of measurements in aqueous 1 M HCl, in
the eutectic mixtures of composition, 7.5 M HCI, and 52 M HCIO,. The eutectic
compositions were chosen because they have very low freezing points.

A critical discussion will be given in the light of the existing literature, especially
as regards the temperature-dependence of the transfer coefficient, which for 7.5 M
HCI was observed by Bockris and Matthews!® to be anomalous.
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EXPERIMENTAL

The cell consisted of two sections, one for the dropping mercury electrode
(cathode) and a mercury pool counter electrode (anode), and the other for a reversible
hydrogen reference electrode. The latter consisted of a short piece of coiled platinum
wire coated with platinum black. The two compartments were connected by a short
capillary, the top of which was near the DME. The whole system was saturated with
hydrogen gas, which was deoxygenated (by passing it through a column filled with
reduced copper oxide in a very active form, BTS-Katalysator, BASF at a temperature
of 50°) and then equilibrated with a solution of the same composition and temperature
as in the measuring cell.

Care was taken to eliminate impurities from the solutions : reagent-grade HCI
and HCIO, were used, and water was distilled twice, successively from acid and
alkaline permanganate solution. The mercury was doubly-distilled.

All glassware was cleaned with dichromic acid and steamed out for a few
hours. Immediately before use it was rinsed with doubly-distilled water.

Forsomeexperiments, the solution was pre-electrolyzed overnight at 5 mA /cm?
using an auxiliary Pt cathode which was removed shortly before the measurements.
However, as we found no difference in the results for the same experiment with and
without pre-electrolysis, this was omitted.

The impedance measurements were carried out at potentials as far cathodic
as possible, i.e., until the rapid evolution of hydrogen bubbles disturbed the regular
dropping of the mercury, which was mechanically controlled. The impedance and
d.c. potential measurements were made with the a.c. bridge and additional set-up as
described elsewhere?>.

A special provision was made for temperature control. The cell was surrounded
by two jackets ; the outer jacket was evacuated, and through the inner one methanol
or water was circulated from a cryostat or thermostat, depending on the temperature
range desired. In this way the accuracy was better than 0.1°.

RESULTS

Interpretation of impedance measurements

Since the H ™ /H,(Hg) electrode reaction is extremely irreversible, polarization
to fairly negative potentials is required to obtain a substantial faradaic current, both
for d.c. and a.c. At more positive potentials, the measured impedance yielded directly
the values of the ohmic resistance, R, and the double-layer capacity, C,. In the faradaic
region itself, the components Z' and Z” of the cell impedance were determined as a
function of frequency (420-3000 Hz) and analyzed according to the complex plane
method'*'*. As in our present investigations the double-layer capacitance is not a
priori known (no indifferent electrolyte added), the so-called frequency variation
method had to be applied, i.e., we considered the frequency-dependence of the com-
ponents Y;, and Y, of the electrode admittance, calculated from

Z'=R,

D R Bt T —
el (Z/ _RQ)Z +Zu2 (la)
o _ z" il
A O b}
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In all cases, Y/, and Y//w were independent of frequency, indicating that diffusion
polarization is negligible, as would be expected for the H* /H,(Hg) electrode at the
foot of the reduction wave. Thus, the impedance data enable the calculation'® of the

"

transfer resistance, 0=1/Y,, and the double-layer capacitance, Cy= Y /w.

Potential-dependence of the transfer resistance

A general equation for the potential-dependence of 6 has been given by Timmer

et al.*®. Since in the present case E< Eo, the simplified equation may be considered:
0 — RT  ag+exp [~ (pnF/RT)(E—Eo)]

n*F2k3,  PaoCéexp [— (BnF/RT)(E—Eo)]

(2)

in which C¥ is the H™ concentration, k2, the apparent standard heterogeneous rate
constant, f§ the cathodic transfer coefficient and a,= (7Do/3nt)*ky,' for a DME. If
k,, is sufficiently small, aq >exp [ — (8nF/RT)(E—Eo)], leading to

RT pnF
e —— (E-E
nZFZ k:hﬁcg exp |:RT ( O)} (3)
For a comparison with literature data it is more convenient to count the potential,

E, from the reversible equilibrium potential, E,,, and to consider values of iy, the
exchange current density, at E:

0:

o= nFES,CECEE . (4)
With eqn. (4) and E—E ., =#, eqn. (3) can be transformed into
RT pnF
= nFpig P RT ©)
or
RT pnF
Inf=In —— + — 6
no=n g, T RT " (6)

As in all cases of the present study log 6 vs. i plots were linear, it can be concluded that
the conditions for eqn. (3) are fulfilled. The values of  and i, can be calculated from
the slope and the intercept of such a plot. The slope is, in fact, the reciprocal of the
Tafel'? parameter, b. )

Temperature-dependence of io and f

i. 1 M HCI. The measurements with this solution were carried out at 0°, 15°,
25° and 45°. At each temperature, 0 was determined at about 10 potentials in a range
of about 200 mV. The value of 0 never exceeded 1000 Q cm? (higher values cannot
be determined accurately'?®). The reproducibility was good. The equations of the
log 6 vs. n plots were assessed by the method of least squares. The results are presented
in Table 1, together with the values for § and log io. The averaged errors are, +0.02
in f and +0.30 in log i.

In order to make a direct comparison with d.c. measurements, a Tafel line was
also recorded at 25°. The result was in excellent agreement with that of the impedance
method, confirming the applicability of the latter. Our results are in reasonable agree-
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ment with those of Jofa and Stepanova® (log i = —11.7 and f=0.49 at 20°) and of
De Béthune'” (log io = —11.53+0.05 and B =0.50 at 25°).

An important conclusion from Table 1 is that the transfer coefficient does not
vary significantly with temperature in the range investigated. This is in agreement
with the experience of Jofa and Stepanova® and also of Post and Hiskey® for 0.1 M
HCI, although the latter authors observed above 35° an increase in § from 0.50 to

TABLE 1
DATA FOR 1.0 M HCI

Temp. Egns. of log 0 vs. overpotential, n B log ig

°0) (6 in Q em?, y in volts) (ioin A cm™2)
0 log 0=12.30+9.59 n 0.52 —13.65

+15  log 0=11.74+9.36 1 0.53  —13.08

+25 log 0=10.68+8.64 5 0.51 —11.98

+45 log 0= 9.99+843 0.53 —11.28

0.55 at 91.3°. However, Bockris and Parsons’ reported a significant temperature-
dependency of f, for 0.1 M HCl solution. As these authors found identical Tafel lines
for HCl solutions on changing the acid concentration from 0.01 M to 1 M, a compari-
son with our results seems to be justified and the disagreement has to be considered.

The apparent heat of activation at the reversible potential, AH, can be obtained
from a plot of log i, vs. 1/T. Figure 1 shows that our plot for I M HCI (curve 1)

1601

B
o

-log i, (iy in Acm=2)
IS
o

10.01

25 30 35 20 a5
1? x103(°K™") —

Fig. 1. Dependence of i on temp.: (1), 1.0 M HCI (this work); (2), 0.1 M HCI (Post and Hiskey®); (3), 0.1
M HCI (Bockris and Parsons’); (4), 7.5 M HCI (Bockris and Matthews!®); (5), 7.5 M HCI (this work);
(6), 5.2 M HCIO, (this work).

agrees satisfactorily with that derived from the data of Post and Hiskey® for 0.1 M
HCI (curve 2). The AH-values are 21.1+2.0 kcal mole ™! for curve 1 and 19.3 kcal
mole ™' for curve 2. A similar treatment of the data of Bockris and Parsons’, however,
produces a deviating plot (curve 3) with a AH-value of 7.2 kcal mole ™ !. On the other
hand, the authors report an apparent heat of activation of 21.1 kcal mole ™ !, calculated
from (0n/0T); in a way which theoretically should give the same result as the calcula-
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tion from Fig. 1. The discrepancy is caused by the temperature-dependency of f3,
found by Bockris and Parsons and which, in our opinion, is incorrect.

ii. 7.5 M HCI. The measurements in 7.5 M HCI have been made in a tempera-
ture range, — 35° to + 72°. The equations for the log 6 vs. 5 lines, the values of B, and
oflog iy are given in Table 2. The averaged errors are, +0.01 in f and +0.20 in log i,
Again, an excellent agreement was found with a d.c. Tafel line recorded at 25°.

TABLE 2
DATA FOR 7.5 M HCI

Temp. Eqns. of log 0 vs. overpotential, n p log ig
() (6 in Q em?, i in volts) (io in Acm™32)
-35 log 6=10.39+824 5 0.389 —11.66
—25 log 6= 9.96+8.14 5 0.400 —11.23
—15 log 6= 9.30+7.78 n 0.398 —10.55
-5 log 0= 942+821y 0.436 —10.70
+ 5 log 6= 9.10+8.19 5 0.452 —10.38
+10 log 6= 8.74+797 n 0.447 —10.00
+15 log 6= 8.61+797 5 0.455 — 9.88
+20 log 0= 8.50+7.99 1 0.464 - 9.77
+25 log 6= 8.53+8.17 0.483 — 9.80
+35 log 6= 8.06+8.03 5 0.491 — 933
+45 log 6= 7.89+8.14 1 0.514 — 9.16
+50 log 6= 7.58+791 n 0.507 — 885
+55 log 6= 7.61+8.14 n 0.530 — 8.88
+65 log 0= 7.25+799 n 0.536 — 852
+72 log 0= 7.13+8.04 n 0.550 — 840
150.0
b(mV)

12501

100.0

750 .
-80 -60 -40 -20 O 420 +40 +60 +80 +100
t (°C)

Fig. 2. Dependence of Tafel parameter, b, on temp.: (1), 7.5 M HCI (this work); (2), 7.0 M HCI (Jofa and
Stepanova®); (3), 7.5 M HCI (Bockris and Matthews'?).

The most remarkable result of these measurements is the very marked tem-
perature-dependence of B in Table 2. To our knowledge, such a significant trend of
the transfer coefficient with temperature has not previously been published. Bockris
and Matthews'? also studied the H*/H,(Hg) reaction in 7.5 M HCI and observed
an anomalous temperature-dependence of the Tafel slope b, with a minimum at + 5°.
For comparison, we calculated b from our measurements and plotted it against
temperature in Fig. 2, together with the results of Bockris and Matthews!'®, and of
Jofa and Stepanova® for 7 M HCI, which cover a smaller temperature range.
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It can be seen that the minimum found by Bockris and Matthews is not very
significant, whereas our results indicate quite significantly that the Tafel slope is
independent of temperature. In other words, we find § to be proportional to the
absolute temperature, with a temperature coefficient, 1.56-1073 degree ™ !.

Our values for the exchange current density are also in disagreement with those
of Bockris and Matthews'® (see Fig. 1) who report two values for the apparent heat
of activation, AH,, at the reversible potential: AHy=21.0 kcal mole™! for t= +5°
to +60° and AHy=5 kcal mole™?! for t=+5° to —71°, with a sharp discoptinuity
at +5°. We find AHy=11.140.5 kcal mole ™ * for the whole temperature range (—35°
to +72°).

iii. 52 M HCIO,. The measurements in this medium were carried out to com-
pare the behaviour of the H™ /H,(Hg) electrode in 7.5 M HCI (where specific adsorp-
tion of chloride may play a role) with that in a concentrated acid solution with no
(or anyway less) specific anion adsorption.

The results, obtained as before, are presented in Table 3. The averaged errors
are, +0.02 in f and +0.50 in log i,

TABLE 3
DATA FOR 5.2 M HCIO,

Temp. Eqgns. of log 0 vs. overpotential, n B log io
°0) (0 in Q em?, n in volts) (io in A cm™2)
-39 log 6=1511+11.20 n 0.52 —-16.52
-35 log 0=14.17+10.50 5 0.50 —15.56
=25 log 6=14.25+10.80 1 0.53 —15.64
-5 log 6=12.90+10.10 0.54 —14.26
0 log 0=11.74+ 9.19 5 0.50 —13.07
+ 5 log 0=11.714+ 926 n 0.50 —13.03
+10 log 0=12.23+ 9.80 n 0.55 —13.58
+15 log 0=1193+ 9.62 n 0.55 —13.28
+25 log 0=10.86+ 8.82 0.52 —12.17

The transfer coefficient is clearly not significantly temperature-dependent
within the range investigated. The apparent heat of activation at the reversible poten-
tial, calculated from the Arrhenius plot (Fig. 1) is 19.5+2.2 kcal mole 1.

To our knowledge, the effect of temperature on this system has not previously
been investigated.

Temperature-dependence of the double-layer capacity in 1 M HCI, 7.5 M HCI and
52 M HClO,

The data on C,, obtained in the region of H* reduction from Y/w (eqn. 1b),
were extended to more positive potentials by direct measurements of the electrode
capacitance. The results for 1 M HCI, 7.5 M HCI and 5.2 M HCIO, are shown in
Figs. 3, 4 and 5.

The dashed portions of the curves indicate the region where the hydrogen
evolution reaction occurs and form a quite logical prolongation of the more positive
parts, which might suggest that effects of coupling between the faradaic admittance
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Figs. 3-4. Capacity—potential curves for mercury. (3) in 1.0 M HCl at: ([0), +45°; (Q), +25°;(A), +15°;
(@),0°.(4)in 7.5 M HCl at: (A), +65°; (O0), +45°;: (@), +25°;(A), +5°; (M), —15°; (O), —35°. The
dashed part in the curves indicates the region of the hydrogen evolution reaction. The vertical arrow
indicates the position of the p.z.c. at 25°.
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Fig. 5. Capacity—potential curves for mercury in 5.2 M HCIO, at several temps.: (A), +25°; (0), —5°;
(O), —35°. The dashed part in the curves indicates the region of the hydrogen evolution reaction. The
vertical arrow indicates the position of the p.z.c. at 25°.

and (specific) adsorption of electroactive species are negligible!®. For 1 M HCI the
capacity minimum in the negative potential region is 16 uF/cm?.

In all cases, the capacity—potential curves pass through a common point,
situated on the left-hand side of the so-called “hump”. This behaviour is similar to
that of plots of the inner-layer capacity vs. electrode charge, published by Grahame®'®
for 0.8 M NaF. Because of the high electrolyte concentrations, our capacities may
also be considered as approximately equal to the inner layer capacities. A comparison
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with Grahame’s data suggests that specific adsorption of chloride has little effect on
the general shape of the curves, except that the hump seems to be somewhat more
pronounced.

In contrast with the case of hydrochloric acid, where the curves tend to coincide
in the negative potential region, the capacity—potential curves for 5.2 M HC10, have
a second common intersection point which is situated in the potential region where
the hydrogen evolution reaction begins. (Fig. 5).

In Figs. 3,4 and 5 the potentials of zero charge, p.z.c., at 25° are also indicated.
The p.z.c. was determined by means of drop-time measurements and was found to
be in agreement with literature values?®. Only a slight temperature-dependence of the
p.z.c. was found, in accordance with the measurements of Paik et al.?' in 1 M KCl
solution. In Fig. 3 it can be seen that the maximum of the hump in 1 M HCl is observed
at a potential positive to the p.z.c., similar to the fluoride case. This was ascribed by
Mott and Watts-Tobin?? to specific anion adsorption, although this is rather unlikely
for fluoride®®. The position of the hump appears to be an important feature in the
development of theories for explaining its occurrence®*. Satisfactory explanations for
all phenomena have not yet been given, especially for the fact that in some solvents
(water, dimethylsulfoxyde?*, sulfolane?®) the hump is found anodic to the p.z.c., and
in other solvents (formamide, N-methylformamide) on the cathodic side. Our experi-
ments in concentrated acids have revealed a new phenomenon, which, as far as we
know, has not been previously observed: in 7.5 M aqueous HCI and 5.2 M aqueous
HCI1O, the humps are situated at potentials negative to the p.z.c. This suggests that
the effect of increasing the electrolyte concentration has also to be considered.

DISCUSSION

It has been stated that the temperature-dependence of the transfer coefficient
of the hydrogen electrode reaction might be of diagnostic value, especially with
respect to the so-called proton-tunnelling mechanism?®. However, Conway and
Salomon® showed that the occurrence of tunnelling at a mercury electrode is im-
probable. Instead, they support the view of Bockris and Parsons’, that “a satisfactory
account of the variation of § with temperature could be given on the basis of the
variation of the thickness of the double layer with temperature, deduced from the
temperature dependence of the double-layer capacitance.” As, according to Parsons
and Bockris®, B is an inverse function of the double-layer thickness, the observed
decrease of § with decreasing temperature should correspond to a decrease in capacity.
However, our capacity measurements in 7.5 M HCI show an increase in capacity
with decreasing temperature in the potential region of the hydrogen reduction. As
this region coincides with the hump region, where dielectric saturation may be in-
complete, it is quite reasonable to ascribe this trend to the variation of the dielectric
constant with temperature?2. In the far negative potential region, the capacity—poten-
tial curves clearly tend to coincide, so that no evidence for the temperature-depend-
ence of the double-layer thickness can be deduced from our experiments. On the
other hand, the capacity in 5.2 M HCIO, shows a decrease with decreasing tempera-
ture in the “hydrogen region”, but in this case f§ is found to be independent of tem-
perature.

In our opinion, the explanation must be sought, anyway in the first instance,

J. Electroanal. Chem., 21 (1969) 137-147



THE IMPEDANCE OF GALVANIC CELLS. XXV 145

in considering that the experimentally-determined value of f is not necessarily a
“real” transfer coefficient. It has been shown recently?’, that the rate constant, kg,
and thus iy, can be a function of potential. In that case the slope of the log 0 vs.  plot
(see eqn. 6) becomes

(@ In 0) _ pnF ¢ In i0> )
o Jr - RT Q oy
A similar expression may be derived for the slope of the d.c. current-voltage curve:
. ) pnF
Ini=lnig — —
i Io RT n (8)
giving
ERY nF 0lni
)
o Jr RT on Jr

The “apparent transfer coefficient” g, . calculated with (7) or (9) is equal to

RT(&]nO) __RT(@lni) ‘_ﬁ RT(@lnio
T

il s =pf—-g (1
on nF\ oy /p nF can >7~ B—g (10)

P = F

If B is considered as a fundamental constant (independent of # and T') the following
conclusions can be drawn from the results reported in this paper: (a) For 1 M HCI
and 52 M HCIO, solutions, g in eqn. (10) is probably negligible, because f,,, is
independent of temperature. (b) For the 7.5 M HCl solution, g has a substantial value:
as f,,, is found to be independent of potential and a linear function of temperature,
0 In iy/dn is not significantly dependent on # and T in the range investigated.

Bockris and Matthews'? developed a similar idea, ascribing their anomalous
Tafel slopes for 7.5 M and 3 M HCl to the fact that k2, in eqn. (4) contains the Frumkin
correction term, in which the outer Helmholtz plane potential, ¢,, is potential-
dependent. However, this effect is not, as the authors suggest, characteristic for a
solution from which anions (i.e., chloride ions) are specifically adsorbed. Moreover,
it is too small for a quantitative explanation of the anomalous f-values. Recently?®-%?,
we showed that the presence of specifically adsorbed anions, itself can have a consider-
able influence on the rate constant of the Zn®*/Zn(Hg) electrode reaction, in de-
creasing the activation energy of the charge transfer. It seems reasonable to apply
this view also to the H*/H,(Hg) reaction. This means that, if specific adsorption is
significant, the change of the specifically adsorbed amount with potential causes the
activation energy, and thus i, to be potential-dependent. As specific adsorption in-
creases with decreasing temperature, it can be expected that the heat of activation is
temperature-dependent also, and consequently the AH-value, calculated for 7.5 M
HCI, will be the mean value of the AH-values pertaining to the temperatures in the
range investigated. It may be noted that the temperature and potential range of the
measurements is obviously very important to the results obtained and this may
explain the discrepancies between the results of different investigators, e.g. between
the work of Bockris and Matthews and ours.

The present results are unsuitable for more quantitative considerations, but
we hope to make further investigations in that direction.
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SUMMARY

The impedance of the dropping mercury electrode in aqueous solutions in
1 M HCI, 7.5 M HCl and 5.2 M HCIO,, saturated with hydrogen at one atmosphere
was measured at temperatures between —39° and +72° both in and outside the
potential region where the electrode reaction, e+H™* = 3 H,, proceeds.

Analysis of the impedance data gave information about both the kinetics of
the electrode reaction and the double-layer capacity. Exchange current densities and
transfer coefficients are reported. The apparent heat of activation is 21.1 kcal mole ™!
for 1 M HCI, 19.5 kcal mole ™! for 5.2 M HC1O,, and 11.1 kcal mole ™ * for 7.5 M HCI.
In the latter solution the transfer coefficient is found to be a linear function of tempera-
ture. In I M HCl and 5.2 M HCIO, the transfer coefficient is virtually independent of
temperature.

In 1 M HCI the hump in the capacity curve is situated anodically to the poten-
tial of zero charge but in 7.5 M HCl and 52 M HCIO, this is reversed.

In both 1 M HCland 7.5 M HCl the capacity—potential curves show one poten-
tial where the double-layer capacitance is independent of temperature. In the case
of 5.2 M HCIO,, this occurs at two potentials, situated at either side of the potential
of zero charge.
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As was shown in a number of papers! ™3, adsorption of various aliphatic
compounds at the mercury/solution interface is quantitatively described by means
of a two parallel capacitors model** if a small additional correction is introduced
to take into account the discrete nature of adsorbed organic dipoles®. In the general
case, this model proves to be inapplicable for the description of adsorption of aroma-
tic or heterocyclic compounds (see, e.g. ref. 7), since owing to n-electronic interaction,
molecules of these compounds can be adsorbed in two different positions: flat and
vertical. The ratio between the number of molecules oriented flat and vertically can
change, both with the electrode potential, E, and with increasing organic substance
concentration, c. To describe such adsorption phenomena, a system of isotherms of
the type;

Bic={0/n,(1—-0,—0,)"} exp(g116, +g1202)}

Byc={0,/ny(1—0,—0,)"} exp(g2101+9220,) (1)
was proposed®, in which the adsorption equilibrium constants, B; and B,, were
considered as some functions of the electrode charge, g. In eqns. (1), 0; is the surface
coverage, n; the ratio of the area occupied by an adsorbate molecule to that of a
cluster of adsorbed water molecules (see refs. 9, 10), and g;; parameters of intermole-
cular interaction of adsorbed particles; indices 1 and 2 in our notation refer to vertical
and flat orientation of adsorbate molecules, respectively.

The aim of the present paper is to fit the system of isotherms (1) to the model of
three parallel capacitors which physically must correspond to the electrode/solution
interface in the presence of organic substance adsorbed in two different positions.

The basic equation of this model can be written as:

g=4qo(1—0,—0,)+ C,(E—Ex)0, + C2(E—Ex,)0, 2

where g, is the electrode charge in pure supporting electrolyte solution, C, and C, the
double-layer capacities at §=1 and 6, =1, respectively, and Ey, and Ey, the shifts of
the point of zero charge (p.z.c.) upon transition from 6, =0,=0to 6, =1and 0,=1,
respectively ; the potential, E, is read from p.z.c. in supporting electrolyte solution.

Equation (1) can be related to eqn. (2) by means of the basic equation of elec-
trocapillarity, which at E = const., for such systems can be written as:

do= —(A4/n,)0,d log c —(A/n,)0,d log c (3)
where ¢ is the interfacial tension, A=n;RT I'"’=n,RTT'Y and I'’}) the limiting ad-
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sorption. Let us show that system (1) agrees with eqns. (2) and (3) under the following
conditions: B;=B,(E); B,=B,(E); gi1=—2n1ay; ¢g12=—2n,a3; g1 = —2n,4;,
and ¢g,, = —2n,a,, where g; are attraction constants for the following orientations
of adsorbate molecules: a;—vertical/vertical, a,—flat/flat and a;—vertical/flat. If
these conditions are fulfilled, system (1) assumes the form:

B{(E)c={0/n(1—0,—0,)"} exp(—2n1a101—2n1a392)}
B,(E)c = {0,/n5(1—0, —0,)"} exp(—2n,a,0,—2n,a;50,)

which gives at E=const.

(4)

do do
dloge =5t + '1"_0 — 2n,a,d0, —2n,ayd0,
1
do do
dlogc = 0—2 + ’112_0 — 2n,a,d0,—2n,a5d0, (%)
2

where 6 =0, + 0,. Introducing (5) into (3), after integration we obtain

n—1 n,—
0, +
ny n,

g=0y+A4 [log(l—@) + ! 02+a10§+a29§+2a30192} (6)
where g, is the value of ¢ in supporting electrolyte solution, since at 0,=0,=0,
o=0,. Equation (6) can be used as a basis for calculating the o, E-curves, provided
that the dependence of surface coverages, 0, and 6,, on the potential is known.

Since it is assumed that eqn. (6) is valid at all potentials, its differentiation with
respect to E gives for the electrode charge:

_ do ( 1 d0  n—1d0, n,—1do,
1=~qg ~ 9" \1Z9dE ~ ", dE _ n, dE
do, do d() do,

— 24,0, 47 — 2450, d132 2a30, 47 2. Basll, dE> (7)

If we introduce the symbols P, =d log B,/dE and P,=d log B,/dE, we obtain
from eqn. (4)

po_ 1 d0 om0 do, 0,
Y79, dE T 1-0dE - Mg T B EE @)
1do,  n, do do, do,
P, — _ 2n _2
2= 9, dE " 1-6dE % g ~ B gE

Using (8) we can readily see that the expression in the brackets of eqn. (7) is equal to
P.0/n,+ P,0,/n,, and hence

q=4q +A<P101+P292)
=4do —

)

Equations (2) and (9) coincide under the condition

p— _ ni[go+C(Exi —E)] P — _ ny[qo+ Ca(Exa—E)]
v A 2 A (10)
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Integration of (10) gives

E ]
J qodE+CE(Ex,—E/2)
B,=B L
1 o1 €Xp i An, |
- . Z (11)
J’ qodE+ C,E(En,—E/2)
B, = By, exp _— = An, |

where B, and B, are the values of B, and B, at E = 0. Equation (11) defines con-
cretely the B,(E)- and B,(E)-dependences contained in the system of isotherms (4).

Now let us find the expression for the differential capacity, C, in the presence
of organic substances adsorbed in two different positions. Differentiating (9) with
respect to E, we find

dg (01 dp, 0, sz> P, do, P, d()z>
Ce=— = Cppd| L2 —2 g2 AL Ly B 2
gg= A\ dE T am) * <n1 dE T 7, dE (12)

The derivatives, dP,/dE and dP,/dE, contained in this equation are found from (10)
and the derivatives, d0,/dE and df,/dE, by solving a linear system of eqns. (8), in
which the sum, d6,/dE + d6,/dE, should be substituted for d0/dE. After substitution
of these derivatives into eqn. (12), we obtain

C:CO(I _61_02)+C102+C202+

P}/ 1 1 PP,/ 1 PI/ 1 1
ok | TV . g et SR e Ty
n§<n202+1—0 “2> o, \1—0 “3) n§<n101 1—g

1 1 1 1 1 2
—_—t—— =2 —t+———2a,)| —|——=—2a
(m@l 170 “‘> <11292 19 a2> (1—9 3> (13)
In principle, eqn. (13) with a known dependence of 6, and 6, on E permits
the complete calculation of the C, E-curve in the presence of organic substances ad-
sorbed in two different positions. From a practical point of view, however, the use of
this equation is inconvenient, since at ,—%0, 0,—0 or 6—1, the terms in the numerator

" and denominator tend to infinity. To avoid these difficulties eqn. (13) can be trans-
formed to the form

+A

1
C=Co(1-0)+C0,+C,0, +2><

g Mix [, +(1 = 0)(1—2a,x,)] = 2M M, x,x,[ 1 —2a3(1—-06)] + M3 x,[x +(1-6)(1-2a,x,)]
(%1 +x5) + (1=0)[1—2a,x, —2a,x,+4x,x,(aa, —a3)] — 2x,x,(a, +a,—2a;)

(14)

where x, =n,0,;x,=n,0,; M =qo+C(Ex; — E); My =4, + C5(Ex, — E).

The dependence of 0, and 6, on E, necessary for the determination of the
theoretical o, E- and C, E-curves from eqns. (6) and (14), can be calculated as follows.
First, from eqn. (4) at given values of n,, n,, a,, a, and a5 are plotted the dependences
of log (B, ¢) on 6, for different 0, and of log (B, c) on 0, for different 0, (Fig. 1). Then,
the potential is given and from eqn. (11) the values of B, and B, are calculated for this
potential. Thus, with a chosen concentration, ¢, we now have the values of log (B, ¢)
and log(B,c). With these values known, two dependences of 0, on 0, are plotted by
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means of the plots shown in Fig. 1. For the values log (B;¢)= —0.5 and log(B,c)=
+0.5 (see Fig. 1) such dependences of 6, on 0, are given in Fig. 2. The intersection of
these two curves determines the values of 6, and 0, at given E. Then a new potential
value is given and the values of 0, and 0, are found for it in a similar way, etc. In a
particular case, when a,=a,=a;=0, n,=1 and n,=2, the solution of system 4)
is greatly simplified, since in this case eqn. (4) gives a quadratic equation for 0 (see
ref. 11).

1g(Byc) IgtB,c)
s L 8=08 6706 6,704 6702 8,=0
15 15
10 of
0s -
©2
S “Toz/ /. i 7o
-10
b
-15 -15F
Fig. 1. Dependence of (a), log (B, ¢) on 0, ; (b), log(B, ¢) on 0, calcd. by means of eqn. (4) with ny, =1;n,=2;
a,=1.15and a,=a;=0.
61: 62
10t

(ool

0.54

|

|

|
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10—, F —

o 05 10 05 0 -05 -10 -5

Fig. 2. Dependence of 6, on 6, obtained by means of the plots in Fig. 1 under the condition: (1), log (Bc)=
—0.5; (2), log(B,c)=+0.5.

Fig. 3. Dependence of (a), coverages 0, and 0, ; (b), differential capacity on the electrode potential calculated

for case (1) under the following additional conditions: Co=20 uF/cm?; C,=7 pF/em?; A=1.6 pJ/cm?;
En;=0.5V; Exy=—0.5V; By, c=2 and By, c=5.

We have calculated the curves of the potential-dependence of 6, and 0,, as
well as the differential capacity curves for the following particular cases:
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1

3

e =8

) ny=1; n,=2; a,=a,=a;=0; C,=Cy=const.;

2) ny=1; n,=2; a;=a,=a;=0; C,#Cy=const.;
Yny=1; n,=2; a,=a3;=0; a,#0; C,#C,=const;
4) ny=1; n,=2; a,=0; a;#0; a3#0; C,# Cy=const.

The results obtained are given in Figs. 3-7. It follows from the figures, that owing to
the condition, C,= C,, the organic substance is not desorbed with increasing posi-
tive charge, whereas at C,<C, and C,;<C, it is desorbed and both the curves
0.—E and 6,—E are bell-shaped. In both cases, at large g > 0, the C, E-curves in solu-

C,pF[ecm?

01.0 05

=10:

60

50

40

30

20

10

1 1
10 05 0O -05 -10 EV

Fig. 4. Dependence of (1 and 1'), coverages 6, ; (2 and 2'), 0, on the potential calcd. for cases (2) and (3) under
the following additional conditions: Cy=20 uE/cm?; C,=5 uF/cm?; C,=10 puF/cm?; A=1 uJ/cm?;
Eni=1V;EN;=0; By c=2; By,c=10. (1 and 2), case (2); (1" and 2'), case (3) at a, =1.15.

Fig. 5. Differential capacity curves calcd. for the conditions of Fig. 4. (1), case (2); (2), case (3) at a, = 1.15.
2] P"-/cm2

81,62

T
0.5

(]

T
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T
-10 E,V
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301
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Fig. 6. Dependence of (1 and 1'), coverages 6, ; (2and 2}, ¢, on the potential calcd. for cases (3) and (4) under
the following additional conditions: Co=20 uF/cm?; C;=5 uF/cm?; C,=10 uF/cm?; A=1 p)/cm?;
Eni=1V; Ey;=0; By ¢=0.5; By,c=2.5. Curves (1 and 2), case (3); at a; =1.15; (1" and 2'), case (4) at

a,=a;=1.15.

Fig. 7. Differential capacity curves calcd. for the conditions of Fig. 6. (1), case (3) at a, = 1.15; (2), case (4) at

a;=a3=1.15.
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C—Co.pF/cmZ

1

1
05 (0] —-0.5 =10 EN

-1.0

Fig. 8. Differential capacity curve for the system, 1 M KC14+0.02 M p-phenylenediamine; 25°, 400 c/sec.
For ease of comparison with the theoretically calcd. C, E-curves, the difference between capacities in
solution with the organic addition and in the supporting electrolyte soln. is plotted along the ordinate axis.
The potential is measured against p.z.c. in supporting electrolyte soln.

tions with organic substance additions coincide with the C, E-curve of the supporting
electrolyte. Taking account of the attractive interaction between adsorbate molecules
in the first position (a, > 0) leads to the widening of the corresponding adsorption
region and to the reduction of the adsorption region for the second position (Fig 4).
Moreover, the transition from one adsorbate orientation to the other at a, > 0 is
more abrupt, which results in the appearance of pronounced reorientation peaks on
the C, E-curves (Fig. 5). On the contrary, the attraction interaction between adsorbate
molecules in two different positions (a5 > 0) leads to widening of the co-adsorption
region (Fig. 6) and to the disappearance of the reorientation peak (Fig. 7).

Case (1) considered by us corresponds qualitatively to the adsorption on mer-
cury of aniline molecules’, as well as of 0- and p-phenylenediamines!! (cf. Figs. 3a and
8). Case (3) is realized for coumarin adsorption on mercury. The C, E-curves for this
case are given in Fig. 9. The cathodic adsorption—desorption peak is not realized here
owing to electroreduction of coumarin'?!3. C, E-curves of a similar shape with a
peak in the middle were obtained also for some other compounds'#!°.

If the two positions in which organic molecules can be adsorbed differ only
in the values of the adsorption potential drops (Ey; # En,), and the adsorption energy
at E = 0 changes linearly with the total coverage, 6, it is possible to use formally for
the description of such systems (as shown in ref. 16) the two parallel capacitors model
with account taken of the linear dependence of the attraction constant, a, in Frumkin’s
isotherm on the potential (da/dE=const. < 0). This gives theoretical substantiation
to the results obtained by us earlier in the investigation of adsorption on mercury of
pyridine'” and phenol'®.

Thus, the three parallel capacitors model can be used as a satisfactory basis
for the description of the behaviour of the electrode/solution interface in the presence
of organic compounds adsorbed in two different positions. It should be noted that all
the relations obtained here are valid also for co-adsorption of two organic compounds,
if only their molecules lie within the adsorption monolayer. Some particular cases of
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Fig. 9. Differential capacity curves of 1 N Na,SO, (dashed)and of 1 N Na,SO, with additions of coumarin:
(1), 5:1073 M; (2), 2-1073 M; 25°; 400 c/sec.

the three parallel capacitors model have been considered for the case of co-adsorption
of two organic compounds*®.

SUMMARY

The capacity of the mercury-solution interface is calculated on the basis of a
model of three capacitors in parallel representing the surface with no adsorbed species
and the surface with adsorbed species oriented in two ways. The calculated curves are
compared with experimental data on the adsorption of p-phenylenediamine and
coumarin.
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INTRODUCTION

The ability of certain di-o-hydroxyazo dyes to form discrete polarographic
reduction waves in the presence of metal ions was first observed by Willard and Dean’,
who used the dye, solochrome violet RS (5-sulfo-2-hydroxybenzene-azo-2-naphthol,
also known as pontachrome violet SW, and eriochrome violet B; C.I. 15670, mordant
violet 5) for the determination of traces of aluminium. Later workers used solochrome
violet RS and other di-o-hydroxyazo dyes to determine a wide range of metals.
Developments in this field up to the end of 1966 have been reviewed by Latimer?, who
pointed out that analytical applications have far out-stripped the understanding of
the solution and electrode mechanisms that lead to the production of a discrete metal—
dye complex wave.

The mechanism of reduction of a di-o-hydroxyazo compound at a mercury
electrode has been established with reasonable certainty®~’. The reduction path
involves a potential-determining 2-electron step yielding an unstable hydrazo inter-
mediate which disproportionates within the lifetime of a mercury drop. Dispropor-
tionation yields the amines and the original azo compound, leading to a total n-value
of four.

—-N=N+2 H" +2¢ = -NH-NH- (1)

2 -NH-NH- — —N=N- + -NH, + -NH, (2)
Kinetic parameters have been measured for the disproportionation of a simple
hydrazo compound, 4-aminohydrazobenzene-4'-sulfonic acid®.

Several theories have been proposed to explain why the metal complex of a
di-o-hydroxyazo dye is reduced at a more negative potential than the free dye.
Willard and Dean originally suggested that the effect is due to stabilization of one
of the geometrical isomers of the dye, but this explanation can be discounted on
structural grounds®®. Also, the magnitude of the half-wave potential shift (AE,) of
the dye on complexing with a metal is not constant, but shows a wide variation with
metal ion present. If isomer-stabilization were the explanation, AE,-values would be
independent of the nature of the metal ion. Dean and Bryan® later attempted to
explain AE,-values on the basis of the “rigidity” of the metal-dye complex, and, in

* On attachment from Oak Ridge National Laboratories, Oak Ridge, Tenn., U.S.A.
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support of this theory, showed that a correlation existed between AE, and ionic
radius of the metal ion. Our present work using more accurate AE,-values shows,
however, that there is no apparent correlation between AE, and ionic radius.

The most obvious explanation of the polarographic activity of these dyes
towards metal ions is that the half-wave potential shift is caused by metal-dye chelate
formation, and that the azo group is involved in the coordination. The AE,-values
should then be related to the relevant metal-dye stability constants. Drew and
Fairbairn'® and Coates and Rigg'!''? have shown conclusively that di-o-hydroxyazo
dyes normally act as tridentate ligands, with the azo nitrogen group forming a co-
ordinate link with the metal ion. Dean and Bryan® rejected azo co-ordination as the
cause of half-wave potential shifts, since their data showed that some metals with a
maximum co-ordination number of six formed 1:3 metal-dye complexes. This
implied that the dye was acting only as a bidentate ligand, with no metal-azo group
co-ordinate bonding. However Coates and Rigg!? using high-purity solochrome
violet RS and precise titration techniques could find no indication of 1:3 complexes,
and it is very doubtful if metal-dye complexes higher than 1:2 do exist.

Latimer? pointed out that if the half-wave potential shift is caused by azo
co-ordination, there are many apparent anomalies in the relationship between AE,
and stability constant of the metal-dye complex. In the present paper we have shown
that these apparent anomalies can be resolved if the potential-determining step in
the reduction of metal-solochrome violet RS complexes is considered to be a redox
reaction involving the metal complexes of both the azo- and hydrazo-derivatives.
The AE,-values are then related not simply to the stability of the metal-solochrome
violet RS complexes, but to the ratio of the stability constants of the metal ion with
the azo- and hydrazo-derivatives of solochrome violet RS.

EXPERIMENTAL

Apparatus and reagents

Solochrome violet RS (SVRS). The dye was synthesized by coupling diazotized
o-aminophenol-p-sulfonic acid (recrystallized from 7 M HCI) with 2-naphthol in
alkaline solution. The crude azo compound was recrystallized twice from 50 %,
aqueous ethanol to yield the pure crystalline monosodium salt of 5-sulfo-2-hydroxy-
benzene-azo-2-naphthol. The dye was dried overnight at 70° in a vacuum oven, then
allowed to equilibrate for a week in a desiccator over silica gel. The product was
analyzed using potentiometric titration with NaOH, controlled-potential coulometric
titration, and determination of sodium content. All these methods gave a purity of
100+29 as C;¢H,;N,05SNa-2H,O0.

Polarograph. The polarograph used for this work was an ORNL model
Q-2792 solid-state controlled-potential d.c. polarograph®3. This instrument uses
active first and second derivative networks which give accurate derivative waves,
independent of scan rate, on precisely calibrated scales. An ORNL-Q-2942 polaro-
graphic drop time controller!* was incorporated in the dropping mercury electrode
stand, and enabled highly precise drop times of 0.25, 0.5, 1.0, or 2.0 sec to be used.

The polarographic cell was water-jacketted, and utilized a fibre-type saturated
calomel reference electrode. Solutions were purged with argon, which was also passed
over the solution during recording of the polarograms. The cell was completely
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sealed from the atmosphere by means of an O-ring to prevent any possibility of
oxygen interfering with the electrode reactions. The dropping mercury electrode had
a mercury flow rate of 1.643 mg/sec.

Streaming mercury electrode. The streaming mercury electrode has been describ-
ed previously'>. It was used in conjunction with the ORNL-Q-2792 polarograph.

Experimental procedures

Measurement of AE-values. The difference between the half-wave potentials
of the metal-SVRS complex and the free SVRS waves (AE,) was determined for each
metal using a total SVRS concentration of 2-10~° M. This was a sufficiently high
concentration to produce well-formed and easily measured waves with the ORNL-
Q-2792 polarograph, yet was low enough to avoid significant dimerization of the free
dye in acid media'®. Also, previous work with azo compounds'® has shown that
complete surface coverage of the mercury drop by adsorption takes place at dye
concentrations greater than 2-10~ > M. It was desirable to eliminate, as far as possible,
adsorption effects affecting the AE,-values.

In acetic acid—sodium acetate buffers the metal-SVRS complex was formed by
heating the solutions in a water bath at 70° for 1 h. In ammonia—ammonium nitrate
buffers the solutions were allowed to stand for 1 h at room temperature before
measurement. lonic strength was adjusted with sodium nitrate. From the derivative
waves, half-wave potentials could be measured to +2 mV, so that AE,-values are
considered accurate to +5 mV.

Unless otherwise stated, all polarographic measurements were made at
©30.0+0.1°.

Determination of stability constants. Spectrophotometric stability constants
were determined using the method of Coates and Rigg'?. To avoid metal impurities
in the buffer constituents interfering with the spectrophotometric measurements, an
ionic strength of 0.002 M was used throughout. The stability constants were corrected
to zero ionic strength using a modified Debye-Huckel equation'?. Stability constants
for several metals were also checked using a potentiometric titration technique!”.

RESULTS

AE;-values

Tables 1 and 2 contain the AE,-data for various metal ions in acetic acid-
sodium acetate and ammonia—ammonium nitrate buffers. Some metals are discussed
below in more detail. The experimental conditions were those given in Tables 1 and 2,
with equal concentrations of metal and SVRS.

Cadmium. In an ammonia buffer of pH 9.2, Cd** is reduced with an E, of
—0.598 V. In the presence of SVR S a composite wave is obtained at the same potential,
consisting of the simultaneous reduction of cadmium and SVRS in the Cd-SVRS
complex. Since free SVRS is reduced with an E; of —0.573 V (Table 2), the AE,-value
is at least 25 mV, but may be limited by reduction of cadmium in the complex.

Copper. Cupric ions in an acetate buffer of pH 4.2 have an E; of +0.024 V.
The Cu?*-SVRS complex exhibits two waves, at —0.178 V and —0.280 V, corre-
sponding to reduction of Cu?* and free dye, respectively. So, although there is no
shift in the reduction potential of SVRS because copper in the complex is reduced
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TABLE 1
AE-VALUES IN ACETIC ACID-SODIUM ACETATE BUFFER pH 4.30
(Total SVRS=2-10"° M, buffer=0.04 M, p=0.04 M, t=30°)

Metal Concn. —AE,(mV)* wy (mV)P ig (uA)
ion (M-10%) Free Complex
dye wave
— — — — 0.130 -
AT 0.2 141 65 0.016 0.115
1 141 64 0.005 0.131
Co?* 0.2 237 - 0.083 0.038
2 242 — 0.060 0.050
Cr3* 0.2 170 — 0.018 0.110¢
Cu?* 0.2 — — 0.128 s
Fe3*t 0.2 268 45 0.011 0.120
1 265 45 0.008 0.125
Ga** 0.2 84 54 0.014 0.117
1 86 54 nil 0.131
In®* 0.2 130 — 0.120 0.010
Ni2* 0.2 270 59 0.117 0.010
2 273 55 0.073 0.054
Sc3* 0.2 251 — 0.094 0.034
1 251 54 0.035 0.075
i 0.2 75 45 0.015 0.097
uo3+ 0.2 180 80 — 0.065
VA 0.2 90 55 nil —
v 0.2 90 53 nil —
1 88 52 nil —

* E, free SVRS= —0.278 V

" w, =width of derivative wave at half-peak height; for free dye w, =58 mV
¢ drop time=0.5 sec, m=1.643 mg/sec

¢ after heating for 20 h at 70°

first, there is a negative shift of 202 mV in the reduction of cupric ions.

Iron. Polarograms of the Fe3*-SVRS complex show, in addition to the usual
free dye and iron-dye complex waves, a third wave with an E, of +0.050 V. The
height of this wave corresponds to a 1-electron reduction process, and the same wave
is observed at the rotating pyrolytic graphite, and the streaming mercury electrodes.
Investigations are continuing to elucidate the electrode process that gives rise to this
third wave.

Manganese. Manganese(II) is reduced in an ammonia buffer of pH 9.2 at a
potential of 1.479 V. Addition of SVRS has no effect on the half-wave potential of the
Mn(I)-Mn(O) reduction.

Nickel. In an ammonia buffer, reduction of the Ni?*-SVRS complex involves
the simultaneous reduction of Ni** and SVRS at a potential of —0.842 V. The wave
height corresponds to a 6-electron reduction.

Vanadium. Table 1 shows that both V(IV) and V(V) produce AE,-values of
90 mV. The height of the vanadium—SVRS complex wave, however, corresponds to
a 5-, rather than a 4-electron reduction. It appears that V(IV), in the presence of
SVRS, is oxidized to V(V) by dissolved oxygen. The observed reduction wave then
involves the simultaneous reduction of SVRS, and V(V) to V(IV).
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TABLE 2

AE}-VALUES IN AMMONIA-AMMONIUM NITRATE BUFFER pH 9.20

(Total SVRS=2-10"5 M, buffer=0.04 M, p=004 M, t=30°)

Metal Concn. —A4E, (mV) wy (mV) ig (LAY
ol (M-10°) Free Complex
dye wave
— — — = 0.158 —
AT 2 92 e 0.080 0.070
Co** 2 262 49 0.048 0.095
Ga’* 2 — — 0.157 —
In®* 2 80 == 0.125 0.020
Mn?* 2 145 65 0.042 0.110
N 2 260 — 0.006 —
Se** 2 175 112 0.014 0.117
Zn?* 2 170 77 0.011 0.144
4 170 79 0.004 0.151
La** 2 215 — 0.118 0.010
Pt 2 232 130 0.080 0.043
Nd3* 2 237 125 0.077 0.047
Eu* 2 225 104 0.060 0.070
Dy** 2 225 100 0.058 0.060
Tm3* 2 204 95 0.058 0.068
Lu?t 2 198 80 0.040 0.080

“ E, free SVRS= —0.573

" w, =width of derivative wave at half-peak height; for free dye w, =45 mV

5 dfop time=0.5 sec, m=1.643 mg/sec

Streaming mercury electrode

To eliminate the possibility that adsorption effects are the sole cause of the
phenomenon of discrete metal-dye complex reduction waves, some systems were
investigated using the streaming mercury electrode (Table 3). Because of the rapid
rate of renewal of the electrode surface, currents at the streaming mercury electrode

TABLE 3

AE,-VALUES AT THE STREAMING MERCURY ELECTRODE, pH 4.30
(Total SVRS=2-10"% M, total metal=2-10"* M, acetate buffer=0.4 M, u=0.4 M, t=30°)

Metal —AE, (mV)* wy (mVy i (uA) —AE, (mV)
fon Free Complex yLE
dye wave
_ = . 46 — —
AB* 53 110 — 46 145
Fe3* 180 44 nil 40 265
Ga’* 25 130 — 44 80
Ni2* 205 — 28 10 261
Vet 100 100 23 23 108

“ E, free SVRS= —~0.445 V
" w, for free dye=90 mV
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are affected very little by adsorption of the depolarizer!>. Table 3 shows that although
AE,-values at the streaming mercury electrode are in general smaller than those
recorded at the DME, a separate wave for the metal complex is still observed. The
reduction of SVRS at the streaming mercury electrode involves only 2 electrons??,
because the rate of disproportionation of the hydrazo derivative is not fast enough to
contribute regenerated azo compound to the electrode reaction. For this reason, and
because of the irreversible nature of the electrode processes involved, AE;-values
recorded at the two electrodes are unlikely to be equal.

Stability constants
Table 4 is a summary of the stability constant data obtained using spectro-
photometric and potentiometric techniques. Ionic radii and AE,-values are included

TABLE 4
THERMODYNAMIC STABILITY CONSTANTS FOR METAL-SOLOCHROME VIOLET RS COMPLEXES

(¢=25°, zero ionic strength)

Metal Spectrophotometric Potentiometric —A4E, (mV) lonic
bon log fs log B, log B> pH43 pH92  radius(d)
AP* 19.5 194 354 141 92 0.50
18.4¢ 18.4° 31.6°
Cd?* — 9.45 —b — 25 0.97
Co?* 16.6 16.8 342 237 — 0.78
Fe3* 229 — 36.0 268 — 0.64
Ga’* 21.6 — - 84 —- 0.62
La’* — 10.84 19.9 — 215 1.15
Mg?* — 743 —b - TE 0.65
8.6° 5.0°
Mn?* — 11.45 23.1 — 145 0.80
Ni?* — 1586 27.5 260 270 0.78
16.0¢ 159¢ 26.4¢
Sc** 19.0 — — 251 175 0.81
uost 18.8 - — 180 — -
Vit 212 — — 90 — 0.59
Zn?* - 12.7 21.5 — 170 0.74
13.5¢ 20.9¢

“data from ref. 12
b no evidence of 1:2 metal-SVRS complex
¢ diethylamine buffer, pH 11.1

in the Table for comparison. In an acetate buffer of pH 4.3, and with the solution
conditions given in Table 1, only the 1:1 metal-SVRS complexes are formed.

It is interesting to note that the Co? *—SVRS complexes are more stable than
the corresponding nickel complexes. This is the reverse of the normal order, and it was
suspected that cobalt may be oxidized to Co3* in its complexes with SVRS. However,
the polarograms showed no evidence of a Co(III)—Co(II) reduction wave.

Kinetic studies
The kinetics of formation of the 1:1 complexes of SVRS with A1** and Fe3*
were studied in an attempt to gain further insight into the nature of the complexes.
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Formation of the complexes was followed spectrophotometrically in buffered
solutions, using several different pH-values. The concentration of complex produced
after each time interval could be calculated from the absorbance data’®. The results
were found to adhere closely to the rate equation for a second-order reaction, and at
constant acidity the reaction rate was first-order with respect to both metal ion and
SVRS. The pseudo-second order rate constant, k,, is defined by'®,

_d[M**]  d[SVRS]
dt dt

where ko=k'- [H*]™".
The experimental values of k, are given in Table 5. From a plot of log k, vs. pH, the

— ko[M**][SVRS]

TABLE 5

KINETIC STUDIES

(SVRS=1-10"° M, p=0.002 M, t=25°)

pH ko (I mole™ " sec™ 1) pH ko (I mole™ " sec™ ')
Al3+ Fe3+ A13+ Fe:H—
2.07 — 6.72-10% 4.38 28.5 —
2:37 — 1.38-10° 4.63 90.8 -
2.82 — 3.17-10° 4.717 2.28-102 —
320 — 5.90-103 5.00 5.51-102 —

“ kg is the pseudo-second order rate constant

sec™!and 2.1,

lsec™!and

values of k' and n for aluminium were found to be 1.6-10~8 I mole™
respectively, at 25°. For iron, the corresponding values were 15.1 1 mole ™~
0.85.

Measurement of the variation of the conditional stability constants of the
aluminium—and iron—-SVRS complexes with pH showed that in both cases two protons
are released on co-ordination'®. It appears that in the pH-range studied the reaction
between aluminium and SVRS proceeds via a hydroxy intermediate, the main
reaction being,

Al(OH); +H,D = AID* +2H,0
And for iron,

Fe(OH)** +H,D = FeD* +H;0*
where D represents SVRS with both hydroxyl groups ionized, and the charge on the
sulfonic acid group is neglected.
DISCUSSION

The potential-determining step in the reduction of SVRS involves a 2-electron
reduction to the hydrazo derivative. In acid media,

H,D+2H" +2e¢ = H,D*
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where D is SVRS with both phenolic hydrogens ionized, and D* is the corresponding

hydrazo derivative. If the electrode reaction is reversible, the potential of the DME

is given by,

[H,D*]o

[H,D],
The reduction of a metal-SVRS complex may conceivably proceed via one

of two reaction paths,

Edon——ln +—1 [H*] (1)

Case 1
The azo group in the metal-SVRS complex is reduced, but the metal remains
complexed to the hydrazo derivative.

MD+2H* +2¢ = MD*

If
_[MD]. . _ MDY
T [ B TV [T
and
_ [HD][H"] _ [D][H"]
A T R ) I

and K¥ and K}, are the corresponding acid dissociation constants for the hydrazo
derivative,

[H,D*] _ [MD*] §,K.iKy,

[H,D] ~ [MD] fiK%LK%

Substituting-in’(1),

[MD*]O RT l ﬁl KalKaZ

E =E° — *1 ey | e S
; MD],  2F ' BtK* K%

RT
= In[H"] (2)
At the half-wave potential, [H,D*],=[H,D],, and [MD*],=[MD],. Thus,

s RT i K, Ky
E,(complex)— E,(dye) = AE, = — 2 m

In this case, the AE,-value is independent of pH and metal concentration, and depends
only on the ratio of the relevant stability constants and acid dissociation constants.

(3)

Case 2
The metal-SVRS complex dissociates at the electrode surface prior to reduc-
tion. The electrode reaction then involves free dye only.

MD = M+D
D+2H* = H,D
H,D+2H" +2¢ = H,D*
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Substituting
MD],[H*]* .
[H,D], = [_]O[—Jm eqn. (1),
[M]OﬂlKalKaZ
RT [H D*]O RT
E.= ———n M1 =
RT 2R o
—TlnﬂlKale—F———l [H ] (4)

When EC = Elz" [HzD*]o = [MD]O,
Therefore,

RT RT 2RT
E,(complex)=E, — Fln [M], — ﬁln P K K,, + Tln [H]

and

E (complex)— E4(dye)=AE,

Z

R
= 2F1 n[M],— ]nﬂlelKaZ+_1n[H+] (5)

When the concentration of free metal in the solution is sufficiently high so that
[M]o=[M], at constant pH a plot of AE, vs.log, ,[M] should have a slope of 30 mV.
With constant metal concentration, AE, vs. pH should produce a straight line with a
slope of 60 mV.

To determine whether Case 1 or Case 2 (eqns. (3) or (5)) is applicable to the
polarographic behaviour of metal-SVRS complexes, the nickel system in acetate
buffer was chosen for more detailed study. A possible complication is that the reduc-
tion of neither the free dye nor the nickel-dye complex is completely reversible at
pH 4.3. The width of the derivative wave at half-peak height should be equal to 90/n
mV, or 45 mV for a reversible 2-electron reaction. Both the dye and its nickel complex
have half-peak height widths of 55-60 mV, indicating that the reductions are not
reversible. However, since the degree of irreversibility is about the same for both
waves, it is unlikely that the AE;-value would be greatly affected. Plots of log;,
[i/(ig—1)] vs. E were constructed for free SVRS and Ni-SVRS at pH 4.3. Both plots
exhibited slight curvature, and the values of E,(reversible) were estimated by extra-
polation of the lower straight-line portion of the curves to zero ordinate?®. The
estimated values of E, (reversible) obtained in this manner were only 5-10 mV more
positive than the E,-values measured from the polarogram, and AE, was unchanged.
It appears that most of the AE;-values listed in Table 1 can be compared with one
another without considering ambiguities arising from irreversibility.

Table 6 shows that pH and nickel concentration have no effect on the Ni?*
SVRS AE,-value, which is remarkably constant within experimental accuracy over
a wide range of solution conditions. Variation of metal concentration also had little
or no effect on several other metal-SVRS systems studied (Table 1). These results
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TABLE 6

AE%-VALUES FOR THE NICKEL-SVRS COMPLEX

(Total SVRS=2-10"° M, 0.04 M acetate buffer, u=0.04 M, t=30°)

Ni2*(M10%) pH —AE, (mV)" Ni%* (M- 10) pH —AE, (mV)y
0.02 428 270 5 432 268
0.2 422 273 2 3.90 272
05 432 268 2 472 269
1 432 268 2 535 273
g 431 272 0.02 920" 260

“ drop time=0.5 sec, m=1.643 mg/sec
?0.04 M ammonia—ammonium nitrate buffer

strongly indicate that Case 1 is applicable, i.e., that the metal remains bonded to the
dye after reduction and the AE,-value depends only on the ratio of the relevant
stability constants and acid dissociation constants. Unfortunately, because of the
instability of the hydrazo derivative of SVRS, no direct determination could be made
of the acid dissociation constants or metal-hydrazo dye stability constants.

Other explanations previously put forward for the formation of discrete
metal-SVRS reduction waves are not supported by this study. Table 4 shows that the
AE,-values are apparently unrelated to either ionic radius or the stability constant of
the metal-SVRS complex. Since half-wave potential shifts are produced at the stream-
ing mercury electrode as well as at the dropping mercury electrode, adsorption cannot
be the sole cause of the potential shift. With dye concentrations above 1-10”* M,
however, adsorption does seem to have a marked effect on AE,-values in some cases.
Using 2-107°> M SVRS, AE, for the lanthanides is essentially constant, particularly
if change in reversibility is taken into account, and has a value of about 200 mV in an
ammonia buffer (Table 2). This is the situation one would expect if Case 1 were
applicable, since because of the chemical similarity of the lanthanides, the ratio of the
stability constants of the lanthanide azo— and hydrazo—dye complexes would be very
similar for each member of the series. However, with a SVRS concentration of 2-10™#
M, lanthanide AE-values in ammonia buffer vary from 45 mV for lanthanum to 234
mV for lutetium*. The complexes of the lighter lanthanides with SVR S are known to be
more strongly adsorbed at the DME than those of the heavy lanthanides?', so ad-
sorption may well be the cause of the wide variation in AE,-values for the lanthanides
at high dye concentrations. In support of this conclusion it has been shown* that in
buffers of the strongly surface-active base, piperidine, AE, is constant (180 mV) for all
lanthanides, even with SVRS concentrations of 2:10™% M.

SUMMARY

A detailed investigation has been carried out to elucidate the electrode and
solution phenomena that produce two discrete polarographic reduction waves when
the azo dye, solochrome violet RS (5-sulfo-2-hydroxybenzene-azo-2-naphthol), is
complexed with metals. Previous explanations put forward to explain the polaro-
graphic activity of di-o-hydroxyazo compounds towards certain metals were shown
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to be invalid. It is proposed that the half-wave potential shift (AE,) results from the
metal remaining bonded to the reduced form of the dye (hydrazo derivative), the
potential of the DME being controlled by the metal-azo/metal-hydrazo redox couple.
The AE,-values are then independent of pH and metal concentration, and depend
only on the relevant stability constants and acid dissociation constants.

The rates of reaction of AI** and Fe3* with solochrome violet RS have been
measured, and both reactions were shown to proceed via metal hydroxy complexes.
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INTRODUCTION

Pyrimidine is a key compound in understanding the electrochemical behavior
of pyrimidines and purines, including those of biological importance which are the
essential bases of the nucleic acids, e.g., the electrochemical reduction of purines
occurs in the pyrimidine ring!-2. The polarography of pyrimidine and its derivatives
at the dropping mercury electrode (DME) has been studied by several investigators?,
the mostdetailed study being that of Smith and Elving?>. The latter included controlled-
potential electrolysis and coulometry as well as d.c. polarography and resulted in the
following mechanism being postulated for the electrochemical reduction of pyrimidine
at the DME, which results in five polarographic waves appearing over the pH-range,
0.5-13.

In highly acid media, pH-dependent one-electron (1le) wave I is seen. At about
pH 3, pH-independent le wave II emerges from back-ground discharge. These two
waves merge near pH 5 to form pH-dependent 2e wave II1. Near pH 7.2, pH-independ-
ent 2e wave IV emerges from background and, at pH 9.2, merges with wave III to
form pH-dependent 4e wave V. Wave 1 is postulated to be the 1e reduction of pyrimi-
dine to the neutral radical; wave II is the le reduction of the latter to a dihydro-
pyrimidine with wave III being the composite of these two steps. Wave IV is the 2e
reduction of the dihydro species to a tetrahydropyrimidine with wave V being the
composite of waves III and IV.

Recently, Timmer et al. presented a theoretical treatment* and an experimental
verification® of a.c. polarographic waves for irreversible electrode reactions, which
have done much to dispel the belief that only “reversible” polarographic waves
exhibit a.c. polarographic peaks, and which should, therefore, promote the use of
a.c. polarography in the elucidation of organic oxidation-reduction paths and the
determination of kinetic parameters; the latter have not been as well studied as
those of inorganic systems probably because of the generally irreversible nature of
organic polarographic reactions. We have been prompted by these studies to in-
vestigate the a.c. polarographic behavior of pyrimidine in aqueous media in an effort
to obtain further evidence for the proposed pyrimidine reduction mechanism (par-
ticularly in respect to the controlling step in each process) and to evaluate the various
theoretical predictions for a rather complicated organic system.
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EXPERIMENTAL

Chemicals

Pyrimidine (Mann Research Laboratories) was of chromatographic grade;
its polarographic pattern afforded no evidence of any electroactive impurity. Buffer
solutions (Table 1) were prepared from analytical reagent-grade chemicals: ionic
strength was kept constant at 0.5 M. Nitrogen used for deoxygenating (Liquid Car-
bonic, O.P.) was purified and equilibrated by bubbling it successively through two
acidic vanadous solutions, saturated calcium hydroxide, and distilled water. Triply-
distilled mercury was used.

TABLE 1

BUFFER AND BACKGROUND ELECTROLYTE SOLUTIONS?

Buffer No. pH range Composition

1 0.5- 25 HCl+KCl

2 22- 80 Na,HPO,-7 H,O +citric acid monohydrate + K Cl
3 8.0-10.2 H;BO;+KOH+KCl

4 10.5-13.0 KOH+KC(ClI

5 11.0-13.0 (C,H;5),NOH + (C,H;),NCIO,

“ All buffers used were 0.5 M ionic strength

Apparatus

The water-jacketted (thermostatted at 25.0 +0.1°), three-compartment polar-
ographic cell employed was previously described®. The counter electrode was a coil
of platinum wire dipped into a 0.5 M KCl solution; the reference was an aqueous
saturated calomel electrode, to which all potentials are referred. The capillary (marine
barometer tubing) had the following m-values (mg/sec) in 0.5 M KCI at 25° and
open circuit: 1.326 at 52.7 cm of mercury, corrected for back pressure; 1.577 (62.7
cm);and 1.833(72.7 cm). Drop-times, measured at potentials of interest, were generally
between 3 and 10 sec ; drop-times greater than 6 sec were encountered only at heights
of22 and 32 cm during height-variation experiments, where the response was normal.

Slow, single-scan d.c. polarography, used to check E 4-values previously ob-
tained?, was performed with a Sargeant Model XV polarograph

A.c. polarograms were obtained with a potentiostatic control loop of conven-
tional design using Philbrick K2-XA and K2-P operational amplifiers and a precision
rectifier previously described by Smith”; they were recorded with a Moseley 7035A
X-Y recorder. The d.c. ramp voltage was supplied by a utility integrator constructed
using a Philbrick UPA-2 amplifier and a step-function module consisting of a
mercury battery and a resistive voltage divider. Scan rate was constant at 1.0 mV/sec.
The superimposed sine wave was supplied by a Hewlett-Packard 202A low frequency
function generator, whose output was regulated to between 5 and 60 mV peak-to-
peak by means of an external voltage divider.

The output of the precision rectifier was calibrated using a sine wave of known
r.m.s. amplitude and a dummy cell of resistive components; the output was linear
from about 100 mV to over 30 V. The performance of this unit was tested by examining
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the ferrous/ferric couple in 0.25 M ‘potassium oxalate-0.25 M oxalic acid buffer. The
response was identical with that previously reported for this system and with that
expected for a reversible system®: The alternating current was independent of
mercury column height, linearly proportional to the amplitude of the superimposed
alternating voltage, and proportional to the square root of frequency to about 65 Hz;
the summit potential was identical with the E,, within experimental error. The
alternating current, Ai,, for 0.969 mM Fe(III) in oxalate background was 8.29 A ;
the calculated, theoretically expected value® is 11.37 A (4=3.38-10"2 cm?, V =8.46
mV rms., f=50 Hz, D,=5.70-10"° cm?/sec). The difference is due primarily to the
attenuation by the damping capacitor in the precision rectifier.

A Beckman Model G pH-meter was used to measure the pH of buffer and
test solutions.

Procedures

Stock solutions of background buffers and pyrimidine were prepared by dis-
solving weighed quantities and diluting to known volume. Test solutions were
prepared by pipetting appropriate amounts of stock solutions into 10- or 50-ml
volumetric flasks and diluting to volume with distilled water. Nitrogen was bubbled
through the test solution in the polarographic cell for 5 min; the DME was then
inserted and voltammograms were recorded with nitrogen passing over the test
solution.

The summit potential, E, for a.c. voltammograms, was taken as that potential
at which the total alternating current due to the electroactive species, Ai, reached
a maximum ; Ai, was measured as the difference in current at E, between solutions
containing the background buffer plus electroactive species, and the buffer only.

The error in Ai, is estimated to be +59%; for moderate to large currents, i.e.,
above 0.5 pA ; with smaller currents, the error is larger owing to the problem of
subtracting a large base current.

A. C. POTENTIAL BEHAVIOR

Wave pattern

Over the pH-range 0.5-13, pyrimidine gives five recognizable, if distorted,
a.c. polarographic waves, which correspond to the five observed d.c. polarographic
waves (¢f. Fig. 1 for examples). At low pH, a single pH-dependent wave is observed
(wave I). At about pH 2.8, pH-independent wave II, whose current is much less than
that for wave 1, emerges from background. At about pH 4.8, waves I and II merge to
form pH-dependent wave I1I, whose peak current is close to that observed for wave L.
At about pH 7.0, wave IV emerges from background and merges with wave III at
about pH 8.3 to form pH-dependent wave V. Above pH 9, wave V is observed only
as an inflection on background discharge in KCl/KOH buffer ; point-by-point sub-
traction of background is necessary to obtain even a distorted wave. In Et,NCIO,/
Et,NOH buffer, the background discharge is sufficiently removed from E; that
reproducible measurements can be made. E, does not shift with change of back-
ground electrolyte from KCI to Et,NCIO,, as has been seen in some systems.

The linear E, vs. pH relationships presented in Table 2 were obtained by a
least-squares analysis of the experimental data.
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Fig. 1. Alternating current polarograms of 0.954 mM pyrimidine (——) and background alone (- - - -).

(A), Waves I and 11, pH 3.96 (buffer 2); (B), waves III and IV, pH 7.48 (buffer 2); (C), wave V, pH 12.00
(buffer 5). Conditions: 62.7 cm mercury (corr.); 50 Hz applied frequency; 8.46 mV applied voltage. Only
the peaks of drop oscillations are indicated.

Fig. 2. Linear E; (——) and E, (- — — —) vs. pH relationships for pyrimidine. Each E,-value is the average of
two or more measurements (with an estimated uncertainty of +5 mV) for the following conditions: 0.954
mM pyrimidine concn.; 62.7 cm mercury (corr.); 50 Hz applied frequency; 8.46 mV r.m.s. applied voltage.
E,-data taken from ref. 3.

TABLE 2

LINEAR E vs. pH RELATIONSHIPS FOR PYRIMIDINE’

Wave pH range E! (V)

[ 0.5- 4.8 —0.575-0.108 pH
11 2.8- 48 —1.226-0.003 pH
11 4.8- 8.0 —0.766—0.078 pH
v 7.0- 83 —1.982+0.023 pH
\ 8.3-13.0 —1.365-0.039 pH

¢ Conditions: 0.954 mM pyrimidine; 50 Hz; 62.7 cm mercury (corr.); 8.46 mV r.m.s. applied voltage.
® The equations given indicate the E,, when extrapolated to zero pH, and the variation of E, with pH.

Relations of E and E,

As can be seen from Fig. 2, the a.c. polarographic behavior of pyrimidine over
the pH-range closely parallels the d.c. behavior at the DME. The deviation of E,
from E, can be considered as a measure of the reversibility of the originating electrode
reaction®. E for waves II, IV and V, all corresponding to the direct formation of a
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stable molecular species, are more negative than their corresponding E,-values by
60 to 200 mV. Wave I, on the other hand, which corresponds to a le addition to
pyrimidine to form a radical species, shows little difference in E, and E, ; this is,
however, not to be taken in itself as an indication of the reversibility of the wave, as
the observed alternating current is less than that theoretically expected for a le
reversible system®. The derived linear E, vs. pH relationships are only approximations
to the true behavior of the system, e.g., a considerable departure from linearity is
observable near the merging of two waves, which is particularly evident in the wave
III data.

Effect of experimental conditions

E. does not shift with amplitude of the applied alternating voltage (2-15 mV
r.m.s.) or mercury column heights (drop-time), e.g., E, for wave Vis —1.836 +0.003 V
(average deviation) for twelve different applied voltages and column heights. E for
all five waves, however, shifts to more negative potential with increasing frequency
of applied alternating voltage (Table 3), as expected for irreversible reactions. Plots
of E, vs. logf are approximately linear; however, the uncertainty of an individual
datum (about +5 mV) is relatively large compared to the magnitude of the potential
shift and precludes quantitative appraisal of the effect.

The width of the a.c. wave at half-height, AE,, for wave I at pH 0.92 and 3.96
does not vary, within experimental error, with changes in mercury column height or
in magnitude of applied alternating voltage within the ranges studied; it is 124+6
mV, as compared to the 90.5 mV predicted for a reversible, diffusion-controlled 1e
reaction®. The a.c. wave is not symmetrical about E: E ), —E;=52+3 mV and
E,—E(2,=7243 mV. In the frequency range, 5-100 Hz, AE,, appears to follow
the same curvilinear trend as does the total current for change in frequency (vide
infra), increasing from 106 mV at 5 Hz to 125 mV at 50 Hz and then decreasing to
118 mV at 100 Hz. The AE ,-values for the other waves cannot be determined because
the current does not drop to one-half the peak value on the negative potential side of
the a.c. wave.

TABLE 3

VARIATION OF E, WITH FREQUENCY FOR PYRIMIDINE"

Frequency Wave
(Hz) I 11 11 v y

1 — — 1.359 - —

5 0.986 1.231 — - 1.812
10 0.991 1.232 1.372 1712 1.824
20 — — 1.363 1.706 —
25 0.996 1.239 — 1.831
S0 1.005 1.236 1.372 1.724 1.836
75 1.011 1.244 — 1.841

100 1.020 1.245 1.389 1.765 1.851

“ Conditions: Waves I and II, pH 3.96 (buffer 2); waves III and 1V, pH 7.55 (buffer 2); wave V, pH 12.00
(buffer 5). Pyrimidine concn., 0.954 mM ; 8.46 mV r.m.s. applied voltage; 62.7 cm (corr.). E,-values are in
negative volts vs. SCE. Dash indicates measurement not made.
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A. C. CURRENT BEHAVIOR

Over the pH-range, the presence of pyrimidine shows no tendency to elevate
or depress the a.c. base current before a reduction peak, regardless of the nature
of the buffer ; under all conditions, the base current was identical, within experimental
error, with that observed in the absence of pyrimidine. This would seem to indicate
that little or no adsorption of pyrimidine occurs, since a.c. polarography is a very
sensitive technique for detecting adsorption. There does appear to be, however, some
increase in base current after a reduction peak, e.g., at low pH, the current after wave
I does not return to the base-line even though there is sufficient potential span before
background discharge (ca. 0.35 V) to permit this, which would seem to indicate some
adsorption of the pyrimidine reduction product(s). The presence of pyrimidine does
shift the background discharge to more positive potential ; the magnitude is irregular
but continues across the pH-range ; the cause of this effect is not known but may be
due to the pyrimidine reduction products.

Effect of alternating voltage

The alternating current observed for all five waves is a linear function of the
applied alternating voltage from 2 to 15 mV r.m.s. (Fig. 3); none of the plots intersects
at the origin. With waves II and IV, part of this effect may be explained by the prox-
imity of these two waves to the previously occurring wave; thus, a residual current

uA rms

Aig,

o L ‘ .
(0] 4 8 12 16
ALTERNATING VOLTAGE

mV rms

Fig. 3. Variation of alternating current, Ai, with amplitude of applied a.c. voltage: Waves I and 11, pH
3.96 (buffer 2); waves III and 1V, pH 7.48 (buffer 2); wave V, pH 12.00 (buffer 5). Conditions: 0.954 mM
pyrimidine concn.; 50 Hz applied frequency; 62.7 cm mercury (corr.).
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element may be incorporated. In addition, the apparent increased base current after
a reduction wave, noted previously, may account for part of the increased current.
The fact that plots for waves I, III and V also do not intersect the origin, however,
indicates that other factors must be operative.

Effect of drop-time

Early theoretical treatments® indicated that the faradaic alternating current
for reversible and quasi-reversible electrode reactions should be independent of drop-
time. Recently, several workers®~!2 have commented on the drop-time dependence
of a.c. polarographic current with the general conclusion that such dependence will
be éxhibited whenever some rate process other than diffusion is kinetically in-
fluencing the faradaic process'!. Experimental evidence was presented on the drop-
time dependence for (a) the quasi-reversible electron-transfer process and (b) re-
ductions and oxidations involving coupled chemical reactions, rate limited surface
coverage, and amalgam formation®. Timmer et al.* supported their theoretical
predictions that a.c. peak heights should be proportional to ¢t~ * for highly irreversible
electrode reactions, with the experimental data of Aylward and Hayes® on the
reduction of the cadmium-EDTA complex.

In the case of pyrimidine, all five a.c. waves exhibit a considerable linear increase
of current with ¢~ *. The relations for waves I, III, IV and V intersect near the origin
(infinitely long drop-time) (Fig. 4); the small values of the intercepts can be at-
tributed to experimental error. The relatively large positive intercept for wave 11, as

|
04 06 @ 2 4 |/26 -1/2 g 10
(DROP TIME)™"2 sec™"2 (FREQUENCY)"“, sec

(]

Fig. 4. Variation of alternating current, Ai,, with drop-time, expressed as t~*: Waves I and II, pH 3.96
(buffer 2); waves I1I and IV, pH 7.48 (buffer 2); wave V, pH 12.00 (buffer 5). Conditions: 0.954 mM pyrimi-
dine concn.; 8.46 mV r.m.s. applied alternating voltage; 50 Hz applied frequency.

Fig. 5. Variation of alternating current, Ai,, with the square root of applied frequency: Waves I and II,
pH 3.96 (buffer 2); waves III and IV, pH 7.48 (buffer 2); wave V, pH 12.00 (buffer 5). Conditions: 0.954
mM pyrimidine concen.; 8.46 mV r.m.s. applied voltage; 62.7 cm mercury (corr.).
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compared to the magnitude of the current observed, may be attributed to a residual
current or capacitive current element from wave I, as mentioned previously. That
waves [V and V exhibit such a relationship, despite the complexity of their electrode
reactions, is significant.

Frequency-dependence

The frequency-dependence of the five waves (Fig. 5) shows the behavior
generally expected for semi-reversible systems: increase in current to a maximum
and then decrease. Wave II shows only a very small frequency-dependence, as would
be expected with a highly irreversible wave. The almost identical response to fre-
quency change shown by waves IV and V probably indicates that both waves involve
a single rate-determining step, although a contributing factor may be their having
almost identical currents at the applied voltage (8.46 mV) (Fig. 3).

Effect of concentration

The alternating current for wave I is linear with concentration in the range,
0.5-10 mM, with a small but definite change in slope at ca. 5 mM (Fig. 6). There
seems to be a “toeing” below 0.5 mM.

T T
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Fig. 6. Variation of alternating current, Ai,, with pyrimidine concn. for wave I. Conditions: pH 0.92 (buffer
1); 50 Hz applied frequency; 8.46 mV r.m.s. applied voltage; 62.7 cm mercury (corr.).

REDUCTION MECHANISM FOR PYRIMIDINE

The a.c. polarographic behavior of pyrimidine generally substantiates the
proposed reduction mechanism as outlined in Fig. 7. Wave I, associated with a 1e,
one-proton addition to pyrimidine to produce a neutral radical, is the most reversible
of the pyrimidine waves on the basis of proximity of the E,- and E-values, and a
general consideration of alternating current magnitudes. Furthermore, the increased
proximity of E,- and E-values with increased hydrogen ion concentration (Fig. 2)
supports the postulate that proton addition is part of the overall first step ; as more
ofthe pyrimidine is protonated, the coupled chemical reaction of protonation becomes
less critical in determining the rate of the first step. (pK, for protonation of pyrimidine
is 1.30.) Owing to the relative simplicity of wave I, lack of preceding reactions and
near-reversibility, it would be most amenable to analysis of kinetic parameters,
particularly in highly acid media.

Wave II, associated with 1e addition to the neutral radical to form a dihydro-
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pyrimidine, appears to be the most irreversible of the pyrimidine waves, as might
be expected because of the stability of the dihydro species and the extreme difficulty
of reoxidizing an aliphatic carbon site. The alternating current for this wave shows
very little change with variation in applied voltage, drop-time or frequency; this
behavior is expected since, once a reaction appears to be very irreversible under a
given set of conditions, relatively small changes in variables would only slightly affect

4 o H
H
INF s 4 SN
wave I: k | +H  +e = k I
2\'?} 6 NN
A B
H H
H\N
wave I: B+HO+e = k [ + OH™
N
N
C
]
Wave II: A +2H,0 +2e = C + 20H"
H H H H
H\N H H\N H
Wave T¥: C+2H20+29=H§\ | or H>]\ H  + 20H”
HZ NN NH H” NP N
H
D E
Wave ¥: A + 4H,0 + 4e =D or E + 40H"

Fig. 7. Reactions producing the five polarographic waves observed in the electrochemical reduction of
pyrimidine (compound A).

this irreversibility. Wave II differs most from the other waves of the reduction path
in that its first step involves attack on a neutral radical, whereas the initial step for
waves I, IIl and V presumable involves initial attack of the 3,4-carbon—nitrogen double
bond, and that for wave IV on the 1,2-carbon-nitrogen double bond. This difference
would account for the difference in electrochemical properties relative to the other
waves.

The very similar characteristics of waves I and III are attributable to the fact
that wave III involves the same initial step as wave I, i.e., a le attack on the 3,4-N=C
bond. Thus, although wave III should have four times the alternating current of wave
I (for both reversible and irreversible reactions, Ai, should vary as n?), its current is
actually only slightly larger. However, wave III is somewhat less reversible than
wave I, as attested to by the larger deviation of E, from E, and the fact thatits maximum
current is reached at a lower frequency (15 Hz; 25 Hz for wave I).

Waves IV and V, associated with the formation of a tetraliydropyrimidine
species known to be unstable under the alkaline conditions of its formation, are highly
irreversible. The similarity in their behavior with variation in drop-time, applied
voltage and frequency, mentioned earlier, is probably due to the composite nature
of wave V. Waves III and IV both involve a 2e attack on a double bond. The current
for wave IV, as a function of applied alternating voltage, is about twice that for wave
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II1; since the shape of the a.c. wave (Fig. 1B) indicates that wave IV sits on top of
wave 11, the doubling of the current could indicate approximately equal contributions
from the two waves.

CONCLUSIONS

The present state of the art does not permit quantitative evaluation of kinetic
parameters or detailed specification of the pyrimidine reduction mechanism. For
example, since there have been no theoretical nor—to our knowledge—experimental
treatments of a system as complicated as pyrimidine, which has five discrete reduction
waves and numerous intermediate chemical reactions, the magnitude of the “expected”
currents for waves [II—V are really not known and the reversibilities of the pyrimidine
waves cannot be assessed by comparison of the magnitudes of alternating current.
However, the qualitative application of a.c. polarography to the understanding of a
complicated, quasi-reversible organic reduction series has been shown to be possible,
i.e., a.c. polarography has yielded interpretable results for the five-wave reduction
pattern of pyrimidine. The qualitative correspondence of the five pyrimidine re-
duction waves with theoretical predictions for irreversible waves (effect of drop-time,
frequency, applied voltage, and concentration) indicates the validity of contemporary
theory and the possibility that further theoretical and experimental work on more
complicated reaction mechanisms may be fruitful.

Use of phase-sensitive a.c. polarography, useful for suppression of the base
current which becomes a problem with small faradaic currents, and a more detailed
examination of wave I under highly acid conditions would probably be most useful
in further clarifying the pyrimidine reduction mechanism. Phase angle measurements
under a variety of conditions may yield more easily interpretable results for the more
complicated waves, [I-V.
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SUMMARY

The electrochemical reduction of pyrimidine in aqueous media was studied
using alternating current (a.c.) polarography. Over the pH-range, 0.5-13, five moder-
ately to highly irreversible a.c. waves were observed, which corresponded to the five
waves observed on d.c. polarography. Although the electrochemical reduction path
of pyrimidine is complex and only partially understood, good qualitative agreement
between the features of the mechanism and various polarographic parameters was
achieved, providing further support for the proposed mechanism, and indicating the
validity of current theoretical and experimental results in the area of the a.c. polar-
ography of quasi-reversible electrode reactions. Summit potentials for the five waves,
which vary linearly with pH, are independent of applied alternating voltage, mercury
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column height (drop-time) and concentration, but shift to more negative potential
with increasing frequency. Total alternating current for all waves increases linearly
with amplitude of applied alternating voltage and the negative square root of drop-
time ; plots of total alternating current vs. square root of applied frequency exhibit
curvilinear trends with a maximum in the range, 15-50 Hz.
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EINLEITUNG

Unter den verbreiteten elektrochemischen Varianten erwies sich die Breyer-
Wechselstrompolarographie fiir das Studium von Nucleinsduren besonders aus-
sichtsreich, nachdem wir charakteristische Verianderungen im Wechselstrompolaro-
gramm'? wihrend der DNS-Denaturierung registrieren konnten. Daneben verur-
sachen auch Hefe-RNS, Poly-A, Poly-G, Poly-C und Poly-U, sowie einige der
Nucleotide und Basen mehr oder minder ausgeprigte Peaks® ~° auf dem negativen
Ast der Elektrokapillarkurve. Da andererseits im Gleichspannungspolarogramm
auch kathodische Stufen der protonisierten Formen'® im gleichen Potentialgebiet
auftreten, erhebt sich die Frage nach der Ursache der a.c.-Peaks.

Noch in seinen letzten Monaten hat Breyer unsere Versuche zur Kldrung mit
grossem Interesse verfolgt und schon damals aus seinen reichen Erfahrungen den
Denaturierungspeak als tensammetrische Welle gedeutet.

Demgegeniiber glaubt Palecek®® insbesondere aus Abhéngigkeiten der
d.c.-Stufe, des a.c.-Peaks und des Pulse-Polarogramms auf eine Elektronenaufnahme
bestimmter Basen als Peakursache schliessen zu konnen. Hiernach spiele die Uber-
einstimmung der Potentiallage von d.c.-Stufe und a.c.-Peak als Hinweis auf gleich-
artige Elektrodenreaktionen eine gewichtige Rolle.

Wir mdchten nun die Ergebnisse weiterer entscheidender Experimente disku-
tieren.

Die fritheren experimentellen Bedingungen® wurden beibehalten; Einzelhei-
ten enthalten die Bildlegenden.

ERGEBNISSE

Vorangestellt seien in Abb. 1 zwei Ausschnitte von a.c.-Polarogrammen vor
und nach alkalischer Denaturierung. Ebenso wie bei thermischer Denaturierung
wichst auf der negativen Seite des runden Peaks der nativen DNS ein hoher spitzer
Peak heraus, der ein Mass fiir den Denaturierungsgrad darstellt. Zunéchst priiften
wir sein Ansprechen auf Phasenwinkeldnderung.

1. Die Phasenwinkelabhdngigkeit
Mit einer phasenempfindlichen Torstufe kann die unterschiedliche Phasenlage
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von Kapazitits- und Durchtrittsstrom nachgewiesen werden. Dabei wird der durch die
Zelle fliessende Wechselstrom nur dann unvermindert registriert, wenn er phasen-
richtig zu einer Referenzspannung liegt, deren Phasenlage vorgegeben werden kann.

Registriert man ein Wechselstrompolarogramm mehrmals bei verschieden ein-
gestellten Phasenwinkeln der Referenzspannung, so werden die im Polarogramm zu
untersuchenden Wechselstrompeaks bei unterschiedlichem Phasenwinkel, ¢, ihre
volle Hohe erreichen, je nachdem, ob sie durch einen Kapazitiits-, einen Durchtritts-
strom oder eine Superposition aus beiden verursacht werden. In Abb. 2 zeigen die
Kurven der Vergleichssubstanzen Thallium T1* (Durchtrittspeak) und Zyklohexanol
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Abb. 1. Ausschnitte von a.c.-Polarogrammen (ab—0.8 V gegen NCE; mit 0.1 V/cm, Amplitude 20 mV,
Frequenz 78 Hz registriert) von Kalbsthymus-DNS (5-10~* g/ml in Phosphatpuffer 0.16 M, 25°), untere
Kurve: native KT-DNS bei pH 7; obere Kurve: alk. denaturierte KT-DNS bei pH 11.8.

Abb. 2. Phasenwinkelabhéngigkeit von Durchtritts- und Adsorptionspeaks bei 85°, in Standardphosphat-
puffer von pH 7; Amplitude 20 mV, Frequenz 78 Hz. (O), KT-DNS; (@), Zyklohexanol; (A), Thallium-
sulfat.

Z (Desorptionspeak) eine Differenz: A@ =5.75 Skalteile = 35°. Der unter gleichen
apparativen Bedingungen gemessene zweite Wechselstrompeak denaturierter KT-
DNS (Standardphosphatpuffer pH 7, 85°) weist die gleiche Phasenlage auf wie der
Desorptionspeak des Zyklohexanols.

Analoge Messungen in alkalischer Losung fiihrten zu dem gleichen Ergebnis.

Auch frequenzabhéngige Messungen der Peakhohe denaturierter DN'S bestati-
gen seinen kapazitiven Charakter. Es zeigte sich, dass die Peakhhe in gleicher Weise
von der Frequenz der iiberlagerten Wechselspannung abhiingt, wie die der Desorp-
tionspeaks z.B. von Tylose, Zyklohexanol, d.h. sehr steiler Anstieg mit steigender
Frequenz bis weit tiber 400 Hz, wihrend Durchtrittsstrome ohne merkliche Adsorp-
tion einen vollig anderen Frequenzgang (flacher Anstieg mit steigender Frequengz,
Abfall schon ab 300400 Hz) aufweisen.
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2. pH-Einfliisse

Der sigmoide Verlauf'® der d.c.-Stufenhdhe iiber dem pH-Wert von Nuklein-
sdurebasen zeigt die Nichtreduzierbarkeit der neutralen und dissoziierten Formen
nach héheren pH-Werten. Daraus ist zu schliessen, dass der DNS-Denaturierungs-
peak (Abb. 1) ebenso wie die zugehorige d.c.-Reststufe im Alkalischen Desorptionen
des DNS-Knéuels mit flexiblen Einzelstringen anzeigen.

Wie verhilt sich demgegeniiber DNS in neutraler und saurer Losung? In
dem entscheidenden pH-Bereich der verstirkten Protonisierung nimmt der Peak
sehr stark ab (Abb. 3). Umgekehrt steigt gemiss der fortschreitenden Protonisierung
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Abb. 3. Ausschnitte von a.c.-Polarogrammen (ab—0.8 V gegen 0.2 M CEC; mit 0.1 V/cm, Amplitude 10
mV, Frequenz 78 Hz, Tropfzeit 1.5 sec registriert) von thermisch denaturierter KT-DNS (5107 * g/ml in
0.04 M Phosphatpuffer, 0.11 M NaCl, 63°). untere Kurve: pH 6.1 ; obere Kurve: pH 7.

Abb. 4. pH-Abhingigkeit der d.c.-Stufe und des a.c.-Peaks (normiert auf die Hohe der Stufe bei pH 5.5
bzw. des Peaks bei pH 7) von thermisch denaturierter KT-DNS (5-10™* g/ml in 0.04 M Phosphatpuffer,
0.11 M NaCl, 63°).

die d.c.-Stufe exponentiell an, so dass die pH-Abhingigkeiten der normierten Héhen
von a.c.-Peak und d.c.-Stufe einen Schnittpunkt aufweisen (Abb. 4).

3. Prdparative Elektrolyse

Als experimentum crucis war danach die priaparative Elektroreduktion der
elektronenaufnehmenden Basen in der denaturierten DNS anzusehen, wodurch eine
Abnahme der Reduktionsstufe und eine annihernde Konstanz des Desorptionspeaks
zu erwarten war. Eine mehrstiindige Elektrolyse bei pH 7 (Phosphatpuffer, 60°)
entsprach dieser Voraussage.

Zur Sicherung wurde die Elektrolyse bei pH 6 wiederholt, um eine noch grosse-
re Anzahl protonisierter Nukleinsdurebausteine zu reduzieren. Das Resultat ver-
deutlicht Abb. 5 einschliesslich der weiteren Tests auf Peakkonstanz. Geméss Abb. 4
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ist die Verdnderung des Peaks bei saurer Losung nicht so empfindlich zu registrieren
wie die Abnahme der d.c.-Stufe (obere Kurven). Daher wurde die elektrolysierte
Losung in zwei Richtungen im Vergleich zu der nichtelektrolysierten DNS-Losung
mit folgendem Ergebnis getestet (untere Kurven):
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Abb. 5. Elektrolyse thermisch denaturierter KT-DNS (5-10~* g/ml in Phosphatpuffer pH 6 bei 60°).
(—), a.c.-Polarogramme: ab —1.0 V gegen NCE, bei 78 Hz und 20 mV Amplitude; (---), d.c.-Polaro-
gramme:ab — 1.0 V gegen NCE. oben: vor und nach der Elektrolyse registriert; unten : Anteil der Elektro-
lysenldsung iiberfiithrt in pH 7, 90° (links); Anteil der Elektrolysenldsung iiberfiihrt in pH 11.8, 25° (rechts).

(a) bei pH 7 und 90° stimmen die Peakhéhen elektrolysierter und nichtelektro-
lysierter DNS praktisch tiberein.

(b) bei pH 11.8 und 25° lassen sich die Peaks beider Proben ebenfalls kaum
unterscheiden.

DISKUSSION

Unsere drei verschiedenartigen Versuchsanordnungen basierten auf dem
Grundgedanken gleichsinniger Abhéngigkeiten elektrochemischer Messgrossen bei
gleicher Ursache bzw. umgekehrt. Dazu muss betont werden, dass die Breyer-
Wechselstrompolarographie empfindlich anspricht auf reversible Durchtrittsreak-
tionen und tensammetrische Wellen, jedoch schwach auf irreversible Elektronenauf-
nahmen, wie sie bei Nukleinsiurebasen'® festgestellt wurden. Daher ist Vorsicht
geboten mit Schlussfolgerungen aus einfachen Vergleichen zwischen Kurven der
a.c.-, der d.c.-Polarographie, der Pulse-Polarographie und der Oszillopolarographie.
Wir moéchten deshalb nun die eingangs gestellte Frage beantworten, womit auch
unsere kiinftigen Untersuchungen des Helix-Coil-Ubergangs geférdert werden :

Wodurch wird der spitze DNS-Denaturierungspeak in der Breyer—Wechsel-
strompolarographie verursacht?

Teilantworten darauf geben
Experiment 1: kapazitiver Effekt,
Experiment 2: a.c.-Peak und d.c.-Stufe haben verschiedene Ursachen,
Experiment 3: der a.c.-Peak bleibt nach DNS-Reduktion praktisch erhalten.
Aus all dem folgt, dass der spitze DNS-Denaturierungspeak durch Adsorp-
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tions — Desorptions — Effekte hervorgerufen wird, d.h. eine tensammetrische Welle im
Sinne Breyers darstellt, ebenso wie der runde Peak, der allein bei der nativen DNS
vorkommt. Demgemdss gleicht die Konzentrationsabhidngigkeit der Peakhohe
einer Langmuir-Adsorptions-Isotherme!’.

Uberschaut man das bisherige polarographische Studium hochmoleku-
larer Nukleinsduren, dessen Beginn'? in das Jahr 1957 zuriickreicht, darf behaup-
tet werden, dass unter allen Bedingungen die Adsorption eine wesentliche Rolle
spielt.

Nur in solchen Fillen, wo protonisierte Basen—entgegen sterischen Hinder-
ungen—der Elektrodenoberflache genligend nahe kommen konnen, erfolgt ausser-
dem Elektroneniibergang. Da die d.c.-Stufenhdhe eines Biopolymeren von mehreren
Molekiilparametern bestimmt wird, ist die klassische Ilkovi¢-Gleichung allerdings
nicht mehr anwendbar. Hinzu kommt, dass in saurer Grundlésung sich katalytische
Wasserstoffwellen iiberlagern konnen.

Damit sind keineswegs alle Fragen nach der Natur der DNS-Desorptionswel-
len beantwortet. Von wesentlicher praktischer Bedeutung ist z.B. die Kldrung des
Zusammenhanges zwischen Peakhohe und Denaturierungsgrad, wobei die zuge-
horigen Adsorptionsisothermen beriicksichtigt werden miissen. Von speziellem
Interesse fiir die physikalische Chemie der Nukleinsduren versprechen die Ergebnisse
der Breyer-Wechselstrompolarographie zu werden, wenn sich die bestehenden
Unterschiede zu spektroskopischen Daten aus konformativen Ursachen erkldaren
lassen.

SUMMARY

In contrast to native DNA, denatured DNA gives a new sharp peak in the
Breyer-a.c.-polarogram. It was shown by means of three different polarographic
techniques: phase angle-dependence of a.c.-peak height; pH-effect on a.c.-peak in
comparison to the d.c.-step height ; electrolysis of denatured DNA in acidic solution,
that this peak is capacitive in origin ; in other words, denatured DNA causes tensam-
metric waves also according to the terminology of Breyer.

ZUSAMMENFASSUNG

Im Gegensatz zu nativer DNS verursacht denaturierte einen neuen spitzen
Peak im Wechselstrompolarogramm nach Breyer. Mit Hilfe von drei polarogra-
phischen Kriterien: (i) Phasenwinkelabhingigkeit dieser Peakhohe, (ii) pH-Einfluss
auf die Peakhohe im Vergleich zur Hohe der Gleichspannungsstufe, (iii) Elektrolyse
thermisch denaturierter DNS in schwach saurer Losung, wurde gezeigt, dass dieser
a.c.-Peak kapazitativen Ursprungs ist, d.h. in der Terminologie von Breyer ver-
ursachen denaturierte und native DNS tensammetrische Wellen.

Demgegeniiber gibt es andersartige polarographische Methoden, die neben
katalytischen Wellen weitere irreversible Durchtrittsreaktionen protonisierter Basen
in der DNS anzuzeigen vermogen.
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A.C. POLAROGRAPHIC STUDIES OF OXINE AND ITS DERIVATIVES
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INTRODUCTION

The study of adsorption processes by alternating current measurements was
introduced independently by Breyer and Hacobian® and by Doss and Kalyanasun-
daram?. Breyer and Hacobian called their method tensammetry and many tensamme-
tric investigations have been reported since their work?>. Breyer and Hacobian* also
found well-defined a.c. waves of halide ions at positive potentials. As these waves
were different in nature from that of a tensammetric wave, they proposed to call this
type of wave a transition wave®>. Takemori and Tachi®, and Biegler’ also studied this
type of wave, but even now it is not fully understood.

Breyer and his coworkers®° in their study of the a.c. polarographic behaviour
of oxine found no a.c. polarographic wave corresponding to the reduction of oxine,
but obtained two a.c. waves at positive potentials — the wave at the more positive
potential will be called wave I and the one at the more negative potential, wave II.
From the experimental results it was concluded that wave I is a transition wave, and
wave II a tensammetric wave. Certain metal ions when added to very dilute oxine
solutions lowered wave I by forming metal oxinates and this could be used to detect
the end-point of titrations of several metal ions ; the method was called tensammetric
titration®:1°.

The present paper deals with the study of the a.c. polarographic behaviour of
oxine and its derivatives and their application to tensammetric titrations. Oxine-5-
sulphonic acid, ferron and 2-methyloxine were the chosen oxine derivatives.

EXPERIMENTAL

Polarograms were recorded with the Shimadzu polarograph R P-2 with an a.c.
attachment, BF-1. An alternating voltage of frequency 60 c/sec and an amplitude of
20 mV r.m.s. was used. The capillary characteristics of the dropping mercury elec-
trode were: t=3.38 sec and m=1.11 mg/sec at 0 V vs. SCE in 0.2 M sodium nitrate
solutions.

Oxine (8-hydroxyquinoline) was purified by steam distillation. Oxine-5-
sulphonic acid (8-hydroxyquinoline-5-sulphonic acid) was prepared by adding fuming
sulfuric acid to oxine, and recrystallizing the product twice from 1 M hydrochloric
acid. Ferron (7-iodo-8-hydroxyquinoline-5-sulphonic acid) was recrystallized twice
from water. 2-Methyloxine (2-methyl-8-hydroxyquinoline) was recrystallized twice
from aqueous ethanol. All other chemicals were of analytical-reagent grade, and twice
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distilled water was used throughout the work. The pH of the electrolytic solution was
adjusted with perchloric acid, acetic acid, ammonium acetate, ammonia or sodium
hydroxide, or their mixtures; in all cases, their total concentration was kept at 0.1 M in
the final solution. Sodium nitrate (0.2 M) was added to all solutions to keep the electri-
cal conductivity of the solution at a suitable level.

RESULTS AND DISCUSSION
1. Polarographic waves of oxine and its derivatives at positive polarization

The a.c. and d.c. polarograms of oxine, oxine-5-sulphonic acid, ferron and
2-methyloxine are shown in Figs. 1 and 2. All compounds investigated yield waves
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Fig. 1. A.c.and d.c. polarographic waves of : (a), 1.4-10~* M oxine in 0.1 M CH;COONH, + 0.2 M NaNO,,
pH 6.6 (solid lines) and 0.1 M CH;COONH, + 0.2 M NaNO;, pH 6.5 (dotted lines) ; (b), 1.4-10~* M oxine-
S-sulphonic acid in 0.1 M CH;COONH,+0.2 M NaNOg, pH 5.3 (solid lines) and 0.1 M CH;COOH-
CH;COONH, +0.2 M NaNOs, pH 5.2 (dotted lines).
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Fig.2.A.c.and d.c. polarographic waves of: (a), 1.4-10™* M ferron in 0.1 M HC1O,+0.2 M NaNO,, pH 1.1
(solid lines) and 0.1 M HClO,+0.2 M NaNO,, pH 1.1 (dotted lines); (b), 1.4:10* M 2-methyloxine
in0.1 M CH;COONH,~NH,OH + 0.2 M NaNOj, pH 9.0 (solid lines) and 0.1 M CH;COONH ,~NH,OH
+0.2 M NaNO,, pH 8.9 (dotted lines).
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similar to wave II of oxine at concentrations above ca. 3-10~° M. Oxine and 2-
methyloxine gave wave I at concentrations above ca. 8-107° M, but oxine-5-sul-
phonic acid and ferron did not show such a well-defined wave 1. The a.c. base current
at more positive potentials than wave I is considerably depressed by the presence of
oxine and its derivatives, indicating adsorption of a surface-active substance which
is assumed to be mercury oxinate formed at the electrode by the dissolution of
mercury. Therefore, wave 1 is a transition wave. The a.c. base current at more negative
potentials than wave 11 was also depressed considerably by the presence of oxine and
its derivatives, probably as a result of their adsorption on the electrode surface. From
the dependence of wave I on the concentration and temperature, this wave seems to
be a tensammetric wave. o-Naphthol and quinoline were tested by a.c. polarography
under the same conditions, and no difference was observed in the base current. There-
fore, for oxine and its derivatives to adsorb on to the mercury electrode, both phenol
and pyridyl radicals must be present.

2. Effect of concentration and temperature

Oxine and its derivatives yield wave II at concentrations as low as 31076 M.
In the concentration range up to 2-3-10~ > M, the height of the wave increases almost
linearly with concentration. Above this concentration region, the calibration curve
begins to deviate from linearity. The results obtained are shown in Fig. 3.
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Fig. 3. Effect of concn. of oxine and its derivatives on wave height: (-O-), Oxine in 0.1 M CH;COONH, +
0.2 M NaNO,, pH 6.0; (-®-), oxine-5-sulphonic acid in 0.1 M CH;COONH, + 0.2 M NaNO;, pH 5.8;
(-@-), ferron in 0.1 M HClO,+0.2 M NaNOj,, pH 1.1; (-©-), 2-methyloxine in 0.1 M CH;COONH ,—
NH,OH +0.2 M NaNO,, pH 8.8.

Fig. 4. Effect of temp. on wave height: (-O-), 2:107° M oxine in 0.1 M CH;COONH, +0.2 M NaNO;,
pH 6.0; (-®-), 2-107° M oxine-5-sulphonic acid in 0.1 M CH;COONH, +0.2 M NaNO;, pH 5.8;
(-@-),2-107° M ferron in 0.1 M HClO,+02 M NaNO;, pH 1.1; (-D-), 2:107° M 2-methyloxine in
0.1 M CH;COONH,-NH,OH +0.2 M NaNO,, pH 8.8.

The summit potential does not change appreciably at concentrations above4-10~° M.

The temperature effect on the height of wave II is shown in Fig. 4. At lower
temperatures, an increase in temperature results in an increase in the height of wave I1
and the diffusion of oxine and its derivatives towards the electrode seems to control
the wave height. On the other hand, at higher temperatures, an increase in tempera-
ture results in a decrease in the height of the wave ; this is a characteristic trend for a
tensammetric wave.
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3. Effect of pH

The effect of pH on the height and summit potential of wave II are summarized
in Figs. 5-8. The wave heights are markedly dependent on pH, and the regions of
maximum wave height are in a limited pH interval. The pH at which the maximum
wave height appears shifts towards the acidic side in the order : 2-methyloxine, oxine,
oxine-5-sulphonic acid and ferron. The pk,- and pk,- values of these substances
change in the same order (Table 1).

TABLE 1

VALUES OF pk; AND pk,'!

Pk, pky pky Pk,
2-Methyloxine 5.70 10.31 Oxine-5-sulphonic acid 4.07 8.35
Oxine 5.16 9.63 Ferron 2.50 7.05

Oxine and its derivatives (HOx) are mostly amphoteric, and the following
equilibria can be considered:

H,0x* = H*+HOx

ki =(H")[HOx]/[H,0x™] (1)
HOx = H"+0x"~
ky = (H*)[Ox"]/[HOx] (2)

where k,; and k, are primary and secondary dissociation constants of the acid, H,Ox *,
in which hydrogen ion is measured by its activity and other species in terms of their
concentration.

When the values of k,, k, and (H*) are known, the ratio of concentration of
these three species can be calculated from eqns. (1) and (2). The concentration of the
neutral form, HOx, thus obtained is shown in Figs. 5-8 as dotted lines. These Figures
show that, except in the acidic region of ferron, the dotted lines coincide fairly well
with the solid lines that show the heights of wave II. Therefore, it may be concluded
that the neutral species of oxine, oxine-5-sulphonic acid and 2-methyloxine mainly
contribute to the tensammetric wave I, while for ferron both acidic and neutral spe-
cies may give wave II.

Summit potentials of wave I move in the negative direction with increase in
pH. At pH-values near pk, and pk,, discontinuous changes of summit potentials are
observed ; the discontinuity is marked at a pH near pk,, but not at pk,, especially in
the case of ferron.

4. Tensammetric titrations

Certain metal ions when added to a solution of oxine or its derivative lower
wave I until the equivalence point is attained. Conversely, when oxine or its deriva-
tive is added to solutions of certain metal ions, wave II begins to appear after the equi-
valence point and increases almost linearly. Tensammetric titration uses this pheno-
mena to detect the end-point of titrations.
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TABLE 2

TITRATION OF COPPER WITH OXINE

No. Titration of Cu®* (1 ml Titration of oxine (2 ml
1-1073 M Cu** in 50 ml 1-1073 M oxine in 50 ml
0.1 M CH;COONH,) with 0.1 M CH;COON H,) with
1:1073 M oxine 1073 M Cu ?*
Oxine used (ml) Cu?" used (ml)

1 2.080 0.944

2 2.090 0.910

3 2.045 0.838

4 2.079 0.920

S 2.055 0.926

mean  2.070 with 0.8 %, Rel. S.D. 0.918 with 2%, Rel. S.D.

The titration curves of copper with oxine and of oxine with copper are shown
in Fig. 9. Although the titrations were carried out in very dilute solutions, the end-point
could be obtained fairly accurately and the results were satisfactory (see Table 2).

The titration curves of ferron with copper are shown in Fig. 10; it can be seen
that ferric ion present in an equivalent amount with ferron does not affect the height
of wave II of ferron. The addition of 10~ 3 M of ferric iron, however, decreases wave I1
of ferron to some extent, but does not affect the end-point. Table 3 shows the possi-
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Fig. 9. Titration curves of copper with oxine: (a), oxine (4- 103 M) with Cu?* (10”3 M); (b), Cu®*(2:10~3
M) with oxine (1073 M).

Fig. 10. Titration curves of iron with ferron : (a), ferron (2-10~> M) with Cu?* ; (b), ferron (2:10~° M) with
Cu?" in the presence of Fe3*(1073 M).

bilities for the tensammetric titrations of 2- 10> M metal ions. In the Table, mark O
indicates that the addition of metal ions decreases the height of wave II quantitatively ;
mark A shows that the height of wave II is decreased but that the reaction is not
quantitative and mark x that the addition of metal ion does not decrease the height
of wave II.

Although the tensammetric wave is observable only above ca. 3-10~ ¢ M oxine
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TABLE 3

RESULT OF TENSAMMETRIC TITRATION

Metal Oxine and its derivatives
ions

Oxine Oxine-5-sulphonic Ferron 2-Methyl-
acid oxine

Cu2+
Zn%"
Ni2+
uos*
Cd2+
Pb2+
Mg2+
Ca2+
FeS+
In3+
Th4+

pH

>OxOpPpO

OOxxppOOOO
DD>D>xXxP>>OOO0O
X X XXX pBxxO

N x
wn
W
o
Ladl
~
P X XK K X

W

Total concn. of oxine or its derivatives, 2-107° M.

or its derivatives, the end-point obtained by extrapolating the titration curve agrees
within a few percent with the value calculated by the stoichiometric relation.

The applicability of the tensammetric titration was considered using the stabi-
lity constants of metal ions with oxine and its derivatives. When metal ion, M"™, is
titrated with oxine or its derivative, the following relationship holds all the way
through the titration step. To simplify the discussion, the volume change in the titra-
tion procedure and other sub-reactions were neglected.

M(Ox)\" 7+ D+ +Ox~ = M(Ox)*~ 2+
[M(Ox)~"+]
= IM(Ox)* ] [Ox ] G}

If the total concentrations of metal ions and of oxine or its derivative are ¢y and cop,,
respectively, then

u = %, [M(OX7] (MO = M") @
Con = Y. HIIM(OX)=*]} + [Ox~]+ [HOx] + [H,0x*] 5)

As in these equations [HOx] = x contributes to wave II, elimination of [M(Ox)"~9*],
[Ox~], and [H,Ox ™| from equs. (1)—(5) finally leads to

100 = & [rtds + Lo | -0 ©)

i=0
where K; = ]_[ K;, Ko=1, [Ox]°=1, a=1+(H")/k,+H")*/k,k, and x/p =
[HOx]: kz/ *)=[Ox"]. As the metal ions used in the titration were di-, tri- and
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tetra-valent, eqn. (6) is difficult to solve algebraically. As the approximate solution
was sufficient for present purposes, the following relationship was used, i.e., when
f(a)-f(b) <0, the root, x, of eqn. (6) lies between a and b. The results thus calculated
are shown in the last columns of Tables 4-7. Metal species that can be determined by
tensammetric titration are rather limited by the fact that the reaction of metal ions
with oxine or its derivative is not always quantitative in these dilute solutions.
However, if the concentration of the neutral molecule present at the equivalence point
is below 3-10~° M, the titration is possible, except in the cases of titrations of Th**
with oxine, Fe** and Th** with oxine-5-sulphonic acid, and Zn?*, UO2* and Pb**
with 2-methyloxine. In these cases, side reactions, such as with hydroxyl ion, may
interfere with the titration.

TABLE 4

APPLICABILITY OF THE TENSAMMETRIC TITRATION, AND THE CALCULATED CONCENTRATION OF NEUTRAL
MOLECULES AT THE EQUIVALENT POINT (OXINE)

Metal Possibility Stability constant'? Concn. of neutral
ions of titration molecules (M)
log K, log K, log K4 log K4

Cu?* (@) 13.5 12.7 1078-10"7

Zn** e) 10.0 8.9 3-1079-4-10°
Ni2* O 11.4 9.9 107-2-10"°
(06 =l @) 11.3 9.6 2:1076-3-107°
cd** A 9.4 T 7-107°-8-107°
pPb2* A 10.6 8.1 5-107°-6-10"°
Mg?* x 6.4 5.4 1.9:1075-2-10"°
Ca?* x 3.5 1.9-107%-2-10"3
Fed*t ®) 123 11.3 10.3 10-7-10"¢

Th*+ x 105 10.0 9.5 9.0 2:1076-3-10"°

Total concn. of oxine, 2-107° M.

TABLE $§

APPLICABILITY OF THE TENSAMMETRIC TITRATION, AND THE CALCULATED CONCENTRATION OF NEUTRAL
MOLECULES AT THE EQUIVALENT POINT (OX]NE-S-SULPHONIC ACID)

Metal Possibility Stability constant'? Concn. of neutral
ions of titration molecules (M)
log K log K, log K5 log K4

Cu?* @) 13.3 11.7 10-8-1077
Zn** (@] 8.7 75 6:1076-7-10"°
Ni2* 0 10.0 8.1 4-1076-5-107°
uo3* 0 8.5 79 6-1076-7-10"°
cazr A 79 6.5 1.3-1075-1.4-107°
Pb2* A 8.5 7.6 6-107°-7-10"¢
Mg?+ x 48 3.4 1.9-1075-2-10"%
Ca?* X 35 1.9:1075-2-10"%
Fe3* A 116 1.2 128 10781077
Th** A 9.6 8.7 7.6 6.1 6-107°-7-10"¢

Total concn. of oxine-5-sulphonic acid, 2-107° M.
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TABLE 6

APPLICABILITY OF THE TENSAMMETRIC TITRATION, AND THE CALCULATED CONCENTRATION OF NEUTRAL
MOLECULES AT THE EQUIVALENT POINT (FERRON)

Metal Possibility Stability constants'? Concn. of neutral
ions of titration _ molecules (M)

log K, log K, log K5
Mg?* X 3.8 6.2 1.9-107%-2 -10°
Ca?*t X 3.1 4.0 1.9-107%-2 -10°°
Fe3* % 8.9 8.4 79 1.8-107°-1.9-10"%

Total concn. of ferron, 2-107° M.

TABLE 7

APPLICABILITY OF THE TENSAMMETRIC TITRATION, AND THE CALCULATED CONCENTRATION OF NEUTRAL
MOLECULES AT THE EQUIVALENT POINT (2-METHYLOXINE)

Metal Possibility Stability constants'? Concn. of neutral
ions of titration B — molecules (M)
log K, log K,

Cu?* @ 12.5 11.5 1078-10~7

Zn** A 817 8.1 2:107°-3-10°
Ni2* O 9.4 8.4 1076-2-10"¢
e+ X 9.4 8.0 1076-2-10"¢
Ccd?* @) 9.0 7.6 3-107°-4-107°
Pb%* A 10.3 8.2 1077-107°

Mg?* A 52 44 1.9:1075-2-10"7

Total concn. of 2-methyloxine, 2-107° M.
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SUMMARY

Oxine and its derivatives, oxine-5-sulphonic acid, ferron and 2-methyloxine,
yield two a.c. waves at the positive region of the dropping mercury electrode. Wave I
at more positive polarization, although ill-defined in the cases of oxine-S5-sulphonic
acid and ferron, is the so-called transition wave, and wave II at more negative poten-
tials is a tensammetric wave. The height of wave II is dependent on pH, and the pH-
region at which maximum wave height is obtained is specific to the compound, de-
pending on its pk-value. Oxine and its derivatives can exist as three species according
to the pH of the solution: i.e., acidic, neutral and basic forms. The neutral species of
oxine, oxine-5-sulphonic acid and 2-methyloxine mainly contribute to wave II, while
for ferron, both acidic and neutral species can contribute to wave II. The addition
of certain metal ions that form chelates with oxine or its derivatives quantitatively
depress wave II. This fact can be used to detect the end-point of titrations of metal
ion in very dilute concentrations. The theoretical possibility of the titration has been
considered.
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POLAROGRAPHIC REDUCTION OF ALDEHYDES AND KETONES

VIII. POLAROGRAPHIC BEHAVIOUR OF CHALCONE AND DIHYDROCHALCONE®

A. RYVOLOVA-KEJHAROVA
J. Heyrouvsky Institute of Polarography, Czechoslovak Academy of Science, Prague ( Czechoslovakia)

P. ZUMAN
Department of Chemistry, The University, Birmingham 15 (Great Britain)
(Received November 25th, 1968)

Polarographic reduction of o,f-unsaturated ketones of type CsHsCOCH=
CHR takes place in a two-electron step (i), followed at higher pH-values by a further
reduction wave, (iy). The first two-electron process is split at lower pH-values into
two one-electron steps, (ij); and (i;), (Fig. 1). These three waves were observed by
Pasternak!, who correctly assigned the first two-electron process to the reduction
of the ethylenic bond, basing his deduction on comparison of half-wave potentials
of wave i;; with those of aryl-alkyl ketones. The same author carried out also con-
trolled-potential electrolysis by means of a mercury pool electrode. At pH 1.3, apart
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Fig. 1. pH-Dependence of the reduction waves of chalcone (schematical).

from a non-crystalline side-product, a crystalline substance was isolated as the
predominating product to which “probably the structure of dimer(I)” was attributed .
At pH 8.6 at the limiting current of (ij); + (i), corresponding to the transfer of 1.7
electrons, a mixture of the product obtained in acidic media, and benzylacetophenone
was isolated’.

C4HCOCH,CHR
c.H,cocH,car D

Part VII: Trans. Fdraday Soc., in the press.
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This interpretation of consecutive reduction of the ethylenic linkage and
carbonyl group has been adopted by most of the subsequent authors?~8, usually
without experimental proof other than the ratio of wave-heights. More recently, the
pH-dependence of the wave-height and of the half-wave potentials of the more
negative wave of phenyl vinyl ketone was used® to prove that saturated ketone results
from the acceptance of the first two electrons. A similar approach was used also in
the interpretation of the reduction process of o-hydroxychalcone and its heterocyclic
analogues'®. For the quinoline analogue of chalcone with the heterocyclic group
adjacent to the carbonyl group!?, the first reduction step was reported to take place
in one two-electron step at pH < 10. Saturated ketone formation was detected among
the products of controlled-potential electrolysis on a mercury pool electrode. At
pH 13, where the height of the first wave decreased and corresponded to an approx-
imately one-electron process, the mercury pool electrolysis gave rise to a red amor-
phous solid for which a M.W. of 536 was found cryoscopically in benzene. The
product, which gavea strong infrared band at 1680 cm ™ !, was assumed to be a mixture
of various dimeric products.

A polymer was obtained also by electrolysis of chalcone in anhydrous di-
methylformamide?, in which the formation of a radical anion and radical dianion
was proved by reaction with carbon dioxide. It was assumed’? that the more com-
plicated course of reduction in non-aqueous media in the absence of carbon dioxide
compared with that in aqueous solutions, is due to the stability of the radical anions
formed and their reaction with the parent compound.

On the other hand, Russian authors!®!# maintain that the first electron
attack takes place on the carbonyl group and'# “that the free radical formed under-
goes isomerization* into another free radical which is further reduced in the second
wave” or can be converted into a dimer of structure I. Formation of dimer I was
postulated from the M.W. of the electrolysis product obtained in acidic media,
determined by the Rast method*?, or from a doubtful shape of the wave and from
half-wave potentials at unspecified pH (¢f. Figs. 10 and 12, ref. 14). The latter authors'*
also applied to the wave-shape a treatment derived'® for an electrode process ac-
companied by dimerization, under the assumption that the first electron uptake is
a reversible process.

This complex situation indicates a need for revision. In connection with our
previous work on unsaturated ketones®*® and our present work on a,f-unsaturated
aldehydes'”~'°, in which it was confirmed®!7:!8 that the ethylenic linkage under-
goes reduction prior to the carbonyl group, a further investigation of the electro-
reduction of the o, f-unsaturated ketones was carried out. These studies were prompted
by the fact that o,f-unsaturated ketones were either used as reactant?®~ 22 or formed
as products®*?* in homogeneous reactions—such as hydrolysis of the double bond
or elimination reactions of Mannich bases and similar compounds—that we have
studied recently.

Chalcone was used as a model substance for our investigation because it was
often used in our kinetic studies, because its reactivity towards hydroxyl ions is
relatively low and its polarographic behaviour can be studied up to relatively high
pH-values, and, finally, because for this compound the reduction product of the first

* The authors'* do not distinguish between isomers and electromers.
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two-electron step, dihydrochalcone, is a stable compound. This makes it possible to
study its polarographic behaviour, to compare it with that of the more negative
waves of chalcone and so investigate the reactions®*° by which the primary product
of the two-electron reduction is transformed into dihydrochalcone, reducible in the
consecutive step.

EXPERIMENTAL

Apparatus

Polarographic curves were recorded by means of the polarograph LP 60
(Laboratorni Pfistroje, Prague) in connection with the recorder EZ2. Polarographic
electrolyses were carried out in a Kalousek vessel with a separated saturated calomel
electrode (SCE). Controlled-potential electrolyses were carried out in a H-type vessel
according to Manousek?® for small volumes, enabling work in 0.5-1.0 ml of solution
with an SCE separated by an agar bridge. The two capillaries used had out-flow
velocities, m=3.2 mg/sec and 1.34 mg/sec, and drop-times, t; =2.7 sec and 5.0 sec at
mercury pressure /=60 cm in 0.1 M potassium chloride at the potential of SCE.

pH-values were measured with a glass electrode, type G 200B on a pH-meter
PHM4 (Radiometer, Kobenhavn). The concentration of mercury vapours was
measured by the Mercury Vapour Concentration Meter, type E 3472 (Hendray
Relays Ltd.).

Substances and solutions

Chalcone used was a commercial product (Laboratorni Potfeby, Prague)
recrystallised from ethanol. Dihydrochalcone (m.p. 71°) was prepared by B. Uchytil.
Stock solutions of the electroactive species (0.002 M) were prepared by dissolving
the substances in 969 ethanol. Buffers and supporting electrolytes used were prepared
from AnalaR-grade chemicals.

Techniques of polarographic investigations

For polarographic examinations, 4 ml of the buffer were mixed with 0.5 ml
of ethanol, and oxygen removed by a nitrogen stream; 0.5 ml of the 0.002 M stock
solution of the electroactive compound was added to this solution and nitrogen was
introduced for a short time and the polarographic curve recorded. In alkaline solu-
tions, where hydration of chalcone takes place?®?!?? and causes a change in polar-
ographic curves with time, the recording of the curves was started within 20 sec
after mixing.

Techniques of controlled potential electrolyses

Controlled-potential electrolysis was carried out with both a mercury pool
electrode in about 50 ml of the solution, and a dropping mercury electrode in 0.5-1.0
ml of the solution. Because the results obtained with the mercury pool electrode dif-
fered from those obtained with the dropping mercury electrode and because current—
voltage curves recorded with a mercury pool electrode were different from those
obtained polarographically, further attention was restricted to electrolytic reductions
with the dropping mercury electrode.

For electrolysis, 0.5-1.0 ml of 1-2-10~* M solution in the buffer solution
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chosen were placed into the electrolytic cell and deaerated. To prevent re-diffusion of
oxygen, nitrogen was introduced during electrolysis above the solution surface. To
prevent contact of the dropped-off mercury with the electrolysed solution, the part
of the electrolytic vessel above the vessel was narrowed. The level of the dropped-off
mercury was kept constant by connecting the bottom of the cell with a mercury
reservoir. Separation of the dropped-off mercury by means of a layer of chloroform
or tetrachloromethane did not prove satisfactory, because chalcone dissolved in this
layer and its wave-height in the aqueous phase altered.

The electrolysis was carried out at conditions (dropping electrode, reference
electrode, concentrations) identical with those in polarography at the potentials of
limiting currents at various pH-values. After chosen time-intervals, during electrolysis
polarographic curves were recorded and the change in the wave-heights and their
ratio measured.

The electrolysis products were identified polarographically. In these solutions,
in which dihydrochalcone shows well-defined waves, it was possible to compare
waves obtained directly in the electrolytic cell with those of dihydrochalcone under
the same conditions. The electrolysis was carried out in solutions containing 5-10~*
M chalcone until at least 909, conversion, in particular at pH < 7, where the waves
of dihydrochalcone were ill-defined. The resulting solution was transferred into
alkaline buffers and at several pH-values between pH 7 and 10 the waves of the
electrolysis product were compared with those of dihydrochalcone.

To detect the presence of any product with a 1,2-diol grouping, the solution
after electrolysis was treated with periodic acid. The time-change of periodate con-
centration was followed polarographically?® by adjusting the pH of the solution to
pH 4.7-5.0, and adding periodate solution so that its final concentration was twice
to three times that of the original chalcone concentration. The decrease of the limiting
current of periodic acid with time was followed in a darkened cell to eliminate the
effect of light on the reaction. Dropped-off mercury was separated by a narrow part
of the electrolytic cell and by a chloroform layer, which in this case does not interfere.
No difference was found between the decrease in the height of the periodate wave in
the presence of the electrolysed solution and in a blank without chalcone.

The precipitate, obtained in the electrolysis carried out at the potential of the
limiting current of the first wave (ij), in solutions containing a higher concentration
of chalcone (1-107* M) in 0.1 M hydrochloric acid with 50%; ethanol, was separated
and heated in a test tube. The vapours evolved were introduced into the inlet of the
Mercury Vapour Concentration Meter. Alternatively, it was possible to heat the
solution after electrolysis to boiling and to analyze the vapour.

RESULTS

Polarographic behaviour of chalcone

The first two-electron reduction step of chalcone is split into two one-electron
steps, (if); and (i;), (Figs. 1 and 2). The half-wave potential of wave (i), is shifted to more
negative values at pH < 10.6 by some 60 mV/pH; at pH > 10.6 it is pH-independent
(Fig. 3).

Logarithmic analysis of the first one-electron wave, (i;);, between pH 9 and
11 indicates that the wave is composed of two steps. The plot of log[ (iy—i)/i]—E
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shows two linear parts, the more negative increasing with increasing pH. Hence, of
the two steps which in this region coalesce to form wave (ij);, the more positive de-
creases and the more negative increases with increasing pH, but their half-wave
potentials are so close that a separation of the two waves is not observed.

05 uA W
1 /3 4 5 6 7 8 9
200mV

Fig. 2. Dependence of the reduction waves of chalcone on pH. 2-10~* M chalcone in Britton-Robinson
buffers containing 20% ethanol. pH-values: (1), 2.37; (2), 5.2; (3), 5.93; (4), 6.88; (5), 7.2; (6), 7.82; (7),
8.42; (8), 9.57; (9), 10.3; (10), 12.1. Curves starting at: (1-2), —0.4; (3-7), —0.6; (8-10), —0.8 V vs. SCE
capillary IL.
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Fig. 3. Dependence of half-wave potentials of chalcone waves on pH. (1), (ir):; (2), (i)2; (3)s ()1 @), (in)a-

The half-wave potentials of the second one-electron wave, (iy),, is shifted at
pH < 6 by some 60 mV/pH, and becomes pH-independent between pH 6 and 10.2.
At pH > 10.2, the half-wave potential is shifted again by 40 mV/pH to more negative
values (Fig. 3). The difference of about 450 mV between the half-wave potentials of
waves (ij); and (i;), in acidic media (Table 1), and the pH-independence of wave (i)
at pH > 10.6 explain the separation of the two one-electron steps over the whole pH-
range. Such a separation is rarely observed with other carbonyl compounds.
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Fig. 4. Effect of hydroxide ions concn. on reduction waves of chalcone. 2-10~* M chalcone in LiOH
containing 20%, ethanol. (1), 0.01; (2), 0.03; (3), 0.08; (4), 0.2; (5), 0.5; (6), 0.8 N LiOH. Curves starting
at —0.8 V vs. SCE capillary II.

—
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Fig. 5. Effect of hydroxide ions concn. on reduction waves of chalcone at constant ionic strength.2-10™* M
chalcone in LiOH and LiCl with u=0.8, containing 20%, ethanol. (1), 0.01; (2), 0.05; (3), 0.08; (4), 0.2;
(5), 0.5; (6), 0.8 N LiOH. Curves starting at —0.8 V vs. SCE capillary II.

Above pH 11, the second reduction wave, (i}),, shows a decrease (trough) on
the limiting current, when the ionic strength is low (curve 10, Fig. 2, Fig. 4). When
the ionic strength is adjusted to 0.8 by the addition of lithium or potassium chloride
(Fig. 5), this decrease is eliminated. Above pH 13, the height of wave (i;), decreases
with increasing pH, even when the ionic strength is kept constant.
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TABLE 1

DEPENDENCE OF HALF-WAVE POTENTIALS OF CHALCONE WAVES ON pH

pH —E,/V (SCE) pH —E,/V (SCE)

(in)1 (i) (in)s (in): (ir)s (i1)2 (i) (in)2
15 0.53 0.99 = — 9.9 1.05 1.24 — 1.59
3.1 0.66 1.12 — 11.5 1.11 127 — 1.64
4.7 0.74 1.19 1.32 — 12 1.14 1.29 — 1.67
6.6 0.86 1.22 138 — 13 1.17 1.35 — 1.67
7.4 0.90 1.24 1.4 1.57 14 1.12 1.35 — 1.65

8.4 0.96 1.24 14 157

At ionic strength 0.5 and higher, the ratio of wave heights, (ij), : (i}),, is not
strictly equal to one, wave (i), being higher. This is due to maxima of the second kind
at these high electrolyte concentrations at the limiting current of (i),.

The reduction that takes place in excess of the uptake of the first two electrons
occurs also in two waves, (iy); and (iy),. At pH < 4.6, wave (i;;); was not observed ; at
higher pH the total height of waves, i;= (iy); + (in),, increases with increasing pH
(Fig. 6). When i;; was less than 25%; of the value corresponding to the two-electron

/)/ / ’.I o
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Fig. 6. Dependence of the limiting currents (iy); and (i), of chalcone on pH. (@), (iy); (O), (in),- The
limiting current i; is 100%;.

diffusion-governed process, its height was found to be independent of mercury pres-
sure. This indicates that the total height of wave i;, is governed by the rate of an inter-
posed chemical reaction. In the pH-region in which wave i;; was smaller than a two-
electron diffusion current, its height increased with increasing buffer concentration.
Furthermore, the shape of the plot of the dependence of the total limiting current of
ii; on pH depends on the buffer kind and composition.

The ratio of waves, (iyj); : iy, changes with increasing pH in the shape of a dis-
sociation curve (Fig. 7); simultaneously, the height of wave (iy), (expressed as a frac-
tion of the total height, i) increases in the shape of a dissociation curve. The shape,
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position and dependence on buffer composition for the (iy),/i;—pH plot is exa
the same as for the i;/(i, +i,)—pH plot for dihydrochalcone and, similarly, the }
of (iyy),/ir—pH for the chalcone wave is identical with the i,/(i; +i,)—pH plot for
hydrochalcone (p. 200). The shape of the observed dissociation curve depends
ethanol concentration (Fig. 7). Measurements of wave-heights at various merc
pressures indicated that the decrease of wave (i;;); and increase of (i), are gover
by the rate of protonation reaction.

T T T S
(iyy) °fe
I
100 [~ (4 T
50
0 A A . h
5 6 7 8 9 pi
Fig. 7. pH-dependence of the ratio (i), : iy, for the third wave of chalcone at various ethanol co1

(D), 205 (O), 30; (@), 409 of ethanol.

The height of wave (i;), reaches its limiting value corresponding to a t
electron diffusion-controlled process at about pH 10. At pH > 11 the height of
wave decreases in the shape of a dissociation curve until it reaches the value (
corresponding to a one-electron process. Because the height of wave (i), depend:
addition to pH, also on the kind and concentration of the cation in the suppor:
electrolytes, it proved best to use solutions containing lithium ions to obtain height
(i), approaching most closely at sufficiently high pH-values to the one-electron w:
All the changes in height with increasing pH and other properties of wave (i), w
fully parallel to the variations observed for wave i, of dihydrochalcone in these alka
media.

The half-wave potentials of wave (i;), are shifted at pH < 6.9 by 35 mV/)
and are pH-independent at higher pH-values. The half-wave potentials of wave (
are pH-independent below pH 8.75 and shift at higher pH-values with increasing
to more negative potentials by 37.5 mV/pH, and become pH-independent at pH >
The half-wave potential of wave (i;), is independent of ethanol concentration whet
that of wave (i), is shifted at increasing ethanol concentrations to more nega
potentials so that at concentrations higher than about 509 ethanol, waves (iy);
(in), coalesce. In the presence of 209, dimethylformamide, wave (iy); was not obser
and the height of wave (i;;), shows a less steep increase with increasing pH than in
presence of 209, ethanol.
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Controlled potential electrolysis of chalcone

When the electrolysis was carried out at the potential of the limiting current
of the first wave, (i);, the logarithm of the limiting current was a linear function of
time over the whole pH-range studied (pH 1-9.5) (Fig. 8). Decrease of wave (i;), was
parallel to that of (i;);. The change in the height of the wave of the second two-electron
step, in= (in); + (in),, depends on the pH-range in which the electrolysis at the limiting
current (i;); was carried out. When the electrolysis was carried out at pH 9.2 where
wave iy is limited by diffusion, the height of wave ij; decreases regularly and the ratio,
iy iy, remains unchanged during electrolysis (where i;= (iy); + (i;),) (Fig. 9). When, on
the other hand, the electrolysis was carried out at the potential of wave (i;), at pH 7.4

o

It

1 1 1 1 1 1
0 4 & 12
Fig. 8. Dependence of the log of wave height, i, on time during electrolysis of chalcone at various pH.
(0),0.1 N HCI; (@), acetate buffer, pH 5; (®), 0.1 N H,SO,; (@), borate buffer, pH 9.5. The wave height
iy before electrolysis is 100%;. .

®  1h)

W

200 mV

Fig. 9. Change in wave heights of chalcone during electrolysis. 1 ml 2-10™* M chalcone in borate buffer,
pH 9.2, containing 20%; ethanol. Electrolysed at the potential, —1.1 V corresponding to the limiting
current of the first wave (ij);. Time of electrolysis: (1), 0; (2), 1; (3), 2; (4), 3; (5), 45 (6), 5; (7), 6 h. Curves
starting at —0.8 V vs. SCE capillary L
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where the height of wave iy is kinetically-controlled, the height of wave i;; decreases
in the course of electrolysis, but the ratio, iy : i;, increases with time (Fig. 10) as the
proportion of wave i;; increases. '

Apart from the electrolyses of chalcone described above in which the changes
of polarographic waves during some few hours were followed, the controlled-potential

05 1 1 1 1 et 1

17 2 3 4 5 6 th
Fig. 10. Depencence of the ratio, iy : i;, for chalcone waves on time during electrolysis. Phosphate buffer,
pH 7.4, containing 20%; ethanol. Electrolysed at the potential, —1.0 V on the limiting current of the first
one-electron wave (i), .

electrolysis using a dropping mercury electrode at the potential of the limiting
current of (i;); was carried out also over prolonged periods, of thirty or more hours,
until the height of wave (i;); decreased to less than 109 of the original height. Such
electrolyses were carried out in 0.1 M hydrochloric acid and in acetate buffer pH 5.
Because wave i;; was not apparent in any of these solutions, the solution after electro-
lysis was transferred into buffers pH 7-13, but in none of these solutions was any
wave of the reduction product found, apart from the residual chalcone waves. This
excludes the possibility of formation of (I) or (II):

C¢H;COCH,CHC,H,
|
HO_$_CH2CH 2C6H 5
CeHs (I1)

since the benzoyl grouping in compounds I and II would give a reduction wave,
similar to that of acetophenone.

An aliquot of the solution after electrolysis was transferred into a periodate
solution pH 4.7 and the change in the periodate limiting current with time was
followed polarographically?®. No difference was observed when compared with a
blank. This excludes the possibility of formation of dimer III:

OH
C6H5CH=CHC'J—C6H5
CGHSCH=CHc:—C6H5

OH

(I11)
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When the electrolysis at the potential of the limiting current of the first wave
(i}); was carried out at a higher concentration of chalcone (1-10™* M) in 0.1 M hydro-
chloric acid containing 50%; ethanol (to increase the solubility of chalcone), the
height of wave (i;); decreased with time. Simultaneously, a new wave, increasing
directly from the dissolution of mercury, was formed the height of which increased
with time only to a certain value and then remained constant. After prolonged electro-
lysis, a white precipitate was formed in the electrolysis cell. This precipitate was in-
soluble in ethanol, but soluble in ethyl cellosolve, where it gave a reduction wave in-
creasing at positive potentials directly from the mercury dissolution, and small
waves at more negative potentials attributed to residual chalcone absorbed on the
precipitate.

The precipitate was separated and heated in a test tube. The vapours evolved
were brought to the inlet of the Mercury Vapour Concentration Meter. The deflection
corresponded to 200 ug of mercury/1 m® of air ; the blank was below 10 ug of mercury/1
m? of air. The precipitate need not be separated, the detection of mercury is possible
even when the solution after electrolysis is heated to boiling and the vapour analyzed.
In all cases of solutions between pH 1 and 9.2 electrolysed at the limiting current of
wave (iy);, 150-200 ug mercury/1 m* was observed ; only for acetate buffer pH 5.0 was
100 ug mercury/1 m?® obtained. Electrolysis at the limiting current of the two-electron
wave (if), used as blank, gave a value below 10 ug/1 m>. These results indicate the
formation of an organomercury compound in the reaction between the radical and
metallic mercury.

When the electrolysis was carried out at the limiting current of wave (i;),,
decrease of waves (i;), and (i;), was regular. The change in the height of wave i;; was
found to depend on the process governing the height of this wave. At pH 9.9, where
wave iy is governed by diffusion and its height is the same as that of an equimolar
solution of dihydrochalcone at the same conditions, the height of wave ij; does not
change during the electrolysis. On the other hand, when the electrolysis was carried
out in the pH-region in which the overall height of wave i is controlled by the rate
of the interposed chemical reaction, such as at pH 5.8 (Fig. 11) or pH 7.4, an increase

200mv
Fig. 11. Change of wave heights of chalcone during electrolysis. 1 ml2-10™* M chalcone in Britton-Robin-
son buffer, pH 5.8, containing 20%; ethanol. Electrolysed at the potential, —1.24 V corresponding to the
potential of the second one-electron wave (i),. Time of electrolysis: (1), 0; (2), 0.5; (3), 1; (4), 2; (5), 3;
(6),4;(7), 5;(8), 6;(9), 75 (10), 8; (11), 9; (12), 10; (13), 11; (14), 12 h. Curves starting at —0.6 V vs. SCE
capillary I.
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in the height of dihydrochalcone i;; was observed in the course of electrolysis. Wave
iy, which before the electrolysis was considerably smaller than the corresponding
wave of dihydrochalcone, practically reached its height after the electrolysis had been
carried out to more than 909, conversion.

The controlled-potential electrolysis product of the two-electron step has been
proved to be dihydrochalcone (IV) over the whole pH-range.

When the electrolysis was carried out at the limiting current of wave (i), at
pH 5.8, the total wave-height, similarly as in the previous case, decreased with the
time of electrolysis, and also the height of (i;)), increased relative to i; (Fig. 12). Com-
parison of Figs. 11 and 12 indicates that when the electrolysis is carried out at the
limiting current of (i;);, wave i;; does not remain constant, but shows a decrease with
time until it finally disappears. An analogous picture was observed when the electro-

)

200mvV

Fig. 12. Change of wave heights of chalcone during electrolysis. 1 ml 2-10™* M chalcone in Britton-Robin-
son buffer, pH 5.8, containing 20%; ethanol. Electrolysed at the potential — 1.5V at the final limiting current
(i) Time of electrolysis: (1), 0; (2), 0.5; (3), 1; (4), 25 (5), 3; (6), 45 (7), 55 (8), 65 (9), 85 (10), 10 h. Curves
starting at —0.6 V vs. SCE capillary L.

sttt

200 my
Fig. 13. pH-dependence of wave of dihydrochalcone. 2:10~* M dihydrochalcone in phosphate buffer of
constant ionic strength, z=0.15, containing 20% ethanol. pH-values: (1), 5.37; (2), 5.93; (3), 6.17; (4), 6.5;
(5), 6.75; (6), 6.96; (7), 7.13; (8), 7.3; (9), 7.5; (10), 7.7; (11), 8.07; (12), 8.6. Curves starting at —1.0 V vs.
SCE capillary 1.
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lysis was carried out at pH 7.2, where waves (i;); and (iy;), coexist. For the observed
change in the polarographic waves during electrolysis under these conditions it was
of little importance whether the electrolysis was carried out at the limiting current
of wave (i)); or (iy),-

The electrolysis at the potential of the limiting current of (iy), at pH 10 has
shown a simple decrease of all waves i; and i, in a practically constant ratio.

Polarographic reduction of dihydrochalcone(IV) _

Polarographic reduction of dihydrochalcone(IV) follows the reduction paths
described for aryl-aryl ketones in Part I of this series?” and shows in acidic media
two separated one-electron reduction waves, (i,), and (i),, which merge into a two-
electron wave, iy, at about pH 5 (as shown schematically in Fig. 2. ref. 27). Simul-
taneously, the total height of wav® i, starts to decrease with increasing pH and an-
other more negative wave,i,, appears (Fig. 13). Decrease of wave i, (or increase of
wave i,) has the shape of a dissociation curve, provided that in buffer series the
concentration of the base component of the buffer is kept constant. Moreover, the
position of the dissociation curve on the pH-axis depends on the concentration of the
base buffer component chosen, in a similar way as was found for deoxybenzoins and
as was predicted by the theory?®

At pH >9 a decrease in the height of wave i, with increasing pH was observed
until at about pH 12 the height of wave i, reached the value corresponding to a one-
electron diffusion process. The wave at higher pH-values was accompanied by a
pre-wave which was shown?® to correspond to a change in the capacity current,

CeH,COCH,CH,C,H;  (IV)

caused by desorption of the oxidized form of the ketone (IV). This change in the
capacity current occurs in the potential region in which the decrease (a trough) was
observed at pH >9 on the limiting current of (i;), of chalcone (p. 202). At pH 10.2,
an increase in ethanol concentration suppressed the pre-wave (because of competitive
adsorption) and increased wave i, (Fig. 14).

gl

2aJmV
Fig. 14. Dependence of wave height of dihydrochalcone on ethanol concn. 2:10~* M dihydrochalcone in
borate buffer, pH 10.2, containing: (1), 20; (2), 30 (3), 40; (4), 50%; ethanol. Curves starting at —1.2 V-vs.
SCE capillary 1.
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TABLE 2

DEPENDENCE OF HALF-WAVE POTENTIALS OF DIHYDROCHALCONE WAVES ON pH

pH  —E,V (SCE) pH  —E,V (SCE)
(i)a (o i (i)a (o iy

25 1.11 — — 94 1.58
4.7 1.25 1.38 - 10.0 1.60
54 1.33 — 11.5 1.64
6.5 1.38 1.56 12 1.65
7.5 1.42 1.56 13 1.65
8.6 1.42 1.56 14 1.65
"51,2 WV

175

1.5+
-0—0— 3
2
1.25J
1
10— - . , - : : ————r
2 4 6 8 10 12 14 pH

Fig. 15. Dependence of half-wave potentials of dihydrochalcone waves on pH. (1), (iy).; (2), (iy)s; (3), iy;
), i5.

100%-
i),
v 7’;,

0
5 6 7 8 9 pH

Fig. 16. Comparison of the dissociation curves of third wave of chalcone, (iy), and the first wave of di-
hydrochalcone, i,. (O), chalcone ; (@), dihydrochalcone.
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The half-wave potentials (Table 2) of the first one-electron wave (i;), were
shifted to more negative potentials by some 60 mV/pH ; those of wave (i), were pH-
independent. The half-wave potentials of the combined wave, i,, are shifted between
pH 5.2 and 7.0 by some 40 mV/pH and are pH-independent at pH >7. The half-
wave potentials of wave i, are pH-independent at pH 6-8.75 (Fig. 15) and are shifted
to more negative potentials between pH 8.75 and 12 by some 30 mV/pH ; at pH >12
they are pH-independent.

The half-wave potentials of wave i, for dihydrochalcone were found identical,
within +10 mV, in their value and pH-dependence with that observed for wave (iy),
of chalcone, and those of wave i, of ketone IV with that of wave (i;), of chalcone
(comparison of Figs. 3 and 15). In all instances where dihydrochalcone was added to
chalcone solutions, waves (iy;); and (i), increased in the expected proportions. The
plot of the change in the ratio, i, : i,, with increasing pH (in a series of buffers with
constant base buffer component concentration) was identical with the dissociation
curve o?tained with chalcone for the ratio, (iy), : (i), in the same series of buffers
(Fig. 16).

DISCUSSION

Polarographic reduction of chalcone occurs in principle in two two-electron
steps, i; and i;;. The overall process can be formulated by scheme (A)—(U):

ArCOCH=CHAr =  ArCOCH=CHAr+H" pK, (A)
I T =
ArCOCH=CHAr + ¢ &, ArCOCHCH,LAT (i) (B)
HY
ArﬁCHCHZAr :: ArCOCHCH,Ar+H*  pK, (©)
OH*
2 ArCCHCH,ATr s Diowr (Da)
2 ArCOCHCH,AT 2y e (Db)
ArﬁC.HCHZAH—Hg > Mercury compound (Dc)
OH*
ArCOCHCH,Ar +Hg —  Mercury compound (Dd)
Arﬁ('IHCH LAT +solvent ~——  Product (De)
OH*
ArCOCHCH,Ar +solvent — Product (D)
ArﬁC.HCHZAr +e oy Ar?CHCHZAr (i)a (E)
OH* OH"
: B ——
ArCOCHCH,Ar + ¢ —  ArC-CHCH.Ar (i), (F)
(6]
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ArCOCH,CH,Ar ——  AC-CHCHAr+H*  pK, ©)
o
E\ 2
ArCOCH=CHAr +e —3 ArCOCHCHAr (i), (H)
ke e
ArCOCHCH,Ar = ArCOCHCHAr+H + pKs )
ATCCH,CHoAr —k‘k: ArCOCH,CHAr+H*  pK, (K)
OH* )
ArCCH,CHAr +¢ = ArC;CHzCHZAr (in)1a (L)
OH* ) OH
ArC)'CHZCHzAr +e 5, Ar(?CHZCHZAr (iw)se (M)
OH OH
ArCHCH,CH,Ar k;sﬂ ArCCH,CH,Ar+H* pKg (N)
OH o oH
ArCOCH,CH,Ar + e B ArCCH,CH,Ar (i) (0)
o
ArCCH,CH AT .k—k@_ Ar(?_)CHZCHZAr +HY  pK, (P)
OH 0
) E _
Ar(ECHZCHZArJre — Ar?CHZCHZAr (in)2 R)
OH OH
Ar(llHCHZCHZAr {t ArCTCHZCHZAH— H* pK 1o (S)
OH OH
(5) Eu 2—
ArCCH,CH AT +¢ —  ArCCH,CHAr (T)
0 0
ArCHCH,CH Ar — ArZC(CHZCHZAr+2 H* pKy, (U)
OH o}

The reaction of chalcone in the first two-electron step, (i), + (i),, produces
as the final product a saturated ketone, dihydrochalcone (IV). This has been proved
by comparison of the half-wave potentials of waves (iy); and (i), (Fig. 3) over a wide
pH-range with those (i,,i,) of authentic dihydrochalcone (Fig. 15). Half-wave poten-
tials of wave (i;;); were found identical in values and pH-dependence with those of
wave i, and those of wave (iy;), with those of i,. Furthermore, the change of wave-
heights with pH were analogous: the ratio i, :i, changed with pH exactly in the same
way as (iy), : (i), (Fig. 16).

Further evidence for the formation of dihydrochalcone was obtained from
the controlled-potential electrolysis at the potential corresponding to the limiting
current of wave (i}),. No side products were detected and all identification techniques
used indicated that the final product of the two-electron reduction step is dihydro-
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chalcone. The conversion of chalcone to dihydrochalcone was found to be quantitative
during prolonged electrolysis even under conditions (pH 4.5-8) where chalcone gave
waves (iy), and (iy), at the same potentials and showing the same ratio of wave-heights
as the dihydrochalcone waves i, and i,, but where the wave (i), and (iy;), were con-
siderably smaller. This behaviour indicates that, over this pH-region, dihydrochal-
cone is not the primary electrolysis product, but is formed from the primary product
by a chemical reaction in the solution.

In acidic media, the reduction of chalcone in the first two-electron step at
pH < 5 follows the sequence: proton, electron, proton, electron (H*, ¢, H*, ¢), as
described by the scheme (A)—(E). This is indicated by the shift of both waves, (i),
and (iy),, at potentials E', and E}, with pH in this region, corresponding to acid-base
equilibrium (A) and (C) (with pK’, =6.0) preceding the electron transfers (B) and (E).
The pre-protonation equilibrium (A) is rapidly established over this entire pH-range
and equilibrium (C) below pH 4. In the pH-range 4-6, where the rate of establishment
of equilibrium (C) is lower, separation of the two waves was not observed, because the
potentials of the protonated form, ES, and of the unprotonated radical, EL, lie so close
together that no separation of waves is observed.

At present it is not clear whether the protonation in step (A) takes place
preferentially on the carbonyl group or on the ethylenic bond. For the sake of sim-
plicity, the latter was chosen in the formulation of the product of reaction (B); never-
theless, the radical, ArCOCHCH,Ar, cannot be distinguished from ArC(OH)CH=
CHAr, which would participate in reactions (Db), (Dd), (Df) and (F). If the protonation
(A) takes place preferentially on the carbonyl group, equilibrium (C) would be con-
sidered in the form (Ca) followed by analogous reactions (D) and (Ea):

ArCCH=CHAr = ArCCH=CHAr+H"* K,. (Ca
' : P&, (Ca)

H -

OH OH

o E&a r—-;\——_\
ArCCH=CHAr+e¢ — ArC-CH=CHAr (i1)2 (E,)

e e " o

OH OH

Since the saturated ketone is obtained as the final product, this path seems to
be less probable.

In the pH-region between pH 7 and 9, the reduction in the first two-electron
step follows the sequence: proton, electron, electron, proton (H*, ¢, e, H*). This
corresponds to the scheme: (A), (B), (D), (F), in accordance with the pH-dependence
of wave (i)); at potential E}; caused by the protonation (A) antecedent to the electron
transfer (B). The pH-independence of the half-wave potential of the second wave
(i), here denoted as EY, indicates that no proton transfer takes place between the
acceptance of the first electron in (B) and of the second in (F).

In the pH-region between 11 and 13, the reduction is considered to follow
the sequence: electron, proton, electron, proton (e, H*, ¢, H") corresponding to
the scheme: (H), (J), (F), (G). This is indicated by the pH-independence of the half-
wave potential, EY, the change in the logarithmic analysis of wave (ij); (p. 200) and by
the change in the slope of the half-wave potential of wave (i;),.

Above pH 8, the rate of the surface protonation (A) with rate constant, k_,
becomes too slow to transform all of the chalcone into the protonated form. At pH
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9-11, simultaneous reduction of the protonated and unprotonated form of chalcone
occurs, with the proportion of the unprotonated increasing with increasing pH, as
shown by the trend in the logarithmic analysis. At pH >11.5, practically only the
unprotonated form is reduced. Nevertheless, because potentials E of the protonated
form,and E}; of the unprotonated form in this pH-range are little different, a separation
of two waves, (ij);, and (i;);,, cannot be observed even when the pH-dependence of
the half-wave potentials indicates two waves. Intersection on the E,—pH plot (pK =
10.6) and the value of pH, at which both linear parts on the logarithmic plot were
equal (pK'; =10) lie close together.

Intersection of the two linear parts on the E5-pH plot for the second one-
electron wave (i;), was found at pH =10.2. This wave, (i;),, corresponds to the reduc-
tion of the radical, ArCOCHCH,A, in step (F) which is formed from the radical
anion in the rapidly established equilibrium (J). The inverted L-shaped dependence
indicates that the intersection at pH 10.2 corresponds to the true value of the dissocia-
tion constant, pK¢=10.2.

According to the scheme (A)—(J), the half-wave potential of wave (ij); at
pH > 11.6 should be pH-independent, (E}). Small variations observed experimentally
are attributed to specific cation effects on the double-layer composition, as with
the small shifts of the theoretically pH-independent half-wave potentials of wave
(i1), at pH 5-7.

As has been proved in detail for cinnamaldehyde , where the waves of
the radical, HCOCHCH,Ar, and the ketyl, [HCOCHCHAr]M¢ (where Me is a
metal cation), are separated, the radical anion formed in reduction (H) can react not
only with hydronium ions, but also with alkali metal cations, according to the reac-
tion (Ja):

17,18

R S— km 1
ArCOCHCHAr == ArCOCHCHAr+Me™ pKy  (Ja)
e ——

A Em ,_.2/_
ArCOCHCHAr +e —> ArC=CH-CHAr+Me* iy, (Fa)
e—— i1
Me (@)

In the case of chalcone, potentials ES and E,, are so close together that no
separate wave, iy, is formed and only one wave, (ij),, is observed. With increasing
metal ion concentration, as follows from a comparison of Figs. 4 and 5, the height of
wave (i), at a given hydroxyl ion concentration increases with metal cation concen-
tration. The impossibility of separating currents (i;), and iy prevented quantitative
treatment of equilibrium (Ja). The effect of the cation increased with increasing cation
size.

With increasing concentration of lithium hydroxide, a decrease of the height
of wave (i;), was observed at constant ionic strength, above pH 13. In this pH-region,
the conversion of the radical anion into both the radical and ketyl was no longer fast
enough to convert all the radical anion into the more easily reducible form. The
reduction waves of the radical anion at more negative potentials (i;); are usually ill-
developed (Figs. 4, 5) and correspond to process (Ha), (Hb):
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(=) 2—
ArCOCHCHAr +¢ — ArCOCHCHAr (i),  (Ha)
s
ArCOCH,CH,Ar = ArCOCHCHAr+2 H* (Hb)

The dip on the limiting current of (i), indicates that the reactions (J) and (Ja) with
rate constants K _4 and K _, furnishing the radical or ketyl, are surface rather than
volume reactions*°. The dip depends on the double-layer composition, as is shown
by its elimination with increasing neutral salt concentration (Figs. 4 and 5). The rate
of formation of the radical or ketyl is decreased with increasingly negative potential.
This can be interpreted either by desorption of the reacting radical anion from the
electrode surface or by the effect of double-layer on the rate constant. The effect of
adsorption—desorption phenomena seems to be indicated by the fact that the dip on
the limiting current of wave (i;), occurs in the potential region in which desorption of
dihydrochalcone (i.e., the product formed in wave (i}),) occurs®®.

The radical formed in the reduction at the limiting current of wave (i;); can
undergo various chemical reactions, some of them indicated as (Da)—(Df). Dimerisa-
tion was assumed to take place in earlier studies® ~#10 either without any proof or by
means of mercury pool electrolysis. Of the three main types of possible dimers, (I)—
(III), compounds I and II contain a benzoyl grouping and can be expected to be
electroactive and give reduction waves not too different from dihydrochalcone (i.e.,
at potentials similar to those of waves (i;;); and (iy),). The third dimer IIL, on the other
hand, can be expected to be electroinactive in the potential range available.

When controlled-potential electrolysis is carried out at the potential corre-
sponding to the limiting current of wave (i), the formation of dimers of type I or II
would be expressed either by the formation of a new wave or by the total height of
wave iy remaining unchanged. No formation of a new wave was observed and in the
pH-range where the height of wave i;; was limited by diffusion, its height decreased
regularly (Fig. 9). Hence, the formation of dimers I and II as the path for deactivation
of the radical formed can be ruled out.

The absence of reactivity of the product formed at the limiting current of wave
(i1); at the dropping mercury electrode in the periodate reaction excludes the formation
of dimer IIL '

Increase in current at positive potentials and the proof of mercury in the
product isolated and in the solution after electrolysis, indicate that an organomercury
compound is formed. Limited solubility and reduction at positive potentials offer an
explanation why this product was not observed from the change in polarographic
waves. It can be concluded that formation of an organomercury compound of type
(Dc) and (Dd) is the predominant path for deactivation of the electrolytically-formed
radical in the first reduction step of chalcone, similarly as has been proved for methyl
vinyl ketone*! and for cinnamaldehyde!”-!8.

The reduction of dihydrochalcone formed in the first two-electron step takes
place in two waves, (iy); and (iy),, and follows scheme (L)—(U) and is preceded by
two chemical reactions, the rate of which is pH-dependent. First, the overall height
of the second two-electron process, (i), + (in),, is governed by the rate of the general
acid-base catalysed reaction (G) in which the carbanion-enolate formed in the first
two-electron step is transformed into dihydrochalcone. Secondly, the fatio of waves,
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(in); : (in)» is governed by the rate of protonation of dihydrochalcone in reaction (K)
with rate constant k_-.

The increase of wave i;; during the electrolysis at potentials of the limiting
currents of wave (i), or (iy); (Figs. 11 and 12) indicates the presence of a chemical
reaction interposed between electrolytic steps (F) and (L) or (O). The same inter-
pretation was supported by the kinetic character of wave i; when small. It is assumed
that the rate-governing step is the formation of dihydrochalcone from the carbanion-
enolate in step* (G) with rate constant, k_s. The application of theoretical treat-
ments**32:33 for calculation of rate constant, k_, from the dependence of wave iy
on pH, buffer kind and concentration, was only partly successful. A good agreement
was found between the theoretical and experimental shape of the pH-dependence of
the total wave-height, i;.. At a given pH, the formal rate constant found has shown
the predicted dependence on buffer concentration. The specific rate constants ob-
tained have shown a dependence on the nature of the base buffer component corre-
sponding to the Brensted equation, but the calculated value of the rate constant
changed with drop-time showing that the theoretical treatment is incomplete. As
analogous behaviour was observed for other systems involving interposed reactions,
such as p-nitrophenol®*, p-diacetylbenzene®** and cinnamaldehyde!®, it seems that
the theoretical treatment of interposed reactions needs a general revision.

The rate of protonation (K) with rate constant k_, governs the ratio of wave-
heights, (iy), : (iy)),, in a similar way as it governs the ratio, i; :i,, in dihydrochalcone
(Fig. 16). Thus, rate of protonation of dihydrochalcone (K) is not affected by the
previous reduction and the transformation of the ambident carbanion-enolate ion
into dihydrochalcone.

Reduction of the protonated form of dihydrochalcone below pH 4 in waves
(ir)1a and (i});p (or iy, and i,,) follows the sequence: (G), (K)—(N). In this region, the
potential of wave i, is shifted with pH because reduction (L) is preceded by protona-
tion (K); that of wave i,,, is pH-independent, showing that between electron-transfers
(L) and (M) no proton transfer takes place. The sequence of steps in this pH-range
therefore corresponds to: proton, electron, electron, proton (H*, e, e, H). Above
pH 3, the half-wave potentials of waves i, and i, are so close together that only one,
two-electron wave is observed, corresponding to the scheme (G), (K)—(N).

At about pH 8, the rate of protonation (K) is small and the rate of ketone

" * Enol formation is a competitive reaction with the formation of dihydrochalcone. No quantitative in-
formation is available about the keto—enol equilibrium in the system:

ks o
ArCOCH,CH,Ar == ArC-CHCH,Ar+H"* pKs (G)

k-s it

ke ey

ArC=CHCH,Ar == ArC-CHCH,Ar+H" pK (Ga)
| k-E i
OH
Nevertheless, it can be assumed that the keto—enol equilibrium is shifted in favour of the keto form and
thus pK 5 > pK. Consequently, the competitive enol formation can be expected to play a role, particularly
at lower pH-values.

** Both treatments by Kastening®? and Nicholson*? give exactly the same shape for the pH-dependence
of the limiting current.
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formation (G) is large. Reduction in the step (iy), or i, follows the sequence (O)—(S).
The half-wave potential of EY is more positive or equal to E} and hence only one,
two-electron wave, i,, is observed. Below pH 8.75, the half-wave potential of wave i,
is independent and hence either reaction (O) is potential-determining or equilibrium
(P) is in this pH-range completely shifted to the left-hand side.

In the intermediate range between pH 6 and 8, processes (K)—(N) and (O)—(S)
are competitive and two waves, i; and i,, are observed on the polarographic curves
of dihydrochalcone. Their ratio is governed by the rate of reaction (K) with rate
constant k_ . The inflexion point of the pH-dependence of wave i; (pK%=6.6) is in
good agreement with the intersection of the two linear parts of the E"-pH plot
(pPK”=6.9). The thermodynamic constant, K, is not accessible and therefore the
calculation of the rate constant, k _ ,, from polarographic data is not possible. Because
it can be assumed that pK, < 0, it can be deduced that reaction (K) occurs predomi-
nantly as a surface reaction.

Acids other than hydronium ion can participate in the protonation (K). This
was shown by the shape of the pH-dependence of the limiting current of i, which
was in agreement with the theory?®, and by its dependence on buffer kind and con-
centration.

The shifts of half-wave potentials of wave i, at pH > 8.75 indicate the presence
of an acid-base equilibrium which is rapidly established at pH < 11, and comparable
with the rate of electrolysis at pH > 11. This indicates participation of an acid-base
equilibrium with a thermodynamic pK,=8.75 antecedent to the potential-deter-
mining step. The reaction involved can be either dissociation of dihydrochalcone to
form the carbanion, ArCOCHCH ,Ar ", antecedent to the uptake of the first electron,
or equilibrium (P) antecedent to the uptake of the second electron. The pK-value of the
carbanion formation would be expected at pH > 12, but not at pK 8.75. On the other
hand, pK-values of other radical anions are observed at pH< 10, therefore the
attribution of pK,=28.75 and the potential-determining step to (R) seems plausible.

Above pH 11, a decrease in the height of wave i, is observed and this decrease
from a two-electron to a one-electron wave has the shape of a dissociation curve.
The inflexion point of this curve is in agreement with the break-point on the E4-pH
plot (pK"” =11.8). The current i, is, in this pH-region, governed by the rate of protona-
tion (P) with rate constant k _,. This interpretation is in accordance with the explana-
tion of the shifts of half-wave potentials of wave i, given in the preceding paragraph.
The reduction of the radical anion in steps (T) and (U) occurs at such negative poten-
tials (E™) that the corresponding reduction wave (i;) was not distinguished.

o,f-Unsaturated ketones, that bear a phenyl group adjacent to the carbonyl
group (such as phenyl vinyl ketone®) or those which have neutral heterocyclic
ring>1° adjacent to the carbonyl group are expected to behave in an analogous
manner to chalcone. Also, those chalcone derivatives that have a substituent which
is electroinactive and does not undergo protonation (NH, or OH groups)are expected
to behave similarly.

Information on acid-base reactions in system (A)—(U) are summarised in
Table 3.

On the other hand, differences are shown by those o f-unsaturated ketones
that have a basic heterocyclic ring (such as pyridine®*> or quinoline'?) or an alkyl
group (as in benzalacetone?®) adjacent to the carbonyl group. Consecutive reductions
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TABLE 3
SUMMARY OF DATA ON ACID-BASE REACTIONS
Acid form Process pK® pK"® pK"*
ArCOCH=CHAr  (A) = pK} =10 pK{=10.6
el
H+
ArCCHCH,ATr (©) = — pK4=6.0
i}
OH*
ArCOCH,CH,Ar (G) — general catalysis
ArCOCHCH,Ar  (J) pKe=102  pKy=13 pKy=13.0
ArCCH,CH,Ar (K) - pK,=66!  pK;=69
1l
OH
ArCCH,CH,AT (P) pKo=875  pKy=11 pKy=1138
I
OH

“ Value obtained from E,-pH plot corresponding to equilibrium conditions. b Value numerically equal
to pH at which the heights of polarographic kinetic waves of acid and base forms are equal. © Value nu-
merically equal to the pH at which intersection of two linear sections on the E,—pH plot was observed.
4 Value depends on buffer composition and concentration.

in unsaturated ketones such as dibenzalacetone and benzalcinnamalacetone are more
complicated®® and indicate interactions of the intermediates formed.

Inconsistencies reported in the literature? %1314 are partly due to insuf-
ficiently detailed investigations, to improper choice of buffer (e.g., containing surface-
active phenol'*) and, in particular, to the transfer of the results of mercury pool
electrolysis to those obtained with the dropping mercury electrode. Scheme (A)—(U)
presented seems to be consistent with the experimental results obtained and is related
to processes observed for other carbonyl compounds*® ~2%27:28 and can be considered
to describe the individual steps in the reduction of chalcone in solutions containing
209%; ethanol.

SUMMARY

Individual steps in the reduction of chalcone at the dropping mercury electrode
are expressed by scheme (A)—(U). The product of the first two-electron step is dihydro-
chalcone; in the second, alcohol is formed. Reduction of dihydrochalcone is governed
by the rate of its general acid—base catalysed formation from the carbanion-enolate
which is the primary electrolytic product. In the first one-electron step, an organo-
mercury compound is formed. Reduction processes are accompanied by antecedent
and interposed proton transfers. For the protonation of the radical anion, [ArCO-
CHCHATr]*), resulting in the chalcone reduction, an approximate value, pK¢=10.2
was found and for that of the radical anion, [ArCOCH,CH,Ar]‘*), resulting in the
dihydrochalcone reduction, an approximate value, pK,=8.75 was found. Radical
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anions react with alkali metal cations, but the waves of ketyls formed are not separated
from those of radicals, resulting in analogous reactions with hydronium ions. The
importance of using results obtained with controlled-potential electrolysis by means
of a dropping mercury electrode rather than with a mercury pool electrode, for
elucidation of polarographic processes, was stressed.
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