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bxmolccular rate constant is about 10° liter
mole™ sec™

While most of the work reported to date has
involved organic compounds, Maki and Geske*
demonstrated rather early the existence of the
free radieals in lithium or sodium perchlorate in
anhydrous acetonitrile which had been subjected
to clectrooxidation within the cavity of an EPR
speetrometer. Most likely the spectrum observed
is that of the perchlorate radical (-ClO,). Hope-
fully the next several ycurs will see- investiga-
tions involving free radicals derived electro-
chemically from a large number of inorganic
compounds.

The existence of good commercial EPR spec-
trometers and accessories which lend themselves
well to this kind of work, coupled with recent
appearance of advertiscments extolling the vir-
tues of these techniques, lends support to the
hope that the work of Maki, Geske, Adams,
et al, described here, has laid foundations for
the rapid growth of these techniques.
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ELECTRON TRANSFERS AT ELECTRODES

ELECTRON SPIN RESONANCE SPECTROSCOPY.
See ELECTRON PARAMAGNETIC RESO-
NANCE IN STUDIES OF ELECTRODE
PROCESSES

ELECTRON TRANSFERS AT ELECTRODES

An electrode immersed in a solution containing
oxidizable or reducible ions or molecules will ac-
quire electrons from or donate electrons to them.
These electron transfers occur at suitable colli-
sions of the species with the electrode, and the
probability that such an electron transfer will
occur depends on factors such as various differ-
ences in the chemical structures of the oxidized
and reduced forms, the electrode-solution po-
tential diffcrence, the electrode material, the tem-
perature, and the nature of the electrolyte me-
dium, e.g.l: 2

In typical systems the net rate of electron
transfer occurring per unit area of electrode is
?Zicy — paZacs, where ¢, and ¢, are the concen-
trations of the oxidized and reduced species very
near the electrode, Z; and Z, are collision fre-
quencies (i.e., numbers of collisions of these species
with unit area of electrode per unit time when
their concentrations are unity), and p, and 7,
are the probability factors just mentioned.!- 3 ¢
When several types of ‘oxidizable and reducible
species undergo electron transfer with the elec-

trode, terms for each similar to the above should

be added.

The measurement of the rate constants;
k(= p:Zy) and ko = p,Zs), and the understand-
ing of their magnitudes are subjects of prmclpal
interest here. These k's normally depend exponen*

tially on the electrode-solution potential differ-

ence and, thereby, on the cell potential, E:® ~
ki = k' exp [~anF(E — E')/RT)
ks = k' exp [(1 — a)nF(E — E')/RT)

where k' is the value of k, when E equals any
particular value of E,E'; n is the number of elec-

trons transferred per collision with the electrode, -

T is the absolute temperature, « is the transfer
coefficient (the slope of the Tafel plot), F and R.
are universal constants, the Faraday and the gas
constant.

The net current, written cathodically, is <. . '—-:

te = nFA (kicy — ksc:)
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ELECTRON TRANSFERS AT ELECTRODES

where A is the electrode area. By setting . equal
to zero at equilibrium, one obtains a kinetic
derivation of the Nernst equation, £ = E°' +
(RT /nF) In ¢i/cz, with E®' (the formal potential)
equal to a term independent of concentration,
E' + (RT/nF) In ky'/ks’. If E’ is selected to be
E®, k' evidently equals k.’ and one denotes their
corresponding value by &’. (The Nernst equation
(q.v.) itself can be derived more rigorously on
thermodynamic grounds alone, of course.)

Determination of these all-important constants,
k, and k., from the experimental data requires
some information about ¢, and ¢z . When the mi-
gration of oxidized and reduced species to and
from the electrode is sufficiently fast, their con-
centrations equal those in the bulk of the solu-
tion and there is no difficulty from this source.
But often this migration is not fast enough and a
variety of techniques is used to overcome this
obstacle.3: 59
. Methods used to study the rates of electrode
processes include (1) those designed to speed up
the migration (rotating electrodes or rapid flow of
solution past electrode), (2) those employing
pulsed or alternating currents or potentials, (3)
those using stationary or dropping electrodes and
direct current techniques, and (4) various com-
binations of these.

Sometimes, the ion or molecule actually under-
going electron transfer is not one of the initial
reactants but is formed from it by homogeneous
chemical reaction. This case of consecutive proc-
esses, coupled with migration, can be handled
formally, and in favorable cases in practice, by
solving the appropriate differential equations.
Such kinetic studies provide detailed knowledge
of the reaction mechanism, its intermediates, and
its various rate constants.

Conditions are simpler when these additional
homogeneous reactions are highly reversible
chemical equilibria. Consider, for example, the
following system: ‘

. ne
74 + yB < rapid G clectrode C:

where A and B are two of the major constituents
in the solution, z and y describe the stoichiometry,
and C, and C; are the oxidized and reduced spe-
cies. ¢; then equals Ka®b¥, K being the chemical
equilibrium constant and a is the concentration
of A near the electrode. The net rate of electron
transfer now equals k.Kabv — kacs . Appropriate
,measurements in which a and b are varied then
(} yield values of z and y (the “reaction orders”).
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The establishment of the rate law provides de-
tailed insight into the overall mechanism. The
measurement of electrochemical reaction orders
has been described in detail.

The electron transfer step sometimes involves

no rupture of chemical bonds. Sometimes, how- .

ever, it is accompanied by rupture and simultanc-
ous transfer of an atom between this reacting
species and the electrode. The atoms or free
radicals then undergo subsequent reactions. One
example is the reduction of Hs;O* ions to form
hydrogen atoms adsorbed on the electrode and,

eventually, to form hydrogen molecules.” Often, .

ruptures are slow compared with the pure elec-
tron transfers, but notable exceptions exist.
The vigorous development of techniques for
the study of fast electrode reactions has permitted
the study of many rapid electron transfers. Sev-
eral related compilations of the data in this ex-
panding field exist.!b: & 12 Principally, values of
a, 1y (i.e exchange current density), and of the
temperature coefficient of 7, are listed. %o is the
value of nFkic, measured at £ = E°’ and at local
electrochemical equilibrium. It is readily shown to
be nFk'ci(ca/cr)®. The value at unit concentra-
tion, nF%’, is of particular interest. Very recently
a comparison of these %"’s for a series of reactions
with the rate constants of intimately related
homogeneous electron’ transfer reactions (ones

involving “isotopic exchange’) has been made us-

ing a theoretically based equation, with encourag-
ing results.!®: B Again, the coefficients « are often
about 0.5 for these “simple” electron transfers,
in accordance with theoretical expectations when
double layer penetration effects are small.'®
The actual mechanism of electron transfer,
both in the presence and absence of bond ruptures,
has been discussed from the fundamental modern

- viewpoint of quantum and statistical mechanics.

In each type of transfer the electrochemical proc-
ess is accompanied by a change from a fairly sta-
ble arrangement of the atoms of the entire initial

system (oxidized species, surrounding medium, -

electrode) to a fairly stable atomic arrangement
of the final system (reduced species, etc.). In the
purely electron transfer type of process,! this
change of atomic configuration (i.e., of atomic
position) occurs inside and outside the inner co-
ordination shell of the reacting species. Each

bond in the reacting species will have a somewhat

different equilibrium length in the oxidized and
reduced forms of the species. Since the ionmic
charge also differs (by n electronic charges) the
average degree of orientation of solvent molecules
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in the vicinity differs for the two forms, as does
the average degree of proximity of other ions of
the medium. Accordingly;” changes of bond
lengths, reorientation of solvent molecules, and
some adjustments of ion atmosphere must occur
during the reaction.

Fluctuations in these bond lengths, orienta-
tions, and ionic positions occur continually.
Thereby, an arrangement of the atomic positions
that is a fairly stable one for the final reacting

" gystem (reduced molecule, the electrolyte me-
dium, plus charged electrode) can be formed from
onc which is a fairly stable arrangement for the
initiul system (oxidized molecule, electrolyte me-
dium, electrode). This fluctuation can cause an
clectron transfer only if a sufficiently strong cou-
pling of the electronic orbitals of the reactant
with those of the electrode exists. This coupling
is in fact negligible when the reactant is far from
the clectrode. For appreciable coupling their dis-
{ance apart should be no more than a molecular
dinmeter or so. Accordingly, a suitably close ap-
proach of the species, coupled with the other
fluctuations listed above, can cause an electron
transfer.! ‘

Statistical mechanical calculation of the proba-
bilities of these fluctuations occurring, plus quan-
tum mechanical calculation of the electronic
coupling and appropriate combination of these
ingredients, then yields an expression for the elec-
tron transfer rate. For convenience, assumptions
arc usually made analogous to those of absolute
reaction rate theory.! 14

In the case of electron transfers accompanied
by simultaneous bond rupture® the major fluctua-
tion of interest is in the position of the atom being
transferred from reactant to electrode (or vice
versa). Theoretical descriptions of these rupture-
type electron transfers have focused attention on
this particular fluctuation; an improved approxi-
mation would take cognizance of the other, less
important, fluctuations, too. Analogous remarks
apply to clectrode processes involving deposition
of metal cations.

The probability of finding a reactant or prod-
uct near the electrede is influenced by interaction
of the species with the charges in the electrode
double layer (q.v.). The interaction also alters
the relative stability of the two forms of the elec-
trochemically active species there, and provides a
second effect on the rate of formation of one from
the othor. Some detailed studies have been made
of the influence of the double layer and inter-

preted largely on the basis of the Frumkin equa-.

{
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ELECTRON TRANSFERS AT ELECTRODES

tion.? 8 There is therefore a considerable connec-
tion between the extensive studies of double layer
phenomena at interfaces and those of salt effects
on electron transfer rates at the electrode.

When the electron transfer is of the bond rup-
ture-atom transfer type, it is expected to be a
sensitive function of the electrode material, for
this affects the strength of the metal-atom bond.
At any given current, the hydrogen overpotential
(q.v.) depends markedly on the electrode mate-
rial, for example. On the other hand, in the case
of electron transfers not involving bond ruptures
the theoretical prediction has been made that the
exchange current density should be relatively in-
sensitive to the electrode material, provided spe-
cific adsorption and electric duuble layer effects,
surface contamination and the presence of oxide
layers can be avoided or the daia suitably cor-
rected for such phenomena.t®

In any field as rapidly expanding as the present
one, divergent points of views of authors may
often be found. The true expc-inental test comes
as widely different techniques yield similar values
for the same rate constants. From the point of
view of the developing theory of these processes,
any approach should be examined in the light of
deductions from quantum and statistical me-
chanics. Often in treatments of these complicated
systesm ad koc assumptions are unwittingly intro-
duced, without being examined from more basic
points of view. Fortunately, the ensuing contro-
versies have often given way to profitable clarifi-
cation of the concepts.
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ELECTRO-OIéGANlC CHEMISTRY

Electro-organie chemistry is the borderline
field between electrochemistry and organic chem-
istry in which reactions of organic compounds
are carried out by means of electrolysis. In the
past and today electro-organic processes have
been attractive for specific advantages offered.
Thus, they have been particularly useful for
reactions which cannot be easily carried out by
other methods, for example, currently, the
fluorination of hydrocarbons (q.v.) and anodie
or cathodie coupling reactions or, previously for
several years, the reduction of sugar to sugar
aleobols (q.v.), which was a commercial proc-
ess until a catalytic method was developed. A
second major advantage of the electrolytic
method is the precise control of reaction con-

532
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ditions, notably temperdture, time of exposure
of the organic reactants in the reaction zone,
electrode material and potential, and composi-
tion of electrolyte. Perhaps the third major ad-
vantage of electro-organic technique is the relq-
tive ease of recovery of pure products. For
example, in preparing reduction products which
are difficult to separate from metal salts, the
electrolytic method provides a means of cffect-
ing reduction with substantially no contamina-
tion of produets by metallic reductants,

Experimental apparatus for carrying out clec-
tro-organic reactions is very simple, a cell con-
taining two electrodes immersed in the electro-
lyte, usually with means of agitation and of
preventing contact of the products formed at
one electrode with the opposite electrode, The
electrode at which the reaction is to take place
should either be surrounded by the other eclec-
trode and equidistant from it at all points, as
a cylindrical cathode around a rod anode, or
be placed between two electrodes of opposite
sign, as a working electrode in the form of a
sheet or plate, between two nonworking plates,
Agitation is most simply effected by a stirrer
within the cell; the electrode may itself be used
as stirrer. Such an arrangement is particularly
advantageous when stirring at high speeds is
desired. Use of a stationary porous electrode,
through which electrolyte can be passed into or
out of the cell, is equivalent to stirring and some-
times -is more effective than simple agitation.
In most reductions it is necessary to prevent the
products from making contact with the anode
at which they may be reoxidized, Commonly
this is accomplished Yy separating the anode
and cathode with a jporous diaphragm, often
Alundum or similar ceramic. On the other hand,
the reduction of an oxidation product may he
prevented simply by using an inactive cathode,
or by setting the current density at a level such
that the eompound is not reduced. In reactions
involving the use of inorganic intermediatcs,
such as hypohalites, reduction may be prevented
by the use of caleium or chromium salts which
form hydroxides at the cathode. These precipi-
tates behave as diaphragms.

A variety of organic reactions can be earried
out electrolytically. Thus, organic compounds
themselves may be electrolyzed to form coupled
products at the anode as in the case of some
salts of aliphatic acids, 2RCOOM -+ 2F -
R—R + 2CO, (Kolbe synthesis), or to form

- —



