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PREFACE

The progress of electro-organic chemistry following the

studies’of Faraday and Kolbe early in the nineteenth century
| was perhaps highlighted in 1900 by the detalled investigations

N j of the electro-reduction of nitrobenzene by Haber, where it

was shown that the nature of the reduction products found !
could be determined by controlling the electrode potential,
Since then interest in electro-organic chemistry appears to
have branched into two main flelds.
(1) The study of organic electrode processes by ;
polarographic methods, i.e., at a dropping mercury %
electrode or a hanging mercury drop electrode. Much |
of the emphasis has until recently been placed upon the
chemistry of the electrochemical reactions rather than

the nature of the reaction occurring at the electrode

surface,
(11) The development of electro-organic syntheses i
(including, in recent years, stereospecific ones) and
industrial electro~-organic chemistry in which the f
"electron” Aas essentially been employed as a powerful

chemical reagent,but often without the careful control

demonstrated by Haber in his early studies of organic !
electrode processes where the important effect of %

potential was first demonstrated.

I...f....-_- Csernzen




i ,_._.4._.

- 1ii -

During the last decade, interest in fuel cells and
energy conversion systems of various types has stimulated a great

deal of research in the electrochemistry of anodic (electro-

oxidation) processes. In fundamental aspects of such work,

the emphasis has been placed on understanding the nature of
the reaction which occurs in the interfacial region at the

electrode, the role of the adsorption of reactants, products

and intermediates in the overall mechanism, the effect of

the nature of the electrode material, etc, In this way,

fundamental ideas regarding the mechanism of the electrode

process have been developed.

Although polarographic studies have provided an extensive
literature of electro-reduction reactions, the method is
limited from a kinetic viewpoint by the necessity of working
under largely diffusion-controlled conditions over the
potential range of the reaction, Furthermore, in these reduction

processes little attention has been given to the question of

quantitative correlation between the adsorption of products and
reactants and the electrochemical kinetics, The mercury electrode
provides an ideally polarisable electrode over a wide range

of cathodic poténtials and has been much used in the study

of the adsorption behaviour of many organic compounds, but

not specifically in relation to reaction kinetics and studies

of mechanism. One of the principal aims of the present work

has therefore been to correlate the kinetic behaviour observed

in the electro-reduction of the aromatic ketone, acetophenone
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at mercury, with the adsorption behaviour of that ketone,
and of the product of the reaction, directly determined
thermodynamically by means of electrocapillary measurements
over a range of potentlals, and reactant and product concentrations,

In Chapter I an 1ntroductory_review is presented which
includes a brief summary of the principles of electrochemical
i kinetics in so far as they are involved in the present work
and also some aspects of adsorption processes at a mercury
electrode, The present state of knowledge of the mechanism
of the electro-reduction of carbonyl compounds (in particular
aromatic ketones), which has been obtained mainly from
polarographic studies, is also discussed in an attempt to
provide a perspective for the work described in this thesis,
The experimental techniques used to study the electrode
kinetics and the adsorption behaviour of the chosen ketone(s)
are presented in Chapter 11. The results and discussion
of the results comprise Chapters III and IV,

Part of the work described in this thesis was presented
at the Discussion .of the Faraday Society in England (1968)
and ﬁublished as follows:

"Reaction Order and Adsorption in the Kinetics of Organic

Electrode Reactions®

B.E. Conway, E,J. Rudd and L.G.M. Gordon, Disc. Farad. Soc.,
Ls, 87 (1968).
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ABSTRACT

In the study of organic electrode processes it is

desirable to complement kinetic and polarograephic information

by direct adsorption studies in relation to data on reaction
orders and Tafel slopes. |

The electro-reduction of acetophenone in acidic media
(pH < 3) has been shown to yield only 2,3-diphenylbutane-
2,3-d101 (acetophenone pinacol) with a high coulombic
efficiency. Furthermore, the electrode reaction occurs at
cathodic potentials sufficiently removed from those at which
currents attributed to the evolutién of hydrogen are

significant, so that in the potential range studied, only a

single Faradaic process occurred,

This electrochemical reaction has therefore been studied

in relation to (a) the adsorption and orientation of the
ketone at the mercury electrode surface (b) the kinetic
behaviour of the electrode reaction, and (c) the adsorption
of the pinacol and its effect, if any, upon the kinetics of
the electrode process.

Studies of the electrode kinetics comprised both
potentiostatic steady-state and potentiodynamic non-steady
state measurements employing a "“triangular" potential sweep
and a potential step procedure. Limiting current behaviour
was consistently observed in the steady-state measurements
end was attributed to the overall rate of reaction being

determined ultimately by the rate of diffusion of the ketone
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to the electrode surface. This conclusion was supported by

the results of the analysis of current-potential curves
obtained‘from potentiodynamic studies. A potentiostatic
"potential step" technique was introduced as a complementary
method of study in an effort to obtain current-potential
relations at very short time intérvals after the electrode
potential had been established. However, oscillatory
behaviour of the current was observed for a few milliseconds
after the application of the potential step and this effect
limited the value of thls method in the study of the electrode
process,

The electrochemical reaction was shown to be sensitive
to the composition of the agueocus-organic solvent (experiments
were conducted in methanol-sulphuriec acid and in methanol-
water-sulphuric acid mixtures) and to the concentration of
hydrogen ions in the solution. However, the absence of a
significant H/D primary isotope effect indicated that the
proton was not critically involved in the rate~-determining
step,

Adsorption studies have been made by a new electro-
capillary procedure and from the electrocaplillary curves
obtained, surface excess gquantities and surface pressures have
been derived, Both acetophenone and its reduction product,
the pinacol, were found to be strongly adsorbed at the

mercury surface and it was also shown that the presence of

B
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pinacol in the solution inhibited the adsorption of the

ketone.. The dependence of X upon surface coverage (where
K is the adsorption equilibrium constant in a Langmuir-type
isotherm) indicated the presence of interaction effects in

the adsorbed layer. The results were therefore examined

in terms of an isotherm which included an interaction parameter,

€eZey 8 Frumkin isotherm. Over an appreciable range of
concentration and at intermediate coverages, 0.2 < € < 0,8,
"Temkin" adsorption behaviour was limitingly found.

The kinetic reaction order R was derived from potentio-
statlc, steady-state log[current]-potential curves and
examined in relation to isotherms for reactant adsorption,
Theoretical cases were considered for the evaluation of R as
a function of the coverage © for various types of isotherm.
Since an electrochemical reactlion is a heterogeneous process,
an apparent surface reaction order Rs was first calculated.
It was found that initially RS increased with increasing
surface concentration of reactant (I?) but then reached an
approximately constant value at high surface concentrations,

"The electrochemical behaviour of the pinacol has also
been examined and 1t was found that an adsorbed layer of the

pinacol facilitated the evolution of hydrogen from the

solution at the mercury surface, This i1s belleved to involve

a protonated form of the pinacol (cf. H30+ and MeOH2+ species)

[ T
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from which proton discharge occurs in the hydrogen evolution
reaction,

The mechanism of the electro-reduction of acetophenone
at mercury is discussed in the light of the complementary
results of the adsorption and kinetic studies. Evidence is
provided that the electroactive species is the protonated form
of the ketone and the protonation is essentially a surface
reaction, Calculations indicated that the presence of
adsorbed acetophenone pinacol at the electrode surface, even
at low surface coverage, was inevitable in virtually all the
steady-state experiments. Its presence may only be avoided,
or the effects minimised, in experiments employing very fast
potentiodynamic sweeps (%% > 100 V. sec'l) or by the use of
a potential step technique at an electrode with a renewable
mercury surface, providing that oscillatory behaviour of the

resulting current could be virtually eliminated,
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CHAPTER I

INTRODUCTORY REVIEW

l. INTRODUCT ION AND ELECTROCHEMICAL KINETIC PRINCIPLES

Early in the nineteenth century the oxidation of acetic
acid by Faraday (1) demonstrated the power of the electric
current to effect decomposition of organic substances. A
few years later, Kolbe (2) anodically decomposed trichloro-
methylsulphonic acid, an acid which at that time had proved
stable to the most powerful chemical oxidising reagents, and
by the end of the century Gatterman, Kolbe, Haber and others
had widely extended the field of electro-organic chemistry.

In 1900 Haber (3) indicated the several steps involved

in the electro-reduction of nitrobenzene to aniline¥®

<@>-No2 — @NO — @NHOH — @NHZ

Despite the limited electrical equipment then avallable,
Haber seems to have been the first to realise the importance
of control of the electrode potential, a factor which
unfortunately has been ignored in many later electro-organic
syntheses, This situation becomes all the more curious when
it is realised that a number of chemical reductions are in

fact electrochemical in nature, and proceed effectively under

# This reaction was recently studied electrochemically using
conventional potentiostatic techniques, as well as controlled
potential electrolyses and pulse-potential electrolyses, to

investigate the electrochemical behaviour of the varlous
intermediates (4).
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conditions of controlled potential, e.g., the Clemmensen
reduction (Zn/Hg) and reductions with Na/Hg or Mg/Hg*.
It is true that potentiostatic reductions can be slow and
this may have been the reason for the persistent use of a
large current, even if controlled, in many electro-organic
syntheses (5).

Although a great many organic electrode reactions have
been studied, few have been examined in detail with regard
to electrochemical mechanisms and the role of the adsorption
of reactants and products. The introduction of polarography
in 1922 by Heyrovsky and co-workers (6), and its subsequent
development has led to an extensive literature of information
upon organic electrode processes, This type of approach is,
however, limited from a kinetic viewpoint by the necessity of
operating under diffusion-controlled conditions over most of
the potential range in which the reaction proceeds at
significant rates. Nevertheless, the polarographic half-wave
potential (characteristic of a particular redox process) can
indicate an organic compound which may be suitable for an

electrochemical study of both the kinetic and adsorption

behaviour,

* Here a mixed potential is established which corresponds to
both the corrosion of the amalgam and reduction of the
organic compound (itself adsorbed at the surface of the
amalgam) occurring at equal rates.
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(a) General Representation of an Electrochemical Reaction

The basic kinetic step in an electrochemical reaction
1s the transfer of electrons to or from an ion or a molecule
at an electrode. Essentially such reactions can be

considered in four steps:

Step I, Transport of the electroactive species to the
electrode;

Step II., Adsorption at the electrode~-solution interface¥;

Step I1I. Charge transfer, which may, and usually does,
occur to the adsorbed species;

Step IV, Subsequent reactions which may be chemical in
nature, together with desorption of the products
from the interface, |
Transport from the bulk solution (step I) can

occur by diffusion, by electrolytic migration or by convection.

Net diffusion is a consequence of the reaction of the

electroactive species at the surface, giving rise to a

concentration gradient between the reaction layer and the

bulk of the solution due to consumption of the reactant at
the interface. It is this condition that 1s realised in

polarography. Migration is the movement of charged particles

¥ That adsorption is necessarily a pre-requisite for all
electrochemical reactions has been recently questioned by
Zuman et al. (7,8). Indeed, the reduction of several
aromatic carbonyl compounds, effected at a mercury electrode,
required electrode potentials beyond that at which the organic

molecule was electrostatically desorbed from the interfacial
reglion.

U P
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under the influence of an electric field and such transport
1s absent for all organic molecules and relatively slow for
organic ions of appreciable molecular welight.

Following transport of the electrocactive specles
to the electrode, an adsorption equilibrium is established
(step II). That this process of adsorption should involve
some type of chemisorption is open to question, particularly

for adsorption at non-catalytic metals. Chemisorption is

certainly not a necessary condition for the electrochemical
process to occur, but an orlentation of the molecule in the

surface layer is likely and the energy for such a process may

vary in a manner related to changes of the energy of adsorption

with electrode potential. Considerations of this kind may
explain the apparent "slow" electron transfer step observed
in certain electrochemical reactions when the actual charge
transfer event must surely be fast,

The electro-reduction of organic molecules usually
involves protons (or molecules which are proton sources such
as water or an alcohol) and the primary product of the
electrode process may be a radical or a radical ion.
Subsequent reactions e.g., dimerisation, dismutation, or
abstraction, may occur at the electrode surface or in the
solution near to the electrode (in the latter case the

reactions are homogeneous).,

e e
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(b) Mechanisms of Electro-reductions

It 1s possible to consider the electro-reduction

of organic molecules in one of the following general ways:

(1) Electrochemical Hydrogenation: Electron

transfer produces atomic hydrogep at the electrode surface
and a subsequent heterogeneous reaction with the organic
molecules effects reduction,. Such processes will occur
mainly at those electrodes at which there is appreciable
surface coverage by adsorbed hydrogen atoms even at low
cathodic potentials e.g., at platinum or palladium.

The formation of propane and isopropanol in
the electro-reduction of acetone at a platinised platinum
electrode was recently shown to occur by independent pathways,
both involving chemisorbed ketone molecules (9,10) and

dissociatively chemisorbed hydrogen atoms.

(11) Electron Transfer/Proton Transfer: In this

case electron transfer is considered to occur directly to the
organlic molecule, The electroactive species may be
protonated prior to charge transfer or alternatively a
radical ion can be the primary product of the electrode
reaction and the protonation step follows, This type of
electrode process probably occurs at metals where surface
coverage of hydrogen atoms 1s low over a wide cathodic
potential range and at which chemisorption of the reactant

is unlikely, e.g., at mercury and cadmium,
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The two mechanisms clearly reflect the
catalytic and non-catalytic properties of certain electrode

materials, A similar division i1s shown in the results of

studies on the hydrogen evolution reaction in acidic solutions,

and in the values of the exchange current density (1)
obtained by extrapolation of the linear Tafel region to the
reversible potential for the redox process. The non-
catalytic metals give low i  values (10"9 to 10713 A, cm.”?)
whereas for platinum and palladium the value is much higher
(1073 to 10~ 2)

A, cm.”

The rate~determining step in the hydrogen
evolution reaction is also dependent upon the nature of the
electrode material (11,12,13,14), and appears to involve
atom~-gtom recombination [mechanism (1)] for cetalytic metals
and an electrochemical discharge step [mechanism (11)] for
mercury, cadmium or lead.

Hence electrode processes may be highly
specific with regard to the nature of the electrode surface;

this specificity .arises mainly from the adsorptive and

‘catalytic properties of that surface, and is also manifested

particularly in organic electro-reductions in regard to

adsorption of reactants and products (15,16).
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(c) Kinetic Formulation of Electrochemicael Reactions

In so far as electrode reactions are heterogeneous
processes their rates will be influenced by:
(1) the concentration of reactant at the surface,

which 1s related to the bulk concentration by an

adsorption isotherm;

(2) the activation energy for the heterogeneous reaction

at the surface;

(3) the presence of adsorbed intermediates and/or

products on the electrode,

and

(4) the potential difference across the metal-solution
interface.

The effect of the electrode potential arises in
two principal ways. Firstly, the surface concentration can
be related to the bulk concentration by an electrochemical
distribution function, which is dependent upon the electro-
chemical free energy of adsorption ATGP° Secondly, this

ads"*
potential difference modifies the electrochemical standard

-free energy of activation Z&Eo*; this energy term will

include (a) any chemical effects associated with the
"activation® of the reactant particle e.g., configurational
changes, bond deformation, and (b) changes of the electrical
energy experienced by the particle in its progress along

the reaction co-ordinate. Hence z&5°* 1s analogous to the
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chemical free energy of activation AGO* and will be
dependent on the electrochemical nature of the reactant and
the catalytic and adsorptive properties of the surface.

(1) Rate Equations: Consider the simple redox

process,

K
R == oO+ze ~

Ky

where kf and kb are heterogeneous, potential-dependent rate
constants for the forward and reverse electrochemical

reactions, The reversible electrode potential E=Er can

be written as

(cy)
Er=E1°,+% 1nzT§-5-§ (I, 1)

where E; 1s the standard reversible potential for the
electrode process, For simplicity,surface concentrations
(CR)s and (Co)S are used in place of surface activities.

At this equilibrium potential the current
density corresponding to the cathodic reaction (ic) is equal

. to that of the reverse reaction (ia) so that the net current

is zero. However the velocity of the forward or backward

reaction can be expressed in terms of the exchange current

density‘jiol,

(At - s E_2F)
i, = zP(Cp) (1-8) k exp {- = Pl } (I, 2)

S
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where kf (or kb) is replaced by the single rate constant k.,

o
The term k exp{—ARg } is the chemical rate
constant at the particular condition Er = 0, although the

potential at which this situation is reallised cannot in
practice be known. In most cases the condition of zero
charge density at the electrode éurfaoe does not correspond

to zero metal-solution potential difference; this situation
arises on account of surface potential effects and the specific
adsorption of certain ions.

A geometrical factor (1-8) gives the specific
fractional area available for further electrochemical reaction,
since @ refers to the steady-state coverage of intermediates
or products adsorbed on the surface when the overall rate of
reaction is V. Usually 6 depends upon the rate of reaction,
but does not generally include coverage by solvent molecules,
which normally cover initially more or less the whole surface
of the electrode but are easily displaced by reaction products
or intermediates.

To establish a net current, some potential

E (2>Er) must be applied and the resulting current can be

represented as

o
i = zF(CR)S(l-S) k exp -4%%—i} exp{?%%z} (1, 3)

Since E - Er is often referred to as the overpotential (f[)
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(E. +‘rl) and
1 = 2F(Cy) (1-8) Xk exp{%é%%gt}-exp{:iggfﬁ} exp{%%%gz}-

(1, 4)
and therefore 1 = i exp {%%%EE}. (1, 5)

(11) Tafel Slopes: The logarithmic form of

equation (I, 5) is the familiar Tafel relation
RT RT
q' = PZF ln i - sz 1n io (1, 6)
where the second term is a constant, characteristic of the
kinetics of the reaction at E = E_. p‘RET'ﬁ i1s the so-called
Tafel slope, usually denoted by b, For certain favourable

cases this parameter can provide a diagnostic criterion for

the mechanism of an electrochemical process,

(141) The Parameter {3 in b This parameter can

be interpreted in several ways, reflecting:

(a) the average charge on the activated complex;

(b) the fraction of the metal-solution potential
differénce which operates between the initial and
activated states;

(e¢) the relative position of the sctivated state along
the reaction co-ordinate; or

(d) the relative slopes of the potential energy profiles
for the initial and final states in the region where

the configuration of the particles almost corresponds

to that of the activated state.

e
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Bauer (17) has recently discussed the
somewhat loose interpretations of the parameters o and/ﬁ ’
often used in rate equations for electrode processes,
Theoretically, Marcus (18) recognised that =L or f3 could be
potential dependent but in practice for most electrochemical
reactions this effect is negligible. However, it has been
shown (19) that for the reduction of chromium (III) to
chromium (II) at a mercury electrode there is significant
dependence of Q- upon the electrode potential.

The close correlation between the F -factor
and Brénsted'!s o -factor (20) in acid-base proton transfer
processes was pointed out by Frumkin (21).

(iv) Reaction Orders: The reaction order,

which is determined experimentally, is obtained from the
varliation of the rate of a reaction with the concentration
of a particular reactant.

The significance of reaction orders in some
ionlc electrochemical processes has recently been discussed
by Vetter (22), and later by Conway and Salomon (23) who

considered the problem for various conditions of ionic

i
i
1

adsorption in the hydrogen evolution reaction. The derivative%

%%%%, when measured at constant outer layer potential* and

* Here, the potential referred to is that at the inner limit
of the diffuse layer, i.e., where non-specifically adsorbed
cations are normally situated at the electrode interface
(see ITI (i), p. 13).

|
j
|
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constant electrode potential, is the chemically significent
reaction order, This derivative characterises the
dependeﬁce of the current (and therefore the rate of reaction
Since vV = é%) upon the reactant concentration in the absence
of complicating double-layer effects. As in many chemical
processes, the reaction order ofoelectrode processes is not
necessarily identical with the molecularity of the reaction
(i.2ey in electrochemical reactions, the molecularity of the
surface reaction) particularly for cases of consecutive

reactions which involve adsorbed intermediates.

2. ELECTROCHEMICAL ADSORPTICN OF ORGANIC MOLECULES AT MERCURY

In general, the chemisorption of reactants énd products
is an important factor in electrode kinetics, particularly
at catalytic metal electrodes (12,24); 1in this section,
however, cnly adsorption at a mercury electrode will be
considered. Adsorption processes both at a gas/solid
Interface and at an electrode surface can be divided
according to the type of adsorption invelved, namely physical
adsorption and chemisorption, For most organic compounds
(with the possible exception of organic sulphur compounds)
the adsorption is physical and orientation and electric
polarisation arises at the electrode/solution interface.

A convenient starting point 1s perhaps to briefly

discuss the electrical double-~layer, in order to provide a




kst

-13 =

"molecular® picture of the electrode/solution interface.

(a) - The Electrical Double Laver

The modern qualitative picture of the interface
is based on a model proposed by Grahame (25), which itself
is a modification of an earlier concept (26). This model
comprises threec main regions:

{1) the metallic phase, which bears & net electrical
charge arising from an excess or a deficit of
electrons,

(2) en inner layer, only a few molecular diameters
thick, which is located next to the metal surface
and contains adsorbed oriented solvent~molccules
{(or other neutrel molecules), and

(3) an outer or diffuse layer, a three dimensional
region extending into the bulk of the solution and
representing'the jonic etmosphere conjugate to the
charge on the electrode,with an inner limit of the
jonic distribution determined by the distance of
closest approach of solvated cations to the
electrode surface.

In many electrolyte solutions, the inner layer will
also contain a fractional monolayer of anions which are
said to be specificelly adsorbed, Grahame et sl. (27)
considered that some degree of covalent bonding existed

between specifically adsorbed anions and the surface, but

[ U
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it has recently been suggested that other factors are more
important, e.g., the electrical image energy (28) and the
degree and type of solvation (29,30).

(b) The Effect of the Electric Field in the Interfacial

Region

In the interfacisal region at an electrode, the
strength of the electric field is 10°-107 v. em.”l.

| An applied electrical field causes a distortion
of the distribution of electrical charge in a molecule,
thereby creating an induced dipole moment. The magnitude
of this dipole depends on the field strength and on the
polarisability of the molecule (determined by the degree to
which the electrons and the positively charged nuclei are
displaced by the action of the field). Molecules already
possessing a permanent dipole moment will rotate Iin order to
align themselves parallel to the applied field and thus
minimise their electrical energy, but are also temporarily
polarised so that the total polarisation is the sum of the
two effects,

The electric field in the interfacial region must
strongly orient the layer of solvent molecules at the surface
and therefore cause appreciable dielectric saturation. A
recent model (Figure 1) of the distribution of ions and
solvent dipoles in the electrical double layer (29) clearly

shows the effects which lead to dielectric saturation in the
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Figure 1.

Solvent adsorption model of the double~layer

according to Bockris, Devanathan and Muller (29).
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inner layer, where a value of the dielectric constant

is assumed which approaches the limiting Maxwell value.

The solvent dipoles are regarded as adsorbed in either an
"up" or a "down" configuration, i.e., with the negative

end of tHe dipole oriented towards or awey from the electrode
surface depending upon the charée at that surface, The
effect of the electric field is aiso somewhat significant

in the diffuse layer (& =~ 40).

(c) Adsorption at an Electrode Surface

Two lmportant and fundamental differences between
adsorption from the gas phase and that at an electrode
surface are evident from the model of the electrical double
layer, Firstly there is the existence of a layer of adsorbed
solvent molecules at the electrode surface and the possibility
of specific adsorption of most anions and certain cations.
Hence a displacement process must always occur at the surface
of the electrode, a neutral organic molecule being adsorbed
at a site (or at several sites, depending upon the relative
molecular sizes of the solvent and the adsorbate) previously
occupied by a solvent molecule, Observed values of AH:.ds’
Asgds and Angs cen only be related to the type of
electrode~-particle interactions involved if:
(a) similar thermodynamic quantities are known for the

solvent, and

(b) if an estimate can be made of the number of solvent
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molecules replaced by the molecule of adsorbate which is

adsorbed.

Secondly, the electrode potential will usually
affect the apparent standard free energy of adsorption,
However, the presence of the adsorbed layer of solvent
molecules at the surface will ha;e a levelling effect upon
the distribution of site energies along the surface, so that
differences between these sites may be apparently less
pronounced than in the corresponding gas-solid adsorption
process (31-33).

(d) Methods for the Study of Adsorption of

Organic Compounds

Adsorption of organic compounds can be studied
directly by determination of the decrease in the concentration
of the adsorbate in a dilute solution, e.g., by radiotracer
techniques (34,35) or by a spectrophotometric method (36).

Frumkin and co-workers (37,38) have developed a
theory to describe polarographic maxima of the second kind¥*,
from which conclusions can be drawn regaerding the adsorption
of organic compounds at a dropping mercury electrode,
Adsorption also causes a significant decrease in the capacity

current of the supporting electrolyte and its effects can

# This effect is assoclated with a pre-wave, observed at
potentials less cathodic than the main reduction wave and is
attributed to the facile reduction of an adsorbed layer. At

i
\
!
|

i
{
§
H

low concentrations of reactant, the wave~height 1s concentration.

dependent, but a limiting height 1s reached which is thought to

correspond to monolayer coverage of the electrode surface.




-17 -

be observed on & d.c. polarogram,. Measurements of this type
have provided an indication of the potential range over
which adsorption of a particular organic molecule is
observed, The recent development of a,c. and oscillographic
polarography have provided addigional information concerning
adsorption and desorption at a mercury electrode and their
importance in electrochemical reductions (39).

The principal data on the effect of the field
at the electrode-solution interface upon the adsorption of
organic molecules have been obtained eithér from the electro-
capillary method or from measurements of the differential
capacity of the double layer,

In the presence of organic compounds, the electro-
capillary curve (which represents the change in the interfacial
tension at a mercury electrode with applied potential)
lies below that obtained with the solution of supporting
electrolyte. The observed decrease in the interfacial
tension reaches a maximum in the vicinity of the potential
of zero charge but decreases with increasing negative
surface charge for both aliphatic and aromatic neutral
molecules, When the surface becomes appreciably positively
charged, a relatively sudden desorption of aliphatic molecules
occurs but this is not observed in the case of aromatic

compounds, e€.g., pyridine, phenol.

b
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Another significant feature is the shift in the
electrocapillary maximum, which according to Lippmann's

equation for constant chemical potential F of substances

in solution,
.y
q dEJJ :
\ (where E is the electrode potential with respect to the :

potential of zero charge) corresponds to the condition of

zero surface charge (q = o).,

(e) Orientation of the Adsorbed Molecules

A shift in the potential of zero charge is usually
assoclated with the change in the electric moment at the
surface as organic adsorbate molecules are substituted for

the oriented solvent dipoles¥, Thus when the adsorbed

* Frumkin proposed that the adsorption of a neutral molecule
should be considered in terms of the change in the capacity

of the double layer (40). This change was attributed to :
two effects; 7

(1) a decrease in the dielectric constant due to the presence ?
of the adsorbed organic substance and a related change in the
thickness of the interfacial region as the neutral molecule,
upon being adsorbed, replaces solvent molecules;

(2) the change of dipole moment across the interfacial §
region as solvent molecules are replaced by the organic adsorbate. |

A more explicit treatment was given by Butler (41,42) who i
considered the change of adsorption with change of electrode i
potential as a "salting out" type of effect involving the i
neutral adsorbate in the interfacial region.
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dipoles are oriented in the interfacial fileld, an adsorption
potential .is built up which corresponds to the shift in the
potential of zero charge. Adsorption potentials similar

in magnitude and identical in sign have been observed inthe
adsorption of oxygenated aliphatic compounds at air/solution
interfaces (43-45), Qualitatively this suggests that the
organic molecules are oriented with the hydrocarbon chain

in the direction of the metal/solution interface (since the
chain is hydrophobic in nature it would tend to be displaced
from the solvent phase towards the metal surface or towards
the air in the other case). The orientation of the C-0
bond gives rise to a positive potential difference between
the outer phase and the bulk seolution,

A similar comparison between the adsorption
behaviour of aromatic compounds revealed considerable
discrepancies in both the magnitude and the sign of the
adsorption potential., Gerovich et al. (46-48) found that
in the adsorption of benzene and naphthalene the shift in

the potential of zero charge was to more cathodic potentials,

‘Since adsorption of aromatic compounds is significant when

the surface is positively charged,it was postulated that
TT-electron interaction with the surface was involved and
was facilitated by the orientation of the aromatlic ring

(1t was thought that the ring was flat at the electrode

surface).

L
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Studles of the adsorption behaviour of a series
of aromatic amines in acld solution showed that it was the
protonated species RNH§ that was predominantly adsorbed, and
that the adsorbed molecules lay flat on the electrode
surface (49), Adsorption on the positive branch of the
electrocapillary curve was deterﬁined both by coulombic and
TV -electron interaction whereas the coulombic forces became
predominant when the surface charge was negative, Similar
results were obtained in studies of the adsorption of
heterocyclic bases in acid solution (43).

The values of I1max (the surface excess
corresponding to full coverage of the electrode surface)
obtained in the adsorption of heterocyclic bases in neutral
solution were, however, best explained by an orientation of

the adsorbed speclies perpendicular to the surface (43).

Since the interaction of T -electrons with the surface can
be neglected in this configuration, the standard electro-
chemical free energy of adsorption [&E:ds was shown to
decrease 1inearly with 6°72 (where ® is the fraction of
surface covered), in accord with significant dipole-dipole

interactions.

(f) Stereochemical Specificity in Electrode Processes

A factor which has not been widely appreciated
In studies of electrochemical reactions is that the electrode

potential will not only determine the surface excess of
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neutral molecules, but may specifically orient the adsorbed

molecule (or the functional groups in that molecule) at
the surfacé. Thus a recent study (50,51) of the cathodic
reduction of benzil (I) at a mercury electrode, revealed a
strong potential-dependence of the ratio of the products,

viz., cis and trans-stilbene diol (II and III, respectively).

OO0 4~ O+O

(I (III)

OO

OH OH
(ID

Other factors which affect the strength of the electrical
field in the double layer were also shown to be significant
€+g.,, temperature, pH and the nature of the supporting

electrolyte. It was suggested that the initial preduct

of the electrochemical reaction, the trans-stilbene diol,
rapidly isomerised at the electrode surface since the
activation energy for this process was lowered by the

electrical fleld, on account of the higher overall dipole

moment of II.

e
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In the electro-reduction of 2-phenyl-~2-chloro-
propionic acid (50), an optically active product was obtalned
with almost total inversion of the asymmetric centre,

suggesting the occurrence of a stereospecific electrode

processe. Analagously to homogeneous substitution,at least
three mechanisms have been proposed for this type of
electro-reduction, i.e., the cathodic substitution of a

halogen X by a hydrogen atom H (52-57).

Syl process* R~X i R -
rt + 2" — &R
R™ + i —» BRH

Sy2 process R-X + 2¢" —» R+ X
R~ + B — = RH

Free Radical (Sp) R-X + e —» R® + X~
process R®* + & —» R”

R~ + 5 — BRH
In electrode kinetics it is difficult to distingulsh
between SNl and SNZ mechanisms (56, 58) and a general term

is used, i.ee, ionic mechanisms, in contrast to the free

. radleal process., The two mechanisms SR and SNl should,

however, lead mainly to racemisation or retention of the

configuration, whereas an SN2 mechanism results in an inverslon

# It has recently been suggested (59) that the reduction of
some halogenated aromatic hydrocarbons in non-agueous solvents
involved a negatively charged potential-determining transition
state and therefore cannot proceed by an SNl mechanism,
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at the reaction centre. It is usually postulated that the

charge transfer step occurs to the carbon atom of the carbon-

halogen bond which is oriented perpendicularly to the electrode

surface (56,60). However, in the electro-reduction of

some halogenated compounds it has been suggested that the
reaction may involve a parallel ;rientation of the C-X bond
at the surface (61).
(g) Summary
The more important factors in the adsorption of

organic molecules* at the electrode/solution interface can

be briefly summarised:

(1)

The surface charge has been shown to affect differently

the adsorption of aliphatic and aromatic compounds, particularly

when that charge is positive. Orientations of the adsorbed

species may be different at a strongly charged surface from
those at or near the potential of zero charge; this is an
important factor in the understanding of the conditions for
electro-reduction at very cathodic potentials (43,62,63),
(2) Molecular structure may be a significant factor in
several ways;

(a) the polarisability of the adsorbed molecule under

the influence of the strong electrical fields of

the interfacial region will be an important factor

¥ The adsorption of organic molecules is the subject of two
recent reviews by Frumkin and Damaskin (64,65).

| PR
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determining the electrostatic energy of adsorption;

(b) the presence of 1r-electrons can markedly affect
the orientation of the molecule, particularly at
poslitive surface charge when a "flat" orientation
will be favoured; ]

(c) polar molecules will tend to be oriented in the
fleld at the electrode surface, which may lead to
the occurrence of stereospecific electrochemical
reactions;

(d) the relative size of the adsorbate and solvent
molecules willl be important since the process of
adsorption is in effect a displacement reaction.
Here, as in (a), the relative polarisability of
the solvent and the adsorbate will be a factor,

3.

POLAROGRAPHY AND RELATED ELECTROCKEMICAL TECHNIQUES
When polarography was first developed the term denoted
an electrolytic method based on the measurement of the
dependence of an average current upon controlled potential

at a dropping mercury electrode, Thus classical polarography

. may, in fact, be regarded as a potentiostatic method for a

glven drop where the average current is determined.

Polarography nowadays refers to the interpretation as well

as the measurement of such current-potential relationships
and is the most well-known and experimentally important
example of techniques based on the evaluation of diffusion-

controlled currents at a non-stationary surface,
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Since the concentration of the reducible species may be

varied from 10"6 to perhaps 1073 mole. litre-l, and if the

rate of electron transfer is "fast")then the current becomes

limited by the rate of diffusion of the electroactive species

to the surface, Such conditions give rise to the so~called

reversible waves, Although the Ilkovic equation for

diffusion-controlled processes (66) has not been fully
satisfactory (67,68), it can be shown that relations based

on this simple equation (I, 7) are valid, if polarographic

currents are obtained in the usual way:

2/2 1
11yp. = 607 mm /3 /6 Dp(Ch)y (1, 7)

where n is the number of electrons involved in the process,
t is the drop time, m is the drop weight, (CR)b is the
concentration of reactant in the bulk solution and DR is

the diffusion coefficient of the reducible species, The
limiting current 1s independent of potential and is directly
proportional to the concentration of the reducible substance
(hence the analytical importance of polarography). The

half-wave potential (E%) is that potential for which the
condition

i
i = lim,.

2

1s realised, and it is this parameter which is characteristic

of a particular redox system,
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However, only a few organic compounds behave in a
polarographically reversible manner, though many may involve
a reversible electron transfer step followed by irreversible

chemical reactions. Irreversible processes are those for

which the current is mainly limited by the rate of the
electrode process itself. The theory of such polarographic
currents is based on the work of several authors and an

approximate form of the exact solution 1s given as equation I, 8.

3
2 0.886 A
Yyym. ™ T40.8B6A (1, 8)

- -
and A = k Dy I K, (Dpt) "2

where kl, kz are the rate constants for the forward and
reverse reactions., A value of approximately 2:{10"3 cm, sec.'l
represents the upper limit of the rate constant which can

be evaluated, but faster reactions can be studled at shorter
drop times¥*,

Classical polarography makes possible a rapid assessment

of an electrode process over a wide range of potentials,

and the process at any potential is not influenced by the
pre-history of the electrolysis, as 1s found with other

methods. There is, however, little possibility of ascertaining

* In a typical polarographic study, the drop time is usually
3-4 seconds.




—

- 27 -

the nature of intermediates or of the final products of an
electrode reaction, although some conclusions can be drawn

from the dependence of E% upon drop-time and upon the

eI :.—m_
o e I T ST S T IR

T

i

concentration of the reactant if a reversible wave is obtained.%

If the overall reaction is polarographically irreversible,

nothing is known of the product of the electron transfer

i

process (except the number of electrons consumed, as determined%

from the wave~height).

In most cases the electrode processes studied in
organic polarogsraphy do not consist of 2 simple electron
transfer, but may involve mass transfer, preceding or
subsequent chemical reactions and adsorption-desorption
phenomena, Therefore no single method can fully elucidate
the organic electrode process and information must be
obtained from several approaches in order to 1den£1fy the
partial steps in the reaction (69), e.g.,

(a) from polarographic waves. Conclusions regarding the
nature of the electroactive species can be drawn from the
presence of, and.changes in, diffusion~controlled or kinetic
currents, and from the effect of pH or solvent upon the

helf~wave potential. It 1s also possible to establish

participation of preceding, parallel or consecutive chemical

reactions;

(b) from preparative methods;
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(c) from other electrochemical techniques®.

The voltage sweep method introduced by Matheson and
Nichols (70) and considerably improved by Randles (71)
and Sevcik (72) is considered a logical step in the evolution

of polarography, teing a potentiostatic method using linear

or triangular impulses of potential. At a2 hanging mercury

drop electrode*¥* both single sweep and multi-sweep studies
originally provided qualitative information uvon the nature
of intermediates or products of the reaction. Recent
developments of the theory of cyclic voltammetry at a
stationary mercury electrode (73-75) has led to the quantitati
resolution of electrochemical and preceding or succeeding
chemical steps in electrode processes. These techniques have
been extended to include studies of the adsorption behaviour
of electroactive moiecules (76) .

Other developments include a.c. polarography (77=79),
which is a galvanostatic method, square-wave polarography
and the commutator method introduced by Kalousek (80).

Measurements by these techniques can give information upon

adsorption effects and upon the reversibility of the electron

transfer step.

¥ These techniques have been the subjects of several reviews,
see “Progress in Polarography", Vols, I and II.

*¥#*Many efforts have been made to introduce new types of
indicator electrodes into polarography and related electro-
chemical measurements., The hanging mercury drop electrode
is particularly successful in analysis of the nature of the
reaction products in an electrode process,

ve

Celey
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Although the renewability of the electrode surface is
often considered to be a necessary prerequisite for useful
analytical procedures, current-potential curves have been
obtained with a stationary pocol electrode (81,82); with
stirring,measurements can be made at concentrations as low

as 5 x 10~7 mole. litre™l. The curves were shown to be

similar to those obtained by a single sweep method at a dropping

mercury electrode, i.e., they exhibited characteristic maxima,
the heights of which varied linearly with the concentration
of the reactant. It is found that at scan-rates comparable
to those used in classical polarography (~~/400 mV min,” 1)
and at comparable current densities to those encountered in
a polarographic wave, the curves recorded at a stirred
mercury pool electrode are quite reproducible,

The comparison of polarographic curves with the
current-potential curves obtained at a stirred mercury pool
is considered to be important in the identification of
products of electrolysis. In most cases the number, the
shape and the half-wave potentials of the waves are identical,
€eZey 88 in the behaviour of p-diacetylbenzene referred to
by Zuman* (69). However, cases have been reported in which
differences are observed and in some there is no resemblance
at all between the results obtained at a dropping mercury

electrode and at a stationary mercury pool.

# These results have not as yet been published.

Lo
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4, ELECTRO-REDUCTION OF CARPONYI COXPOUNDS

Early studies of the electro-reduction of aromatic and
aliphatic carbonyl compounds indicated that the products

and ylelds were dependent upon both the cathode material

and the pH of the medium. Generally mixtures of alcohol (I),

pinacol (II) and hydrocarbon (III) were obtained (83-86).

Rl
Ne
//C-—-O
R
Rt Rt Rt Rt
\ \ 7 \
CHOH C(OH)—-C(OH) CH
Ve 2
R// R// \\R R
(1) - (11) (IXI)

In a review of the electrochemical reduction of the carbonyl

group to a methylene moiety (cf. III), Swann (87) concluded
" that a hydrocarbon was formed only in strongly acidic
solutions and that amalgamated zinc appeared to be the most
active cathode material for this reaction, (cf. the

Clemmensen reduction, )E:O ——f>CH2 with Zn/Hg in acid

solution), That organometallic compounds had been observed

in electrochemical reactions (88), and later suggested as
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an intermediate in the reduction of menthone to menthane (89),
formed the basis of a tentative mechanism for the reaction
in which the cathode metal was involved.

More recently (90-92),the formation of organometallic
compounds has been proposed to explain the products obtained
in the electrochemical reduction_of acetone, Controlled
potential studies using different electrode material s¥
yielded various mixtures of isopropanol, butane-2,3-diol and
propane,

Di-isopropyl mercury and di-isopropyl lead were

also isolated and hence the following mechanism was proposed:

CH . CH CH . cH
H 3., Ak
=0 2 2 e—o - SCloH)-M-- clor
CH, cfy cfi, CH,
CH /CH
3 3
N 2H', 2e-
C (OH)- -+ Mo - - C(OH) _—
/ N

. . - S /7 3 /
dimerisation H e ) /\CH"" M- CH >CH-M—-CH
CH3 3 CH, | CHy
2HY, 2e- 2H*
' l
C{‘l._,’ /CHB CH iCH (OH)'CH3
C(OH)-C(OH) CH_-CH CH
/ \ 3 2 3
CH3 . CH3

% These studies were carried out in acetone (80 volume %)

-water mixtures containins sulphuric acid (0.25 M) and at
a_controlled potential,
electrode,

-l.1 V. vs the normal hydrogen
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From electrocapillary measurements, Brown and Lister (93)

established that in acid solution, acetone is strongly

adsorbed at the mercury electrode over the whole potential

range of the Faradaic process. The reduction of the ketone

was believed to involve the transfer of one electron and one
proton to an adsorbed ketone molecule to form an adsorbed

radical, the precursor of the diverse products obtained
(Table I)*,

Table T

Controlled potential electrolyses of acetone (4Mm)

sulphuric acid (0,5M) solution (93)

product analysis:
current efficiences %

electrode potential di~-isopropyl
(volts. vs N.H.E,) isopropanol pinacol mercury

- 1,03 22 2.5 17

- 1,06 21 2.1 28

- 1,135 27 1.1 11

(a) Polarographic Reductions of the Carbonyl Group

Since the early study of the behaviour of nitro-

* It is to be noted that evolution of hydrogen was in fact
the major reaction obtained at all the potentials,
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benzene by Shikata (94,95), the field of organic polarography
has advanced considerably (96-99) and has included extensive

studies of the electro-reduction of carbonyl compounds,

Thls section will therefore include a review of the polarography
of only aliphatic and aromatic ketones,

(1) Aliphatic Ketones: For a wide variety of

aliphatic ketones the polarographic waves corresponding to
reduction of the :>C=O group are completely masked by
hydrogen evolution (100). However, in the presence of
tetramethylammonium iodide, reduction of methyl ethyl ketone,
acetone and cyclohexanone was shown to occur at very cathodic
potentials (> - 2,0 V, vs the normal hydrogen electrode)
(52,101). The adsorption of the R4N+ cation at the electrode
surface is ¥nown to inhibit markedly the hydrogen evolution
reaction., The formation of derivatives, in situ, provides

a suitable analytical technique for aliphatic carbonyl
compounds, €.ge., an acidic solution of acetone containing
hydrazine shows two one-electron waves which are attributed

to reduction of the azomethine group, :>C=N.

(11) o{f —unsaturated Ketones: Conjugation of an
]

olefinic group and the carbonyl function facilitates reduction
at a dropping mercury electrode, Based on the results of
polarographic studies and controlled potential electrolyses
obtained with mesityl oxide (IV, R,R/,ﬁ?=CH3.), a general

mechanism was proposed for the reduction of these molecules (102)




viz:
4 R
\C=CH—,c:-B" + e +H /c’-c=c-ﬁ"
| |
R/ 0 R OH
(IV)
e”, H'
R'\ 0 R’
[
C.CHC-R” Dimerisation CH.CHZ—C-R”
e - / "
R B’ R 0
, /
R.CHCH.C\
0 R (Vi)

In acid solutions, the dimeric ketone (V) was obtained
whereas at high pH the product was almost exclusively the
ketone (VI1). The generality of this mechanism is questionable
since it was found that the electro-reduction of methyl vinyl
ketone yilelded an organo-mercury compound (103),

The reduction of certain d;-unsaturated
steroidal ketones yielded a normal pinacol, the expected p
dimerisation to a saturated keto-steroid probably being
prevented by steric hindrance (104), Furthermore, the pH
of the solution was shown to be a significant factor in the

controlled-potential electrolyses of these compounds (105),
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pinacols of different stereochemistry being obtained in acid

or in alkaline conditions#*, It was suggested (106) that the

intermediate radical is probably neutral in acid solution,
whereas at high pH it is the ketyl anton ( >C*-07) which
undergoes dimerisation so that repulsion between the negatively

charged oxygen atoms can affect tﬂe configuration of the

product.

Unsaturated ketones which are conjugated with

an aromatic ring, e.g., chalcone (VIII, R=¢), benzalacetone,
3)

(VIII, R=CH
Opormesmgs

Il
0
(VIII)

show similer behaviour to that observed with mesityl oxide (107),

except that the product of the reduction of chalcone contains a

<::>ﬁ—-é==0 structure which is further reduced at the electrode

potentials involved (cf., acetophenone, benzophenone).

(111) Aromatic Ketones. Reduction in Acid Solution:

Although conclusions were based on the concept of "reduction

potentlals"#®, early studies of the polarographic reduction of

¥ A pinacol may have a dl- or a meso-configuretion.
¥#These have been described as the potential at which the "step"

commences and have also been referred to as the deposition potentiali
The reduction potential could be

or the depolarisation potential,

derived by one of several empirical methods (eegey see Kolthoff
and Lingane "Polarography" p.623) but were soon replaced by the
half-wave potential. The most outstanding shortcomings of these

methods were that the potentials changed with concentration of the

reducible compound, with drop time and even with the sensitivity
of the galvanometer,

l
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aromatic ketones and aldehydes at low pH indicated that two
one~electron steps were involved (108-110), and it was suggested
that electfon transfer occurred to a protonated species, A
pinacol is the product of controlled potential electrolysis

at a potential corresponding to the first plateau (102) and
dEy

it has been observed (111,112) that the derivative ﬁ

=0,06 volts for the first wave.

is

wave was therefore thought to be one involving a single electron

and a proton:

>C =0 + H + ¢~ —» \c'-—OH

7
(IX)
N ° Dimerisation N\ //
/C - OH »/C(OH).C(\OH)

Elving and Leone (112) considered that proton

transfer to the ketone occurred in the diffusion layer at the
electrode surface and is facilitated by polarisation of the
carbonyl group by the electric field at the surface, The

carbonyl group is visualised as oriented at the electrode with

the carbon atom towards the metal surface., The simultaneous

transfer of an electron completed the reduction reaction, It
was observed that changes in the ionic strength of the medium
had little effect upon the polarographic reduction of
acetophenone and it was concluded that diffusion of a charged

specles from the bulk solution to the electrode was not a

-

The reaction corresponding to thisi

I._..v
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significant process in the overall reaction.

The equilibrium constant for the protonation
of acetophenone in strongly acidic solutions has been measured

spectrophotometrically (113) and a value K = 10"6 was obtained.

It can be seen therefore that the concentration of the protonated

species in the bulk solution is negligibly small even in

strongly acidic solutions,

In recent studies of the reduction of aceto=-
phenone at a dropping mercury electrode (114,115) it was
observed that with increasing pH the limiting current of the

first wave* became kinetic in character rather than purely

diffusion controlled. Furthermore, at constant pH and constant

jonic strength, the limiting current decreased with decreasing
buffer capacity, suggesting that the rate of reduction was
proportional to the rate of protonation of the carbonyl group
in the interfacial layer, Finally at pH 5.5 the limiting

current was shown to be independent®** of the concentration of

ketone (at concentrations greater than 631077 moles. litre'l).

Mairanovskii (115) concluded that the protonated

‘ketone was the electroactive species at the electrode surface,

The limiting current of the first polarographic wave observed

* Other investigators (116) have also shown that with increasing
pPH the half-wave potential of this wave becomes more cathodic

and, more significantly, the height of the wave markedly decreases.

¥*¥A non-linear dependence of limiting current upon ketone
concentration had been previously observed (117).
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in these reductions was therefore limited by the rate of

protonation of the ketone gt the electrode surface rather than

by diffusion of the neutral ketone to the surface.

The shape of the first polarographic wave is
not described by the theoretical qquations for either a rate-
limiting electron transfer (118) or a reversible electron
transfer with subsequent, irreversible dimerisation (119).

It was suggested (120) that since neither step is strictly
rate determining, the rate of re-oxidation of the ketyl
radical (IX) may be comparable to the rate of dimerisation.

For some ketones, the transfer of the first
electron is considered to be a reversible process (121-125)
and in the reduction of acetophenone (112,113) it was shown
that at low concentrations of ketone ( < 5}{10'LL moles, 1itre'1)
the reaction did in fact correspond to a reversible electron
transfer followed by an irreversible dimerisation. However,
the rate of the electrbchemical reaction may not be very fast
and may, in fact, be easily diminished by accumulation of the
strongly adsorbed pinacol at the electrode surface, so that the

reactlon becomes irreversible as the concentration of the

ketone is increased,

The second polarographic wave observed in

acid solutions is generally accepted as being independent of pH*

¥ In the polarographic reduction of benzophenone a slight pH
dependence of this second wave was observed and attributed to
partial reversibility of the overall reaction (120). It was
suggested that an acid-anion equilibrium may be involved, i.e.,
that between the ketyl radical and its protonated form ;:CL-OH;
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and is attributed to the irreversible reduction of the ketyl
radical (111,112,126):

\ - \ .-

,C—O0H + e —> ~CT—o0H

\ - +
— —_—
/C OH + H _

CHOH
/

A secondary alcohol is usually the major product of controlled
potential electrolysis at the potential corresponding to the
plateau of the second wave (102).

Proton abstraction from either a solvent
molecule or from the hydronium ion is possible in the reduction
of aromatic ketones; this situation is hence unlike that for
aromatic hydrocarbons where only the water molecule.is regarded

as an effective proton donor (127).

(1v) Aromatic Ketones. Reduction in Approximately

Neutrel Solutions: As the pH of the medium

increases, the two waves normally observed in acid solution
finally merge and produce & single two-electron wave. That
the reduction process in neutral solution is a two-electron
process is verified by controlled potential coulometry (112)
and the product is a secondary alcohol,

The electroactive species in these solutions
1s most probably the neutral ketone and the product of the
electrode reaction is initially a ketyl anion (X) which is

sufficiently basic to abstract a proton from a solvent molecule.

Ikxuu; ez
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Since the electron affinity of the neutral radical is greater

than that of the anion (128) it is further reduced.

(x)

L] - + \ L ]
C——0 + H (from H.0) —» _C—0H
/ 20) P4

Mairanovskii (129) has pointed out that a
composite wave is probably observed in neutral solution,
corresponding to reduction of both a protonated species
(protonated by a solvent molecule) and the ketone itself,

The polarographic wave for the reduction of acetophenone in a
solution of pH 7.2 was resolved into two waves¥*, the first of

which showed kinetic character.

(v) Aromatic Ketones. Reduction in Alkaline

Solutions: A decrease in the diffusion-

limited current of the combined wave is observed at still
higher pH and the wave-height approaches that for a one-

electron process;  this is verified by controlled potential

coulometry (112). A new wave 1s formed at more cathodic

potentials, sometimes so negative that the wave can be masked

by the current from the supporting electrolyte; this behaviour

¥ A third wave was observed, attributable to the reduction of
the ketyl radical.
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corresponds to formation of a secondary alcohol,.

i
Again the first wave is regarded as corresponding§

to the reauction of the ketone to a ketyl anion (112,120) which
is not protonated within the lifetime of the mercury drop and
therefore diffuses away into the bulk solution where proton
abstraction and dimerisation yielés a pinacol.

The decrease in height of the single wave,
and the appearance of a new wave,has been the subjlect of much

speculation, A metal ketyl (XI)

Nat - . N v
2 oo == /cl: ———clz\
(X1) o~ mt o~ mt

was postulated as a reaction intermediate, the monomeric
and dimeric forms of which were regarded as being in egquilibrium
at the electrode surface (111), with the extent of dissociation
of (XI) being deperdent upon the nature of the cation¥* through
ion pair formation. The reduction of the monomer occurred at
very cathodic potentials and the wave separation depended
upon the position'of the monomer-dimer equilibrium.

The possibility of the formation of a metal
ketyl in aqueous media has been questioned by Elving and

Leone (112) and the ketyl anion (X) was suggested as a more

* Experimentally it was observed that the half-wave potential

for this wave was sensitive to the nature of the cation (111,112).

H

1
{
!
i
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likely intermediate, This anion was also assumed to be an

intermediate in the electro-reduction of benzaldehyde at

high pH (130):

. \
>c"— 0" + e + 2u" — CHOH

The ion is not reduced as soon as it 1s formed since it

tends to be repelled from the electrode surface and electron
transfer must occur to a region of increased electron density,
A qualitative explanation of the cation

effect referred to above is based (124,131,132) upon the
effect of structure on the equilibrium proposed by Ashworth (see p.41)
yet not necessarily involving formation of a metal ketyl*,
Separation of the waves will then be maximal when substituents
cannot sufficiently stabillise the radical anion so that
dimerisation may occur,

(vi) Summary: In a recent review (133) and in
a more extensive paper presented to the Faraday Society in
England (1968), Zuman et 2l. (134) have pointed out that
although the polarographic reduction of aldehydes and ketones
.has been extensively studied, in most investigations attention

has been paid to only a particular aspect of the problem.

¥ Equilibrium between monomeric and dimeric forms of the
ketyl anion 1s possible:

N o N
2 C— 0~ = C
/ @

0

/
N
1

—
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By studying the polarographic behaviour of carbonyl compounds
showing a wide varilation in structure, a general mechanism
has been developed to describe:
(a) reduction in acid, neutral and alkaline solutions, and
(b) the effect of substituents in side~-chains ( orls )

or in the aromatic nucleus.

The observed polarograms of aryl alkyl and
diaryl ketones in acid media are explained by & sequence of

individual reduction steps: proton-electron-electron-proton,

Ceeoy

N + N +

~C=0H S ~C=0 + H

~N + - El N

Sc=0H + e L JC-0H 1,

\' - E2 \ -

,C=0OH + e —_— - ~C -0H 12
N Dy +

/,CHOH — ~C=0H + H

The products of the reaction are accounted for by chemical
reactions subsequent to the first electron transfer (El, 11),
Coeey

2 >C—oOH —»  dimers

:>dLOH + Hg —_ organomercury compound

;)dLOH + golvent —» products

In alkaline solutions it has been shown
that the reduction process is sensitive to the kind and

concentration of the cations present in the supporting

[
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electrolyte (108,109,129)., For solutions of low ionic
strength (‘}14.0.1) containing only lithium ions, Zuman
has described the reduction in terms of a sequence:

electron-electron-proton-proton, viz,.

AN - E3 . Ne =

2C=0 + &= —2 o J¢-0 1
Ne = - Eu N =

C-0 + e — & _C=0 14
~ -

~CHOH =  c-0%" + 21"

The effect of the kind and the concentration of metal ilons
1s also explained by a reaction scheme involving an entity#*

:>dLOM, the product of the interaction between the metal

cation and the radical anion,

S5 CHOICE OF SYSTEM FOR STUDY OF EIECTROCHEMICAL KINETICS

AND ADSORPTION BEHAVIOUR

It has already been pointed out that although a large
number of organic electrode processes have been studied,
little attention has been peid to simultaneous and related

studles of both the kinetic and the adsorption behaviour of

-the reactants and products. For such an electrochemical

study, the choilce of a particular system must be made with

# The structure of this preduct was not elucidated i.e. it
may involve a covalent bond, it may resemble a complex, &
charge~transfer complex or an ion pair.

| S
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several factors in mind:

(1) the suitability of the system for determination of the
adsorption behaviour;

(2) choice of reactant and conditions so that the Faradaic
process occurs within a convenient range of potentials;

(3) choice of conditions so that-other competitive Faradaic

processes are negliglible e.g., hydrogen evolution in acidic

solutions, deposition of cationic species in neutral or alkaline

solutions, and finally

(4) that preferably a single product is obtained in high
coulombic yield.

Reference to the several available text books and
reviews on electro-organic chemistry (83,135-137) reveals
that a wide range of electrode materials has been used
(with equally widely varying degrees of success). At
catalytic, low hydrogen-overpotential metals such a platinum,
palladium, nickel or copper, evolution of hydrogen must be a
significant, concomitant process and controlled potential

studies cannot ensure the formation of perhaps a single

~product in high coulombic yield. Furthermore, only limited

techniques are available for the study of adsorption behaviour
at solid metals (138), and none has the reliability of
electro~capillary measurements.,

The use of amalgamated electrodes or possibly metal

alloys has proved successful in electro-organic syntheses,
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but this introduces an unnecessary complication in the
interpretation of the results of kinetic studies, namely the
actual nature of the electrode surface.

Data on the electro-reduction of many organic molecules
at a dropping mercury electrode are readily available and

mercury certainly provides the most convenient electrode for

adsorption studies. It is obviously one of the few metals

sultable for electrocapillary measurements and the thermo-
dynamic principles of such adsorption studies are based on

the concept of an ideally polarised electrode¥, Furthermore,

since mercury is a so-called high hydrogen-overpotential metal,

then a wide range of cathodic potentials is available for the

study of the reduction of an organic molecule before hydrogen

evolution currents become significant. In agueous/organic

solvent mixtures, the use of which is often necessary because

of the limited solubility of many organic compounds in water,

this range may well be reduced.

Many polarographic studies are carried out in the presence

of large organic -ions which are known to be specifically

. adsorbed at the electrode surface, e.g., tetraalkylammonium

salts, The complicating double-layer effects which may arise

¥ This concept is realised in practice by a mercury electrode

over a wide range of potential, 0.00 to -0,90 V. vs the normal
hydrogen electrode.
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in the above-mentioned systems can be avoided by the use of

simple acids* or bases. This is a factor which is particularly

lmportant in the interpretation of electrochemical reaction

orders.

On the basis of the above considerations, it is therefore

possible to select a system where both the electrochemical
kinetics and the adsorption behaviour can be studied.
Experimentel conditions can usually be modified (as indicated
above) to allow these studies to be carried out using

concentrations of the reactants from approximately 0.01 to

1.00 mole 1itre™?,

A study of the kinetics of electrochemical reduction
and the related question of adsorption behaviour of carbonyl
compounds at mercury was considered. The polarographic
behaviour of saturated aliphatic ketones indicated that their
reduction would occur together with substantial hydrogen
evolution (unless épecifically adsorbed cations such as
(CH3)4N+ were used as a supporting electrolyte) and the
coulombic efficiéncy of the process would therefore be low,

However, the reduction of both dﬁi-unsaturated ketones

and aromatic ketones can be conveniently studied at the

mercury electrode. The simple alkyl aryl ketone, acetophenone,

#¥ Tt should be remembered that even halide ions, particularly
Br™ and IT, are specifically sdsorbed to a significant extent
at a mercury electrode at low cathodic potentials from

agueous solution where [X~]> 2 goion litre-i,

b e
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was selected as the model compound [ half-wave potential
approximately -0.85 volts (vs the normal hydrogen electrode)
at pH 1.5], so that reduction will occur in a potential range
sultable for the study of both the kinetic and adsorption
behaviour, The product of controlled potential electrolysis

in acidic solution is the pinacol, 2,3-diphenylbutane-2,3-diol

in almost quantitative vield,
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6. AIMS OF THE PRESENT WORK

In the last decade much interest has been shown in the
electrochemistry of anodic processes such as the oxidation of
formic acid and the formate ion, the Kolbe reaction, and
particularly the oxidation of hydrocerbons and alcohols of low
molecular weight, (in this case igterest was in the development
of a practical, commercially feasible and economic fuel cell).
The studies of the electrode kinetics of these reactions, which
are usually carried out at noble-metal electrodes, have been
complemented by studies of the adsorption of the reactants,
intermediates and the products at the electrode surface, The

involvement of chemisorbed oxide species and hydrocarbon

residues in the electrode processes is now well-established.

On the "negative side" of the potential of the reversible
hydrogen electrode, the electro-reduction of many organic
molecules has been studied by polarographic techniques at a
dropping mercury electrode or at a hanging mercury drop
electrode. Much of this work has been concerned with the

chemistry of the electrochemical reactions, that is to say

'studies in which polarography or cyclic voltammetry is used

to elucidate the mechanisms of processes in which charge
transfer is a fundamental process, but in which various prior
and/or subsequent chemical steps occur and determine the
nature of the ultimate product(s) of the electrochemical

reaction, The physical adsorption of neutral organlc molecules

[ WO
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has been extensively studied by electrocapillary methods and
more recently by a.c. capacity techhiques. Although chemi-
sorption is'not likely at a mercury electrode, except in the
case of some S or N compounds, certainly physical adsorption
or an electrical orientation of the reducible species must be

a prereguisite for electro-reductidn in many cases. Further-~

more, the product of the reaction will also usually be adsorbed
or oriented at the electrode surface and its presence at the
surface may lead to inhibition or acceleration of the rate
of the electro-reduction.

The present work 1s an effort to correlate systematically

the kinetic and the adsorption behaviour of an organic compound

in an electro-reduction reaction, In acid solutions, aceto-

bhenone can be reduced electrochemically to a single product,
acetophenone pinacol, in a high coulombic yield. The kinetics
of this electrochemical reduction and the adsorption behaviour

of the ketone and the corresponding pinacol were both studied

at a mercury electrode and in the same solvent system, l.e.,

a solution of water_(zo mole %) in methanol containing sulphuric
acid.

| In this way the kinetic results obtained from both steady-
state and non steady-state (potentiodynamic) studies may be
interpreted in the light of the known adsorption behaviour

of the reactant and the product over the same range of electrode

- potentials, In particular, the question of the significance
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of the kinetic reaction order in relation to the adsorption
behaviour'is of basic importance, 2
It is realised that molecular structure must be an
important factor 1n both the adsorption behaviour and kinetics
of an electrode process, but the information obtained from ?
this study may provide a general ﬁodel for the electro-

reduction of aromatic ketones under the chosen experimental

conditions,.




CHAPTER IT

EXPERIMENTAL

1. INTRODUCTION

The interdependence of the electrode potential and
electrical current can provide en insight into the mechanism
of an electrochemical process. The current is a measure of
the overall rate of a reaction and the electrode potential
can affect this rate as well as the adsorption behaviour of
the reactants and products at the electrode surface. Under
certain conditions, the slope of the current-potential relation
(Logls] vs E) can lead to mechanistically significant
conclusions, and from a series of such log[i]-E curves obtained
at various concentrations of the reactant, the electrochemical
reaction order can be determined.

The kinetics of the electro-reduction of acetophenone
and other aromatic ketones were studied by both potentiostatic
steady-state and potentiodynamic non-steady state measurements.
Potentiostatic conditions were preferred to galvanostatic
conditions since the structure of the limiting current region
could then be moré conveniently discerned, The measured
electrode potentials were corrected for ohmic overpotential
(iR drop) particularly in the regions of high current density.

From potentiodynamic linear sweep studies, qualitative
information can be obtained regarding the reversibility of
the electrode reaction, the adsorption-desorption phenomena,

the role of diffusion and activation control and the nature
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of the products of the reaction, With such factors in mind,
this methqd has been applied to the study of the electro-
reduction of acetophenone and the electrochemical behaviour
of the reaction product, acetophenone pinacol.

If a stepwise change of potential is suddenly applied
to the working-electrode, the resulting non-steady state
current can be recorded virtually instantaneously and also
after longer times as it then approaches a new steady-state
value, Such potential-step studies have been used in the
present work but oscillatory effects were encountered and
these possibly arise from the "relatively slow" response of
the potentiostat to the applied potential~step signal (139).
The oscilllations tended to obscure the shape of the current-
time transient over the first few milliseconds.

In this chapter, the above experimental procedures will
be described in some detail but first a general account of the
techniques used for preparation and purification of the

electrolytic solutions, the construction of the cells and

electrodes, etc. will be given.,

2e SOLUTIONS
(a) Water
"Once distilled" water was redistilled from
alkaline potassium permanganate in a still provided with
three spray traps. This water was then refluxed for a short

time in a stream of purified nitrogen gas, primarily to remove

e
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dissolved oxygen, and thenredistilled.

(b) Deuterium Oxide (D,0)

Deuterium oxide (Atomic Energy of Canada, 99.75 mole %)

used in a study of kinetic isotope effects in the reduction
reaction, was redistilled in an atmosphere of dry nitrogen.

(c) Methanol

Methanol (Fisher Spectrograde), used as the solvent

or co-solvent in many of the experiments, was refluxed in
500 ml., quantities with sodium borohydride (lg) and magnesium
turnings (lg) for two hours in an atmosphere of nitrogen, and
then distilled through & short fractionating column, discarding
the first few millilitres of the distillate.

(d) Methanol-d (CHBQQ)

After redistillation, deuterium oxide (160g;
8 moles) was added slowly to sodium methoxide (438g; 8.1 moles)
and the flask sealed from the atmosphere before the mixture
was gently shaken for several hours, The slurry was then
distilled in vacuo, the distillate being condensed in a

receiver immerseq in a mixture of acetone and solid carbon

dioxide (at approximately =70°C).

Methanol~-d was redistilled in an atmosphere of

nitrogen before further use.

(e) Deuterosulphuric Acid (D,S0,)

A liquid form of sulphur trioxide (20 g) (Allied

Chemical Co.) was distilled in vacuo and condensed into
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deuterium oxide (5g) in a receiver immersed in an acetone/
"*drikold" slurrye. The mixture was allowed to warm slowly
to room témperature in a sealed flask.

The concentration of deuterosulphuric acid was found

to be 16,8 M, The acid was used 1n kinetic lsotope studies

described in a later section.

(f) Preparation of the Electrolyvte

(1) Methanol (80 mole %)~Water-Sulphuric Acid

(1L M): For convenience a dry, clean
volumetric flask (250 ml) was used in the preparation of
the electrolyte.

Sulphuric acid (B.D.H. Micro-aﬁalytical
Reagent, 98% HZSOU) (14 ml.) was diluted to 250 ml. with a
solution of triply-distilled water (27g) and purified methanol
(192g) . This solution was poured into a specially designed
glass apparatus (see Figure 4) and deaerated for approximately
thirty minutes by the passage of nitrogen gas before being

transferred to the cell¥*,

The concentration of sulphuric acid in the

electrolyte was determined by tiltration against a standardised

solution of sodium hydroxide, using methyl orange as an

internal indicator,.

¥ This procedure was followed for all solutions prepared for
the electrochemical kinetic studies.
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(ii) Nominally Anhydrous Methanol-Sulphuric Acid

(L M): Sulphuric acid (14 ml.) was diluted
to 250 ml. with purified methanol and this solution was
deserated and transferred to the cell in the manner described

above,

(111) Methanol-d (80 mole %)-Deuterium Oxide-

Deuterosulphuric Acid (1 M): Deutero=-

sulphuric acid (15 ml.) was diluted to 250 ml. with a
solution of deuterium oxide (30g) in methanol-d (198g).

(iv) Pre-electrolysis: Since the behaviour of an

electrode is sensitive to traces of electro~-reducible and
adsorbable impurities, the electrolyte in the working—
electrode compartment of the cell was further purified by
cathodic pre-electrolysis using a mercury pool electrode
(geometric area approximately 5 cmz). The electrode was
withdrawn from the solution before experimental measurements
were made,

During pre-electrolysis the potential of this

electrode was controlled potentiostatically at -0,7 volts

T ¥s EH [see section 4(0)] for twenty to twenty-four hours,

during which time nitrogen was continuously bubbled through

the solution,

(g) Acetophenone, Benzophenone and Fluorenone

Acetophenone (Fisher reagent grade) was redistilled

at reduced pressure, b.p. 70-71°C/1 mm.,

Bxem
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Benzophenone (Fisher reagent grade), m.p. 47-48°C

1
14
t
H
!

and Fluorenone (Eastman Kodak), m.p. 82°C were both recrystallised%

from & methanol (80 mole Z)-~water solution,

(h) Addition of Ketone

Small volumes of ketone¥* were added only to the
working-electrode compartment and the solution was agitated
vigorously by a rapid stream of nitrogen before any measurements
were taken, —

When studles on any one solution were completed,

a sample of the electrolyte was removed and the concentration
of the ketone was determined by ultra-violet spectrophotometry

[see section 5(c) .

(1) A Study of the Effect of the Concentration

of Water in the Electrolvte

"Titration" of nominally anhydrous methanol containing
sulphuric acid (1M) [section 2(d) (11)] with aqueous sulphuric
acid (1M), prepared by dilution of concentrated sulphuric acid
with triply distilled water, provided a range of concentrations
of water in the electrolyte. Addition of the agueous acid
was made only to the solution in the working-electrode
compartment which also contained a known concentration of
acetophenone, Further ketone was added to maintain a constant

concentration since the volume of the solution in the working-

* Acetophenone was added directly, but in the experiments with
benzophenone and fluorenone, aliquots of a solution of the
ketone made up in the electrolyte were used.

3
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electrode compartment increased during the experiment.,

The resulting solution was drawn into the Luggin
capillary from the reference-electrode compartment to
minimlise changes in the composition of the solvent close to
the electrode surface arising from diffusion processes.
Since only the solution in the Luégin capillary and not that
in the reference-electrode compartment was replaced, the
potential of the reference electrode remained essentially

constant throughout the experiment.

(3) A_Study of the Effect of Change of pH of the

Electrolyte

In most of the work, experiments at a relatively

high concentration of hydrogen ions were carried out, so that
a constant pH was easily maintained during the kinetic studies

(although the hydrogen ion is actually a co-reactant in the

electro~-reduction reaction). The acid solution also acted

as the supporting electrolyte, allowing the passage of fairly
large currents (10"3 - 1072 A),

However,. in a special experiment designed to show
the effect of change of pH upon the electro-reduction of

acetophenone, the initial solution contained approximately

5x1077 g.ion litre™} of hydrogen ions as HC10,, so that it

was necessary to use sodium perchlorate as a supporting
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electrolytet, Conditions of constant ionic strength were
maintained,

Sodium perchlorate (30g) and perchloric acid (0.2g)
(BDH Analar Reagent, 72% agueous solution) were diluted to
250 ml, with a solution of triply distilled water (27g) and
purified methanol (192g), and thié solution was deaerated
and transferred to the cell,

The solution was pre-electrolysed for 24 hours
using a mercury pool electrode, the potential of which was
controlled potentiostatically at -0.7 volts (measured against
a hydrogen electrode in the same solution). Acetophenone (2g)
was added to the solution in the working-electrode compartment
and, after mixing, a sample was removed for determination
of (a) the concentration of ketone by ultra-violet spectro-
photometry and (b) the concentration of hydrogen ions by
titration against a standard solution of sodium hydroxide,

The concentration of acid in the solution in the
working-electrode compartment was progressively increased,

(pH decreased), by "titration" with a solution of perchloric

acid (21g) and sodium perchlorate (9.7g) in methanol (40g)is

¥ Since the simple inorganic sulphates are only sparingly
soluble in methanol, sodium perchlorate was chosen as the inert
electrolyte and therefore perchloric acid was used as the
proton source.

Anhydrous sodium perchlorate (Anachemia Chemicals Ltd.) was

recrystallised from methancl by partial evaporation of the solvent.

*#The concentration of methanol in the solution was 80 mole %
since water is present in the perchloric acid (approximately
28% w/w). The concentrations of sodium perchlorate and aceto-

phenone were kept essentially constant throughout the experiment,

B os At
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containing acetophenone (0.6g), after first removing an equal
volume of the solution already in the compartment, Following
each addition of acid,the concentration of both ketone and

hydrogen ions was determined,

(kx) Controlled Potential Electrolvsis of Acetophenone

Solutions

(1) Electrolysis in Methanol-Water (20 mole %)~

Sulphuric 2cid (1 M): Sulphuric acid (14 ml,)

was diluted to 250 ml. with a solution of triply distilled
water (27g) in purified methanol (192g) and this solution was
deaerated and transferred to a three-compartment cell in the
usual way,.

Acetophenone (4,5g) was added to the working-
electrode compartment and the solution was electrolysed for
forty-eight hours at a large mercury pool electrode (approximate
area 14 cmz), the potential of which was controlled potentio-
statically at -0.65 volts vs EH‘ A copper coulometer was
connected in series with the counter-electrode and the totsl
charge passed du;ing electrolysis was determined from the
welght of copper deposited at a platinum cathode, The decrease
in the concentration of acetophenone as the reaction proceeded
was followed by ultra-violet spectrophotometric analysis,

After electrolysis the solution was neutralised
and then steam-distilled to remove the organic solvent. A

thin-layer chromatogram of the crude product showed the
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presence of only two compounds (acetophenone and acetophenone
pinacol) which were separated by a solvent mixture of chloroform
and diethyl ether (20:1). A separation of the same two
compounds was also obtained in a more polar solvent mixture
than that originally used [in this case the solvent mixture was
chloroform and diethyl ether (9:1)].

The residue was extrécted with hot benzene and the
solution diluted with n-pentane to isolate a crystalline product
which was shown to be optically inactive. The product was
recrystallised from ethanol (96%) and identified from its

ultra~-violet and infra-red spectra as the expected 2,3-diphenvl=-

butane-2,3-diol (acetophenone pinacol) m.p. 120-121°C.

(11) Electrolvsis in Methanol-Sulphuric Acid (1 M): The

controlled potentisl electrolysis of acetophenone in a solution of

sulphuric acid (1M) in nominally anhydrous methanol was carried
out in order to establish that acetophenone pinacol was again
the only product of the electro-reduction,

Sulphuric acid (14 ml.) was diluted to 250 ml. with
purified methanol and this solution was deaerated and transferred
to the cell in the ususl way, Acetophenone (2g) was added
to the working-electrode compartment and the solution was
electrolysed for twenty~four hours at a large mercury pool
electrode (E= -0.65 V. vs EH). The total charge passed during
electrolysis was again determined coulometrically.

After electrolysis the solution was neutralised and
the crude product was extracted. A thin-layer chromatogram of

this product showed the presence of only the pinacol and

unreacted acetophenone,

maae v ETe e
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(1) A Study of the Electrochemical Behaviour of

.Acetgphenone Pinacol

In experiments to show the kinetic effects of the
addition of the pinacol and in regard to the adsorption
behaviour of this compound (the reaction product of the

electrochemical reduction of acetophenone in acid media), it

was necessary to prepare solutions of known concentration

of the pinacol from the pure compound.

(1) Preparation of Acetophenone Pinacol: Aceto-

phenone pinacol was prepared by the condensation of a Grignard

reagent, methyl magnesium lodide, with benzil in anhydrous
ether,

wlth dilute hydrochloric acid and the product was extracted

with n-pentane,

from ethanol (96%).

(11) Electrochemicel Behaviour of Acetophenone

Pinacol: Pure sulphuric acid (14 ml.) was
diluted to 250 ml, with a solution of triply~-distilled water

(27g) and purified methanol (192g). The solution was

deaerated, transferred to the cell in the usual way and then
pre-electrolysed at -0.7 volts vs Ey overnight,

Acetophenone pinacol (0.25 g) was added to
the solution in the working electrode compartment and

electrochemical measurements were made after prolonged

agitation with nitrogen gas to ensure complete dissolution

The reaction mixture was decomposed in the usual way

The crude material was twice recrystallised
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of the pinacol,. Two other solutions containing higher
concentrations of the pinacol were similarly studied.
Acetophenohe (3g) was then added to the solution and

measurements were made to determine the effect of the pinecol,

if any, upon the kinetics of electro-reduction of the ketone.

(111) Rearrancement of Acetophenone Pinacol in

Acid Solution: In order to determine if a
pinacol-pinacolone rearrangement was likely to occur to a
significant extent during the experiments in acidic solutions,
the following investigation was made, Acetophenone pinacol
(2g) was dissolved in a solution of methanol (80 mole %)
and water containing sulphuric acid (1 M), and an ultra-
violet spectrum (from Z&O-BOOmF) was determined on a sample
of this solution [see later, section 5(c) ]. The solutlon
was allowed to stand at room temperature for several days and
a second ultra-violet spectrum was then determined, After

neutralisation and evaporation of the solvents, a crude
product was extracted from the residue and the infra-red
spectrum obtained,

The infra-red spectra of the pure pinacol
[Figure 2(a)] and of the “rearranged" product [Figure 2(b) ]
were not slgnificantly different, particularly in the
spectral region corresponding to carbonyl absorption, i.e.,
1670~1750 cm.'l. Furthermore,the ultra-violet spectra of

both solutions (before and after) showed no absorption
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Figure 2.

(a) Infra-red spectrum of 2,3-diphenylbutan~2,3-
diol (acetophenone pinacol)

(b) Infra-red spectrum of the residue extracted
from & solution of acetophenone pinacol in

methanol-water-sulphuric acid,
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between 275 and 285 mu , the wavelengths at which carbonyl
absorption is usually found. It was therefore concluded

that under these conditions rearrangement did not occur to

any significant extent.

3e CELLS

A three-compartment pyrex-glass cell was used (FPigure 3).

The main compartment contained the working electrode and
a second mercury pool electrode, used for pre-electrolysis,.
An additional gas inlet was provided in order to ensuré
complete mixing of the solution after addition of the ketone
by bubbling nitrogen.

The counter-~electrode compartment was separatéd from the
main compartment by a closed, solution-sealed stopcock to
prevent diffusion of reactant away from this main compartment;
the stopcock also prevented contamination of the catholyte by
oxidation products formed at the anode,

A detachable reference-~electrode compartment was used
which allowed the solution in the Luggin capillary to be

replaced with that in the main compartment, since the catholyte

.composition may be sighificantly changed during certain

experiments. Again a closed, solution-sealed stopcock was
used which effectively separated the two compartments yet
allowed electrolytic contact between them.

A second cell (Figure 4) was constructed to allow the

surface of the mercury pool electrode to be renewed




—

Figure 3,

Photograph of the experimental cell.
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Figure 4,

Photograph of the experimental cell for studies
using a mercury electrode with a renewable surface,
Also in the photograpﬁ is the apparatus from which

the electrolyte is trensferred to the cell.
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[section 4a (i1)]; again a detachable reference-electrode

compartment was used,

Pre~saturators for both nitrogen and hydrogen gases were

used in order to avoid changes of composition of the electrolyte

during an experiment. This is of particular importance when

using methanolic solutions, which are relatively volatile.

L, ELECTRODES

(&) Working Electrode

(1) Stationary Mercury Electrode: In preliminary

experiments a simple glass capillary "U-tube" contalning
mercury was used, the capillary being sealed at one end
together with a platinum wire to provide electrical contact.
However, it was found that penetration of the electrolyte at
the mercury/glass interface resulted in partial displacement
of the mercury and eventual loss of electrical contact,
particularly at high cathodic potentials ( > -0.8 volts ¥s EH)’
The surface area of the electrode obviously changed with time
and furthermore the electrode potential inside the capillary

would probably not be that measured at the surface. This

‘arrangement was hence unsatisfactory.

A hydrophobic silicone coating on the inside
of the glass capillary has been widely used in polarography,
particularly with the hanging drop mercury electrode (140),

However, this was considered to be undesirable in the present

St 81
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work since it was felt that slow hydrolysis of the coating

may occur ;n the electrolyte, leading to contamination of
both the electrode and the solution,.

It was found that mercury contained in a
Teflon capillary provided a convepient stationary pool
electrode and penetration effects were avoided even when
prolonged experimental measurements (e.g. 1-2 days) were
involved and high cathode potentials were studied,

The design of this electrode is shown
diagrammatically in Figure 5(a). The glass stem is in part
a ground~glass sliding tube, the counterpart being attached
to the top of the working electrode compartment; this
arrangement ensured exclusion of air and yet provided an
ad Justable electrode. A platinum wire was sealed into
the other end of the glass tube and the tip smoothly ground
before the unsymmetrical "U'-tube was formed, The Teflon
capillary was then fitted tightly over the short arm of this
"gt-tube and the "well" filled with triply-distilled mercury
(Johnson and Matthey) to give a pool electrode having a

geometric area of approximately 0.l cm.2

(11) Stationary Mercury Electrode with & Renewable

Surface: An slternative mercury pool electrode
arrangement was constructed in order to allow repeated
changing of the electrode surface during an experiment

[Figure 5(1b)].
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Fipgure 5.

() Diagram of the stationary mercury pool

electrode

(b) Diagram of the stationary mercury pool

electrode with renewable surface.
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A short glass capillary‘was sealed into the %
" base of the working electrode compartment of a second cell %
and a Teflon mercury '"reservoir' was again fitted tightly |
on to this glass capillary. A micrometer syringe unit |
[volume 2 ml.,, with a Teflon barrel and plunger, the barrel
being calibrated to permit extrusion of 0,002 ml., of a
11qu1d] was joined from the outside of the cell using two
ground-glass joints (5/12 male and female). The syringe was
filled with triply-distilled mercury and inverted to expel
residual air before being fitted to the cell, Mercury was
then forced into the Teflon capillary by rotating the micrometer

barrel until a pool electrode was obtalned (geometric area

|
!
approximately 0.025 cm.z). The formation of a stable spherical !
drop, l.e., & "sessile" mercury drop, proved difficult 3
since the mercury tended to fall away unpredictably when the ]

solution was agitated or when sudden changes of the electrode
potential were made, However, the surface of the mercury |
pool was easily and reproduclbly renewed by expelling a

small volume of mercurye.

(b) Counter Electrode |

A platinum gauze of large surface area was used
as the counter electrode, and hydrogen gas was bubbled
continuously through the solution in the compartment in order

to minimise anodic oxidation of the electrolyte,
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(c) Reference Electrode

~Potentials of the working electrode were measured

against a hydrogen electrode* established in a solution

initially the same as that in the working-electrode compartment.%

From the Nernst equation:

o RT
EH = E7 = T 1n [aH+]

is the standard potential of the reversible hydrogen

fod

where E
electrode taken arbitrarily as zero, If activities are

replaced by concentration terms, then at 25°C the equation

becomes

Ey = -0.059 log[H"]

Unless otherwise stated, all values of electrode potentials
quoted in this thesis are with reference to EH’ the potential

of the hydrogen electrode in the particular electrolyte used

in the kinetic runs.

5. INSTRUMENTATION AND TECHNIQUE

(a) Instruments

Potentials were controlled by a Wenking short rise-

time potentiostat and measured on a Radiometer pH-mV meter,

# The electrode was freshly prepared for each experiment by

electrodeposition of platinum at a platinum gauze (approximate

geometric area 1 cm.<) from a solution of chloroplatinic acid
containing traces of lead acctate (141).

Lo
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In the programmed potentiodynamic and potential-step
experiments, a signal of the required form was applied to

the reference input of the potentiostat from a function

generator, In other cases, this input was shorted so that

the working electrode could be made cathodic with respect to

the counter electrode.

For galvanostatic measurements, a conventional
divided resistance arrangement was used, the source of power
being a 90-120 V. D.,C, Power supply (Dressen-Barnes Corp.
Model 22-110),

Linear sweep potentiodynamic measurements were made
using a "Servomex" function generator (Type L.F. 141),
The steady-state currents were measured on a

"Sensitive Research" milliammeter connected in series with

the counter electrode, Translent currents in potentiodynamic

and potential-step experiments were passed through a calibrated
resistance and the resulting potential difference recorded
on an oscilloscope or a Moseley high impedance X-Y recorder
(Model 2D-2AM),

All trahsients arising from open circuit e.m.f.
. decay, potentiodynamic sweeps (%% > 0.1 V., sec-l) and
potentiostatic step-charging experiments were photographed
from the screen of a Tektronix dual-beam oscilloscope using
& 35 mm, reflex camera, The electrode signal was passed

through a Tektronix operational amplifier (Type "O%), set up
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as 2 high input impedance cathode follower, before being
recorded. This eliminated significant current drain from
the working electrode/reference electrode system,

(b) Electrochemicel Procedures

(1) Potentiostatic Steady-state Kinetic Measurements:

In the experimental arrangement for the potentiostatic polarisation

of the electrode, the working electrode, wvhich was grounded,
was made csthodic with respect to the counter electrode.
Polarisation was commenced just after immersing esnd adjusting
the poslition of the electrode in the solution so that the

tip of the Luggin capillary was as close as possible to the
surface of the mercury. Measurements were made both with
and without nitrogen gas bubbling through the solution in

the vicinity of the electrode,

To obtain a 1og[i]-E relation for a particular
solution the potential was changed by successive increments
of 10 mV and the resulting current recorded thirty seconds
after each adjustment of potential. This procedure was
followed in an ascending (i.e., more cathodlc) and descending
direction over a.range of electrode potentials in which the
Farsdaeic process was known to occur, e.g., in the electro-
reduction of acetophenone the potentisl range usually studied

was from -0.,4 to -1,0 volts vs Epe

(11) Correction of Measured Potential for iR Drop:

In the steady~state kinetic runs, the electrode was polarised




-71 -

potentiostatically into a region of current densities where
ohmic overpotential could be significant. The electrochemical
reaction ma& show regions of potential in which the current
flowing is limited either by an activation-controlled process
or simply by diffusion (cf. polarographic conditions) and it
was therefore important to estabiish the magnitude of iR
effects at high cathodic currents.

iR corrections were therefore made at all
high current denslities by observing the virtually instantaneous
1nitial drop of potential when the electrode potential was
allowed to decay on open=-circuit., The transient was photo=-
graphed on an oscilloscope and the ohmic overpotential
determined from the picture after appropriate enlargement,

The circuit diagram for open-circult decay

measurements is shown in Figure 6,

(111) Potentiodvnamic Repetitive and Single Sweep

Experiments: The shape of the current-potential

transient depends on the nature of the potential programme and

on the electrochemical behaviour of the process under

investigation, In the present potentiodynamic experiments a

symmetrical "triangular' wave form was used, The cheracteristics

of the diffusion-controlled peak, i.e., peak potential (Ep)
and cathodic peak current (ip), which corresponded to the
electro~reduction of the ketone were determined as a function

of sweep-rate over a constant range of potential., The

L.




Figure 6,

Schematic diagram of the circuit for open

circuit decay measurements,
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presence or absence of anodic peaks corresponding to the
re-oxidation of intermediates or products formed in the
electrode process was also investigated.

The circuit diagram for potentiodynamic
studies is shown in Figure 7.

A reference signal drawn from the output of
a wave function generator is applied to the reference input
of the potentiostat, The potential of the working electrode,
which varies according to the selected signal, is suitably
amplified and recorded on the X-axis of an X-Y recorder (for
slow sweep-rates, viz., %%-4.0.1 Ve seo'l) or on an oscilloscope.
When a current flows in the cell (corresponding to the
potential applied to the working electrode) a potential
difference is developed, in proportion, across the decade
resistance (Rl) which is connected in series with the counter
electrede, This potential difference is recorded on the
Y-axis of the oscilloscope or the recorder,

Thus the transient current (it) passing through
the cell at a given moment,arising from the selected change

of electrode potential,is measured as a potential difference

('AE)t where

(AE)t = 1.R,




Figure 7. Schematic circuit diagram for potentiodynamic

repetitive and single sweep experiments,

L
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Any noise in the Y-axis signal is suppressed
by using an input filter (Hewlett Packard Model 17106 4),
For optimum conditions the working electrode, the operational

amplifier and the oscilloscope were grounded. The range of

potentials over which the electrochemical process was studied

could be adjusted by appropriate settings on the potentiostat

and the function generator,

(1v) Potential-Step Measurements:

The principle
of these measurements is shown in Figure 8,

The electrode was polarised at a potential,

El’ which was known to be in an electro-inactive or non-Faradaic

region with respect to the electro-reduction of the ketone,

After a few seconds, the potentiometer was switched in through
a fast-acting mercury vacuum relay to give a preset, more

cathodic value of potential, E

for various intervals of time and the corresponding current
was developed across a calibrated decade resistance, the

resulting potential difference being recorded photographically

on an oscilloscope, The potentiometer was then switched out.

This procedure was repeated for successive

'values of potential over the range of potentials where steady-

state log[i]-E relations indicated that the Faradaic process

was occurring, A renewed mercury surface was used for each

potential step [see section L4a (1i)].

In this manner, a series of current-time

2 This condition was maintained




Figure 8,

Schematic representation of current vs time and

potential vs time profiles in potential-step

technique.,
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transients were obtained which comprised both the virtually

Instantaneous non-steady state currents as well as the

currents which passed after longer times and then approached the

steady~state values.,

A circuit diagram is shown in Figure 9.

(e) Ultra-Violet Spectrophotometric Analyses

The electrolyte (approximately 0,05g) containing the

ketone was weilghed accurately into a volumetric flask (25 ml,)

and dissolved in methanol, From the optical density of this

solution at 280 m}l, the concentration of the ketone was
determined by reference to a previously prepared cglibration
curve for that ketone,

It was shown that acetophenone pinacol was optically
transparent at 280 mp, even when present in the electrolyte
at concentrations as high as 5;(10-2 moles, litre-l. Aceto=-
phenone could therefore be determined after reduction
experiments in the presence of significant quantities of the

reduction product formed during the electrolysis.

The method was found to be reproducible to + 2%,




Figure 9.

Schematic circuit diagrem for potential—step

studies.
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6. THE _ADSORPTION BEHAVIOUR OF THE REACTANT AND THE PRODUCT:

POTENTIOSTATIC ELECTROCAPILLARY STUDIES

Recent modifications (142) to the capillary electrometer
technique have been introduced in which the determination of
(a) the position of the fine thread of mercury in the capillary
and (b) the height of mercury in the manometer has been
considerably simplified. For studies of equilibrium
electrochemical adsorption at mercury, the ﬁse of the Lippmann

electrometer is particularly valuable when slow adsorption

processes may be involved, as in the case of organic adsorbates.

The adsorption behaviour of scetophencne and 2,3-diphenyl-
2,3~-butanediol (acetophenone pinacol) in a solution of methanol
(80 mole %) and water containing sulphuric acid (1 M) was
studied by this method. Three types of solution were used:
(a) thosecontaining acetophenone alone,

(b) those containing acetophenone in the presence of a small,
fixed amount of the pinacol,
and

(c¢) those containing only pinacol.

Hence information is obtained regarding the adsorption of

" the reactant and the product separately, and of the reactant

in the presence of the product,

Thus both the adsorption behaviour and the electrochemical

kinetics were studied in the same electrolvte, at a mercury

electrode and at the same concentrations of acetophenone and

pinacol.




CHAPTER TII

RESULTS

1. INTRODUCTION

In order to study the kinetics of an electrochemical
reaction, the products of that reaction should first be
well-defined. For many simple-electrode processes the
coulombic efficiency is almost 100% but this is not always
the case, particularly for many organic electrode reactions.
The difficulty may be further complicated by a dependence
of the type of product formed upon the electrode potential,
e.Z., the electro-reduction of nitrobenzene (4), and upon

the cathode material.

In the present work, it was found that under certain

conditions the electro-reduction of acetophenone gave practically

the theoretical yield of the corresponding pinacol. It has
been observed (102) that in acid solutions (pH € 3) other
aromatic ketones were also exclusively reduced to pinacols
in similarly high coulombic yields. The overall reaction
pathway for the_electro-reduction of an aromatic ketone in
acidic solutions 1s therefore well characterised.

In the study of electrode kinetics by steady-state
methods, the rate of reaction is measured directly in terms
of the current, i, as a function of the electrode potential,
E. In the steady-state kinetic analysis of the electro- |

chemical reduction of the chosen aromatic ketones, 1og[i]-E

1
,‘
i
1
|
i

H
.
1
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l
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curves have been evaluated for ascending and descending
directions of change of electrocde potential. The reaction
order at éeveral electrode potentials has been determined
from a series of log[i]-E curves, obtained from steady-state
potentiostatic experiments with solutlions containing different
concentrations of the aromatic kétone. The effect of change
of pH and change of solvent composition upon the electrode
kinetics have also been studied by steady-state methods.
The results obtained from an experiment usinga deuterated
solvent system (methanol-d, deuterium oxide and deutero-
sulphuric acid) have indicated that the proton is not
critically involved in the rate-determining step of the
reaction, |

The magnitude of the contribution of ohmic overpotential
to the measured potential of the working electrode was
determined by open circuit e.m.f, decay measurements, and the

steady~-state log[current]-potential curves were corrected

appropriately. It was found that iR effects were significant

at high current densities, e.g., in a solution containing

acetophenone (0.42 M) an iR drop of 10 mV, was observed at

2 . cm. 2

Non-steady state current-potential curves have been
obtained by potentiodynamic studies (triangular sweep method)

and the dependence of (a) the peak potentiaml, E_, and (b) the

P
peak current, 1p’ upon the rate of change of potential in the

P s
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applied potential sweep has been determined. In this way,
additional qualitative conclusions have been made regarding
nature of the electrochemical reduction of acetophenone,
Further information has also been obtained by potential-step studies

For convenience, all current densities reported in this
thesis are referred to the geométric area of the mercury pool
electrode, In order to evsluate thisarea, the douvble-=layer
capaclity of the electrode was estimated from the current-
potential profiles obtained from a potentiodynamic experiment.,
In a solution of methanol (80 mole %) and water containing
sulphuric acid (approximately 1M), and at an electrode potential
E = -0,04 V. vs Ey, the double-layer capacity of the actual
electrode was found to be 2.5 }lF so that* the area was
approximately 0,1 cmz. This electrode was used for all the
steady-state measurements.

In a particular solution, the current-potential curves,
which were obtained by both steady-state and non-steady state

methods were found to be very reprroducible,

2 COULOMBIC YTELD AND CHARACTERISATICN OF THE PRODUCT OF

THE ELECTRO~REDUCTION OF ACETOPHENONE

During a controlled potential electrolysis of acetophenone
in a solution of methanol and water (20 mole %) containing

sulphuric acid (1 M), the decrease in the concentration of the

¥ It has been shown that in methanol the capacity of the compact
double layer, Cq,1,, a2t a mercury electrode is zenerally smaller
than that in aqueous solutions (143), The differential capacity
of a mercury electrode in 2 solution of potassium fluoride

(0,66 M) in methanol is approximately 18 UF. cm.”2 at -0.3 V.

Vs normal calomel electrode, In an aquecus solution of potassium
fluoride, Cq,3,= 28 uF. cm? at the same electrode potential.
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ketone was followed by ultra-violet spectrophotometric
analysis. The total charge passed during the electrolysis
was determined from the weight of copper deposited at the
platinum cathode of a copper coulometer.,

The results are shown in Table II,

The current efficiency was based upon the amount of
acetophenone which had reacted rather than the amount of

product formed since quantitative isolation of the pinacol

from the reaction mixture was difficult, Furthermore the
amount of the pinacol in the solution could not be determined
by ultra-violet spectrophotometry, due to the presence of
acetophenone, _

The only product of the reaction (see Chapter II, p. 60-61)
was identified from its ultra-viclet and infra-red spectra,
these being compared with the corresponding spectra of 2,3~
diphenylbutane-2,3-diol (acetophenone pinacol), which was
prepared by the well known reaction of methylmagnesium iodide
and benzil [ see Chapter II, Section 2(b)].

It was established that rearrangement of the pinacol to

give 2 pinacolone did not occur to any significant extent.

[see Chapter II, Section 2(1) 71,

A controlled potential electrolysis of acetophenone in
a solution of sulphuric acid (1 M) in methanol was found to
vield only acetophenone pinacol. The coulombic efficliency

of the electrolysis was 91%, this value being based on the
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Table IT

Controlled Potentiel Electrolysis of

3; Acetophenone: E= -0,65 V, vs E

}
7 | Time (hours) | Current (A.) Moles ketone nresent Grammes ketone !
| ;:
| - :
0 2.3%10" 0.037 T a
17.6 1.9%107%2 0,019 2,28 ;
20,2 1.7%1072 0.017 2.0k ;
24,2 1.5%10"% 0.0145 1.74 ;
414 1x1072 0.009 1.08 |
48 8.5%x10™7 0.0085 1.02
Total welght of ketone apparently reduced 3,42 grammes g
No. of coulombs passed during electrolysis 2660
Corresponding weight of ketone
electrochemically reduced 3.35 grammes :
Coulombic efficiency 96% §
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amount of acetophenone which had reacted, The weight of the
crude preoduct after the neutralisation and steam-distillation
of the electrolyte was 1.8 g. Recrystallisation of the crude

product from ne-pentane gave acetophenone pinacol (1.67 g).

3. KINETIC STUDIES ON THE ELECTRO-REDUCTION OF ACETOPHENONE:

POTENTIOSTATIC STEADY-STATE MEASUREMENTS

(a) Studies of the Reaction in Methanol (80 mole %)-Water-

Sulphuric Acid

(1) The log[11-E Curve: A typical log[1]-E curve

obtalned for the electro-reduction of acetophenone is shown

in Figure 10,

Measurements were made at successive potentials

under potentiostatic conditions in a solution of methanol

(B0 mole %) and water containing sulphuric acid (0.97 M)
and acetophenone (0,49M), in the absence of agitation of the
solution near to the working electrode by the passage of

nitrogen gase.

The electrochemical reduction of acetophenone

occurs at potentials more cathodic than -C.5 V., vs E, and

H
the kinetics of this reaction are characterized electrochemically

by the linear (Tafel) region of the log[i]-E curve, b=52 mvV,

and by a limiting current at potentials above ca. -0.7 V.




Figure 10,

A typical potentiostatic steady-state log[ i ]-E
curve obtained for the electro-reduction of
acetophenone in methanol (80 mole %)-water-
sulphuric scid (0.97 M) solution

Concentration of acetophenone 0,49 mole., litre”

Y-

%X Electro-reduction of acetophenone

kS

~0-———0——0- Hydrosen evolution reaction in the

solution in the sbsence of ketone,
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The steady-state current-potential behaviour
for the background solution in the absence of acetophenone
i1s shown by the broken line in Figure 10, It can be
concluded that the current due to the discharge of protons,
j.,e., the hydrogen evolution reaction, is not significant in
the region of potential in which acetophencne is reduced.
However, the 1limiting current which is observed at potentials
below -0.,45 V may possibly be attributed to the electro-
reduction of an impurity in the solution, This current must
contribute to the total current measured at a given potential
during the reduction of acetophenone, The log[i]-E curves
were therefore corrected (Figure 11) and it was found that the
Tafel slope was a little lower (Table IIIa) than originally

observed,

(11) The Effect of Agitetion of the Solution in the

Working Electrode Compartment: Agitation of

the solution near the working electrode markedly affected (as
expected) the regions of potential in which limiting currents
were observed. The limiting current at potentials above
-0.7 Vo vs EH’ which may be attributed to the reduction of
the ketone, was found to increase with this agltation

(Figure 12) and hence the rate of reaction in this potential
region is probably controlled by the rate of diffusion of the
electroactive species to the electrode, The observed

(corrected) Tafel slope was not significantly affected by

Srpeyse— |

aTmmeIe TR

e R T 105 1T
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Figure 11.

Potentiostatic steady-state log[ i ]-E curves

obtained for the electro-reduction of acetophenone:

Correction of the total current at a given potential,

oo 5 0,03 mole. litre-l acetophenone

o———= 0.21 mole, litre acetophenone.
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Figure 12, The effect of agitation of the solution near to

the working electrode.

+—% % 0,014 mole. 1itre™! acetophenone

e—eo 0 0,03 mole, 1'1t1r‘e-1 acetophenone

0—o—o—o Hydrogen evolution reaction in the

solution in the absence of ketone.
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Table TIT

(2) Effect of the Presence of an Impurity in the Electrolyte:

Correction of the Tafel Slope, b, for Residual Currents

Concentration of b. b
ketone (uncorr,) (corr.)
(mole, 1itre”?) mV mV
0.03 60 55
0.21 53 51
(b) Primary Isotope Effect
Concentration of '
i, A/2 iy A/1
ketone B0 D0 ~H0. D50

(mole. litre'l)

0.2 0095 205 - 3.1
0.59~0.74 0,99
1.1 -1.25 1.29

(E= «0.5 to =0,8 V vs EH) for Hzlgz evolution

(c) Tafel Slope in Relation to Water Content in Methanolic

Solutions Containing Sulphuric Acid (0.95 M)

Mole % H,0 b (mV,)
non 85
1 78
2 70
5 57
10 5k
15 52
20 52
50 51

!
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agltetion of the solution,

(111) BReaction Order: A series of potentiostatic

log[ij-E curves at various concentrations of acetophenone is

shown in Figure 13, The currents corresponding to the hydrogen |

evolution reaction in the solution in the absence of the ketone ?

are again indicated by the broken line,

It was found that the Tafel slope, b, decreased
with increasing concentration of aceteophenone over the
concentration range 0.014 to 0.15 moles litre™t [Table IV (a)],
but further increase of concentration did not further change
the slope.

The slope of the relation between log[i] and
log (Cp)y (Figure 14) gives the reaction order,'{d log i } .
E

d log '(CR)b

A value of 0,95 was obtained at potentials in the Tafel region

AT i S5 s ke o e S - N A e =

of the 105[1]-E curves, As expected, in the limiting current

region R tended towards a value of unity,.

A more detailed study of the reaction order f

at the potential, E = -0,65 V., vs Ey, was carried out by a

"titration” method? The results, based on a relatively large

|

]

number of points (Figure 15), indicated that the reaction i
" order, like the Tafel slope showed a dependence upon the j

concentration of the ketone.

¥ In this experiment the potential of the working electrode was
kept at -0.,65 V, vs Ey. Small volumes of acetopnhenone were added !
from a burette to the solution in the workingr-electrode compartmenti
and the corresponding current recorded after prolonged agitation *
of the solution by the passage of nitrogen gas.

i
3
s
1
1
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Figure 13,

Potentiostatic steady-state log[i]-E curves at

different concentrations of acetophenone in

methanol (80 mole %)-water-sulphuric acid (0.97 M)

solution,

o

—_— — —0

0.014 mole. litre™! acetophenone
0.082 mole, litre™t

0.15 mole, litre™t
0.285 mole. litre™t
0.49 mole, litre T

Hydrogen evolution reaction in

the solution in the absence of ketone.
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Figure 14, BReaction order {d1°§zCR)L} . for the electro-

reduction of acetophenone in methanol (80 mole %)~

water-sulphuric acid (0,97 M) solution,

N————¥ Es-006V|_\LS_Ex_I

o} E = —0.65 Vo _Y_S, EH

=
1t

"0'75 V. X_s_ E




-2 -0-8 ~0-4

Log (cplp

-8

-2

Log ig




Figure 15, Reaction order'{g%%iré )} for the electro-
SESVYRBY E

reduction of acetophenone at E = -0,65 V. vs E,

in methanol (80 mole %)-water-sulphuric acid (0.97M).
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Table IV

Dependence of the Tafel Slope, b, upon the Concentration of

Acetophenone

(a) Electro-reduction in Methansl (80 mole %)~Water-

Sulphuric Acid Solution

Concentration of ketone b
(mole. litre'l) (mV)
0.014 58
0.017 58
0.039 56
0.075 55
0.082 54
0.104 53
0.14 52
0.15 52
0.285 50
0,49 50

(b) Electro-reduction in Methanol-Sulphuric Acid Solution

0.045 86
0.06 85
0,165 83
0.2 81
0.36 80
0.L46 77
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The results for R are summarised below,

Concentration of
ketone R
(mole. 1itre™t) (E = =0.65 V)
> 0414 T 1.2
< 0,14 1

(b) Studies of the Reaction in Nominally Anhydrous Methanol

A steady-state kinetic study of the reduction was
also carried out in "nominally" anhydrous methanol containing
sulphuric acid (0.95 M), and a series of logli]-E curves were
obtained at various concentrations of acetophenone (Figure 16).

These curves exhibit the same general shape as that
of the log[i]-E relationships found when the reaction proceeds
in a partially aqueous solution, Again agitation of the
solution brought about an increase in the limiting currents
observed at potentials more cathodic than those corresponding
to the linear 1og[1]-E region, Both the background current,
i.e., the log[ 1]-E curve for the hydrogen evolution reaction
in this solution, and currents obtained in the electro-
reduction of the ketone were found to be substantially larger
than those obtained in the partially aqueous solution.

The Tafel slope, b, was higher than that observed

in the solution containing water but again showed a small

G AT A A e S




Figure 16,

Potentiostatic steady-state log[ i |-E curves for
the electro-reduction of acetophenone in

methanol-sulphuric acid (0,95 M).

A 0.045 mole, 1itre=t acetophenone

0.06 mole. litre™t
0.165 mole, 1itre~t
0.2 mole. litre~t

0.36 mole. 1itre ™t

£ I o B w B @ B o <

O.46 mole. 1itre™t

— - —— —— - — Hydrogen evolution reaction in the

solution in the absence of ketone,
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dependence upon the concentration of the ketone [Table Iv (b)].
The reaction order in the Tafel reglion was found to be 1.1
(Figure 17).

(¢) H/D Primary Isotope Effect

The kinetic H/D isotope effect observed in the
electrochemical reduction of aceﬁophenone in a methanol/water/

sulphuric acid solution and in a deuterium oxide/methanol-~-d/

deuterosulphuric acid solution was close to unity [Table IIT (b)]é

The hydrogen evolution reaction in the background solutions,
in the absence of the ketone, gave values of the isotope
effect which are usually observed (ca. 3).

(d) The Effect of Change of pH

Steady-state log[ourrent]—potential curves were
obtained from potentiostatic measurements on solutions
containing different concentrations of hydrogen ions but at
a constant concentration of acetophenone (0.27 M) and ionic
strength to eliminate double layer kinetic effects with
changing pH. The results are shown in Figure 18,

The Tafel slope was found to be independent of

the concentration of hydrogen ions in the solution and a value
of 51 mV was obtained which 1s consistent with values observed
in other parts of the work (see Table 1IV), In solutions of

PH > 1, a reaction order of unity, with respect to the hydrogen
ion, was obtained at potentials in the limiting current region,

but with further decrease in pH the reaction order rapidly

1




Figure 17. Reaction order“{%%%g%%Jk} for the electro-
YR E

reduction of acetopherone in methanol-sulphuric

acid (0.95 M),
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Figure 18,

Potentiostatic steady-state logli]-E curves for
the electro-reduction of acetophenone (0,27 M)
in methanol (80 mole %)-water solutions of

different pH

— PH 2.3
————X pH 1.47
—— pH 0.7
— pH -0,.04

0————8 pH -0.26
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tended towards zero. At potentials in the Tafel region
(R)H+ was ca. 0.7 (Figure 19).

‘ Agitation of the solution by the passage of a stream
of nitrogen gas markedly increased the limiting currents
observed, particularly at pH > 1. As expected,the currents at
potentials in the Tafel region wére not affected (cf. behaviour
observed in the other kinetic studies at constant pH).

(e) The Effect of Chanre of Solvent Composition

The reduction of acetophenone was also studied in
solutions containing varying concentrations of water.
Potentiostatic steady-state 1og[i]—E curves (Figure 20) were
obtained over the range of water concentrations referred to
in Table IIc, the concentration of acetophenone being kept
constant throughout the experiment,

In nominally anhydrous methanol, the Tafel slope
was found to be 85 mV., in agreement with the earlier results
in this solvent system, and the slope decreased rapidly with
the addition of water to the solution until a Tafel slope of
52 mV was obtained (corresponding to 20 mole % water). An
additional large increase of the water concentration did not
significantly lower the Tafel slope any further [Table I1I (c)].
The magnitudes of the 1limiting currents were found to decrease
with increasing concentration of water., This effect was also

observed previously [ see Section (b)], and probably arises from

the change of viscosity.




Figure 19.

dlom i
Reaction order o A+ } E for the electro-

reduction of acetcphenone,

*——e E = -0.8V,

X E = «0.65V

txy

|







Figure 20. Potentiostatic steady-state log[i]—E curves for
the electro-reduction of acetophenone (0,15 M)

in solutions containing different amounts of

water.
——a Nominally anhydrous methanol
containing sulphuric acid (0.95 M)
oo —% 1 mole % water
g—— 0 5 mole % water
% ———X 20 mole % water.
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b, KINETIC STUDIES OF THE ELECTRO-REDUCTION OF ACETOPHENONE:

POTENTIODYNAMIC MEASUREMENTS

Potentiodynamic sweep measurements involve the use of
an electronically programmed "triangular" wave signal which
is applied to the working electrode.
There are two types of potentiodynamic (non-steady state)
current-potential curves:
(a) those obtained when the electrode reaction involves the
oxidation and/or reduction of intermediates adsorbed (probably
chemisorbed) at the surface.
(b) those obteined when the reaction rate may become limited
by the rate of diffusion of the electroactive species to the
electrode,
It is the latter case (b) that is involved in the present work,
From a kinetic viewpoint, the current-potential profile

obtained for a diffusion-controlled reversible process shows

a cathodic and an anodic pesk for which the peak potentials,
(Ep)anodic and (Ep)cathodic’ differ by 56 mV. and are

independent of the sweep~-rate (144), With increasing

jrreversibility of the electrode process the anodic peak is

displaced to less cathodic potentials, Although it is unlikely

that the electrochemical reduction of organic molecules at a

mercury electrode involves chemisorbed specles, triengular

sweep studies have been used to glve information upon

P

P

adsorption and desorption processes at the electrode surface (76)i
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(a) Studies of the Reasction in Methanol (80 mole %)~

Water-Sulphuric Acid

A typical series of current-potential relations
obtained at different scan rates (%%) over two ranges of
potential ere shown in Figure 21, from which the peak current
density, (ip) and the cathocdic peak potential, (Ep)cathodic’

have been determined [ see Table V (a)].

In Figure 22 the following relaticnships are shown:-

aE
(1) ip ¥s 3t

/dE
(ii) ip vs EE

o)
(111) (Ep)cathodic vs log (3%)

The linear dependence of the peak current upon

\/%% and of the peak potential upon log {gg}indicates that

dt
the electode process is irreversible and diffusion controlled.

Conventional log[ij-E curves were constructed from
the current-potential profiles obtained by slow potentiodynamic
sweeps and compared with a potentiostatic steady-state curve
determined in the same solution (Figure 23). The Tafel
slope for each curve was 53 mV, indicating good agreement
between the results of the two methods.

Similar results were obtained from potentiodynamic
studies of solutions containing different concentrations of
acetophenone, Comparison of the results obtained from these

experiments showed that at a given scan rate the cathodic peak

i 3




Figure 21.

e R R I

Potentiodynamic studies of the electro-reduction
of acetophenone: Typical current-potential

profiles at different sweep-rates.

Concentration of acetophenone 0.11 mole. 1itre™t

(a) Potential Range =-0.42 V to -0.91 V, vs Ey

Curve No. {%%} mvV. sec.™1
1 2.45
2 L,9
3 9.8
L 24,5
5 kg
6 98

(b) Potential Range -~0,105 V. to -0.905 V.

1 L
2 8
3 16
L 40
5 80

B
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Figure 22. Potentiodynamic studies of the electro-~reduction
of acetophenone.
Dependence of peak current (ip) and peak potential
(Ep) upon the sweep-rate
dE
Plots of (1) ip vS %
dE
(11) 1, __;s_\/a—g
dE
(1i1) Ep vs log {E“}
(a) Potential range O to -0.9 V. ¥s EH
(b) Potential range -0.4 to -0.9 V. yvs Ey
Concentration of acetophenone 6.4}{10"3 mole, 1itre~l,

e A SRR £ AT s ST




098] Mm. *29S .MIU.
n_lo >v NU n_.. >v 3Ip
00l 08 09 (012 02 ozl 00l 08 09 op 02 o
gO1XL — “ “ “ “ i JOIx8
8 9 14 2
GL0 ,01%6 01X
9.0 y Ol X1 Al
i
m ] -
3 . 18
m.m) L0 q —4-O1¥€l vl S
p X >
]
m .
T 8.0} —, O1%G'l gl
\x
6,0+ X —{,01x21 gl w
/ A60- 0} 'O~ 3ONVY A6°0-04 0 JINVY
X
. I / RS W IS W S N e _ L _ l ! N
080275z 81 91 ¥l 2l 01 80 p-OIX61 6l Ll Gl €1 i p O e
Ip Ip
i =16
Tu”_ boT TL 1 d
il A o TETRIEETT I ST 2333 R INANGEIREA? 1L Jiaol




Figure 23. A comparison between log[ij-E curves obtained
(1) by potentiostatic steady-state measurements
and
(11) from potentiodynamic current-potential

profiles

o——— o log{i]-E curve constructed from

dE

i-E profile obtained at g% = 50 mV.sec™!

&—A 10g[i]-E curve constructed from i-E
profile obtained at Q% = 10 mV.sec™t

¥———— % Potentiostatic steady-state log[i]-E

curve,
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Table V

(a) In Methanol (80 mole %)-Water-Sulvhuric Acid: :
%
Potential 3 3
Range dE/dt X ipXIO Ep |
V. vs By | wv. sec™l | (aE/at)® | log(dE/at) | Acem.”Z | V. ¥s By
4 2 0.6 8.5 ~0.77 |
8 2.83 0.9 11.7 ~0.78 |
-0.11 16 n 1.2 15.3 ~0.8 |
to Lo 6.33 1.6 23 - 0,82
-0.91 80 809“’ 109 3003 "0.83
2,45 1.57 0.39 6.8 —~0.745
4.9 2.21 0.69 9.3 - 0,76
-0.42 9.8 3.13 0.99 12.5 ~0.775 !
to 2b.5 k.95 1.39 18.8 —0.795 |
~0.91 L9 vi 1.69 24,5 - 0.815 §
98 9.9 1.99 32.5 —-0.83 5
(b) In Methanol=-Sulphuric Acid: i
6 2.’4’5 0.78 1035 -0082
N 12 346 1.08 1.88 -0.85
tO 30 5.“’8 1.“’8 2.92 "‘0.9
"l.OL" 60 7075 1.78 3.8 “'0.9"" !
90 9."‘"9 1095 L”o“’ "0096
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potential was dependent upon the concentration of ketone in
the solution (Table VI),

A wide potential range below the Faradaic region
(from E = +0.6 to =0.5 V. vs EH) was studied in both the
presence and absence of acetophenpne. The two series of i-E
profiles were found to be virtually superimposable (Figure 24).
It would appear that the product of the reaction is not
re-oxidised in this potential range or alternatively diffuses
away from the electrode surface before its re-oxidation
potential is reached in the reverse direction of the sweep.

An anodic current corresponding to the oxidation
of the intermediate ketyl radical (the primary product of the
electrode process) was, however, not observed at high sweep

rates (%% = 2 to 20 V. sec'l). Re-oxidation of the fluorenone
ketyl, formed by the electro-recduction of fluorenone at
mercury, was observed by Grabowski et al. (145) since in

this case the ketyl radical can be more resonance-stablilised.

(b) Studies of the Reaction in Nominally Anhydrous Methanol

The anglysis of current-potential curves, which

were obtained from a potentiodynamic study of the reduction

in nominally anhydrous methanol containing sulphuric acid

(0.95 M), indicated that the reaction again corresponded to
a diffusion-controlled irreversible process. The results

are shown in Table IV (Db),.

L

e PR e d e b b T A T T T T EERT




B =

r3iretzamat

Figure 24,

Potentiodynamic studies of the electro-reduction
of acetophenone: Potential sweep study over a
wide range of potential below the Faradaic region.

Potential renge +0.6 V. to -0,5 V. vs Ey

Concentration of Acetophenone

(2) 0.11 mole. litre™*
(b) zero
Sweep rates
. 4aE 1
Curve At mV., sec
1 22
2 LL
3 88
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Table V1

cathodic

upon the Bulk

Concentration of Acetophenone

Scan Rate
ar

3t mV, sec

1

(Ep)cathodic

V.

Concentration of ketone
mole. litre™*

40

80

—0.76
- 0.77
-0.78

—0079
_008
—0082

"‘008
—0081
_‘Oo83

0.039
0,094
0.11

0.039
0.094
0,11

0.039
0.094
0.11

D SO P A T T

Ty
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It can be seen that the peak potential again becomes
more cathodic with increasing sweep-rate but the magnitude of
this change (120 mV for a ten-fold increase in %%) is much
larger than that observed in the similar studies carried out

in the partially agueous system.

5e KINETIC STUDIES: POTENTIAL-STEP RELAXATION MEASUREMENTS

This method involves the measurement of the virtually
instantaneous current which results from a sudden change of
potential applied to the working electrode. Under these
conditions the megnitude of the current (and hence overall
rate of reaction) is not affected by the formation and
adsorption of the product at the electrode surface. Further-
more at the short time intervals used [1n favourable cases
these may be less than 100 p secs, (93,139)] the rate of
reaction cannot become limited by the rate of diffusion of
the electroactive species to the electrode.

Each potential step was made at a clean mercury surface
‘(a new drop) and the electrode potential was changed from a
value in the electro-inactive region to one at which the
electro-reduction was known to occur, From the recorded
current-time profiles,

(i) a non~steady state current could be determined at a time
just longer than that required to charge the double layer

at the electrode surface, and
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obtain values of the currents corresponding to a potential in
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(11) a "new" steady-state log[ij-E curve could be constructed.

(a) Studies of the Reaction in Methanol (80 mole %)=

Water-Sulphnric Acid

A series of logl i ]-E curves were constructed which
described the steady-state behaviour in solutions contalning

different concentrations of ketoné, using the same mercury

surface throushout the experiment. As had been previously

observed in this work, the Tafel slope was dependent upon the
concentration of ketone and the reaction order R was l.l-1l.Z2.

The potential-step method was applied to the same
solutions of acetophenocne as were used in the steady~-state
measurements.

A number of the recorded current-time curves are
shovn in Figure 25. It can be seen that the initial
oscillatory behaviour (ringing) of the current prevented
measurements at very short intervals of time after the potential
step had been applied. However, for all solutions and for
all the applied potential steps the current after 5 m. sec was

measured and hence a series of log[i] —E curves were

t=5m.sec.
constructed (Figure 26). It was not, however, possible to

the diffusion-controlled region. Below E = «0,7 V. ¥s EH’

Tafel behaviour is again observed with b = 60 mV, The reaction

order at E = -0,65 V. vs E; is 0.9.

H




Figure 25,

Potential-step measurements,.
Current-time transients recorded for several
potential steps.

Initial potential -0.45 V. vs. Ege
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Figure 26.

Potential~step studles: Log[i]-t=5m Secg-E

curves constructed from current-time transients,

4+—t— 4+ 0,03 mole, litre-l acetophenone
o— 20,062 mole. litre™!
o—e—= 0,13 mole. litre™t
A 80,25 mole. litre™!

% % ——%0.38 mole. 1itre L.
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A comparison of the log[i]~E curves obtained from
the potential-step measurements with typical curves obtained
by the steady-state method showed that at low concentrations
of acetophenone,virtually identical Tafel slopes are found,
but with a more concentrated solution of the ketone, the
conventional log[ijuE curve has a significantly lower slope

(50 mV, compared with 60 mV for the potential-step method).

6. ELECTROCHEMICAL BEHAVIOUR OF ACETOPEENONE PINACOL

Steady-state and potentiodynamic studies were carried
out upon a solution of acetophenone pinacol (approximately
10'2 M) in methanol (80 mole Z)-water and sulphuric acid
(0,97 M) in order to examine if there were any further
significant electrode processes occurring with the product

of the acetophenone reduction.

(a) Steady-state log[ i 1-E Curve

Without agitation of the solution near to the
electrode, steady-state currents and the corresponding
potentials were measured under potentiostatic conditions,
The evolution of a gas, presumably hydrogen, began at a
potential of E = 0,75 V., ¥s Ey, which is considerably lower
than that at which the evolution of hydrogen gas from the
background solution is first observed (E==1 V, vs EH).

A linear (Tafel) region, b = 120 mV, is however,

found in the 1og[1]-E curve for the ascending direction of

L.
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the change of electrode potential (Figure 27) and this

corresponds to the normal behaviour for H2 evolution at

mercury.

(b) Potentiodvnamic Studies

At slow scan rates (%% ~8 mV. sec"l), a cathodic
peak is observed [Figure 28 (2) ] but with an increase in the
rate of the potentiel sweep this peak begins to disappear
[Figure 28 (b)J], A similar effect is obtained by Trepetitive
sweeps even at slow scan rates [Figure 28 (c¢) . Agitation
of the solution by a rapid flow of nitrogen gas had no effect
upon the peak currents [Figure 28 (d)].

(c) Addition of Acetophenone

The steady-state and non-steady state current-
potential relations were determined upon the same solution of
the pinacol but after sadition of some acetophenone, The
log[ij-E curves for the two concentrations of acetophenone
exhibited the usual Tafel behaviour (with b = 52 mV,) for
acetophenone reduction and a limiting current was again
observed (Figure 27). The analysis of the results of
potentiodynamic studies in one of these solutions gave the

dk
expected linearity between (1) ip and\/EE’ and (11) (Ep)cathodic

and log {%%}. The presence of a substantial concentration
of the pinacol hence does not significantly modify the kinetics

of the main reaction of acetophenone reduction.

I ai i e e




Figure 27. Electrochemical behaviour of acetophenone pinacol ¢
potentiostatic steady-state log{ i |-E curves.

— (1) Solution containing acetophenone

pinacol ( = 1072 mole. litre—l)

v x (2) Solution containing pinacol +
scetophenone (0,18 mole. 1itre—1)

/
o—————o (2) Solution containing pinacol +
acetophenone (0,30 mole. litre'l)

— — — Hydrogen evolution reaction in absence

of both pinacol and ketone,
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Figure 28,

Electrochemical behaviour of acetophenone pinacol:

potenticdynamic studies,

(a) and (b) Effect of change of sweep rate

Curve No., %%} . sec™t
l 1.6
2 3.2
3 6.4
L 8
5 16
6 40

(c) Repetitive sweeps { 1

Q:l:h
ot

} = 3.2 mV, sec

-1
(d) Sweep-rate 3.2 mV. sec ~ with nitrogen gas

bubbled through the solution in the working-

electrode compartment.
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The hydrosen evolution reaction at the mercury
electrode is evidently facilitated by the presence of the
pinacol,'which is significantly adsorbed at the electrode
surface even at low bulk concentrations(see Figures 32 and 33).
This lowering of the overpotential of the hydrozen evolution
reaction has alsoc been observed in the presence of certain
2lkaloids and hetero-aromatic bases (146,147,148),

In the reaction the pinacol molecule adsorbed at

the surface is acting as a catalyst for the electrochemical
discharge of a proton (cf. discharge from MeOH2+ which occurs
at lower overpotentials than the discharge of the H30+ entity)
and hence the species involved may well be the protonated
form of the pinacol. The stesdy-state log[i]-E curve (Firnre 27)
shows a limiting current at potentials greater than -0.9 V, vs E
which is not usually observed in hydrozen evolution resctions,
However, this may be explained by a slow desorption of the
pinacol at the hirch cathodic potentisls involved (Figure 28).

The potentiodynamic current-potential curves
(Figure 28) show a peak which is independent of the bulk
concentration of pinacol and is not affected by agitation of
the solution, With increasing sweep rate (%%-—*'50 mV . sec"l)
the peak is displaced and finally almost disappears
(%% = 40 mV. sec”V).

This behaviour is consistent with the presence of an

adsorbed layer which is slowly desorbed as E becomes increasingly

[
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cathodic, It has been reported (149) that acetophenone
pinacol is desorbed in a neutral solution at E = =1,3 V vs

SCE.(1l.es, =1.02 V. vs N.H.E.)

7e ADSORPTION OF ACETOPHENONE AND ACETOPHENOME PINACOL AT A

MERCURY SURFACE: RESULTS OBTAINED FPOM ELECTROCAPILLARY

STUDIES

The electrocapillery curves showed no region in which
elther the reactant or the product is adsorbed or desorbed
over a narrow potential range. A progressive increase of
the surface concentration (l') at a given bulk concentration
was found to occur with increasing cathodic potential so that

the reactant 1s specifically adsorbed into the rahge of

potential within which reduction occurs, The electrocapillary

measurements were extended some way across the potential

range in which appreciable reduction rates are measured but

at these higher potentials the measurements become unsatisfactory

due to the lncomplete polarisability of the interface,
The surface excess quantities f‘, the coverage 8

(where © = %; H I; is the surface excess corresponding to a
™

surface monolayer), and the surface pressures ¢ for acetophenone

and the pinacol were evaluated by standard procedures (25,150)
for various values of electrode potential and surface charge.
Examination of the adsorption data was made in terms

of the Langmuir isotherm and it was found, as expected, that
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values of K were dependent upon the coverage 6, which
indicated the presence of interaction effects in the adsorbed
layer, The adsorption results were therefore examined, more

realistically, in terms of an equation similar to Frumkin's

relation, viz,

S
= = K(Cp)y exp [~re] (TI1, 1)

with & again expressed as Iﬂ/ I; and r taken as an interaction

parameter,

In an analysis of first order dipole~dipole repulsion

effects, based on the treatment of Conway and Barradas (43,151),

the following expression derived by Conuay, Rudd and Gordon (152)

may be used:
3
—2714
nf [ ’
log (cp)y/I = s - Loz kL (III, 2)
in which n is a local two-dimensional co-ordinstion number,
}L is the component of dipole moment of the adsorbate normal
to the electrode surface, € is the local dielectric constant
7
and K 1s an “"initial" adsorption eguilibrium constant
appropriate for the data at low coverages, i.e., as € —» O,
and enalopgous to K in equation (III, 1).

It was found that the adsorption of acetophenone at

2%
mercury showed a linear dependence of log [(CR)b/r| upon I1

at constant charge at the electrode surface (Figure 29).

Two distinct regions were indicated anl the slopes of the




Figure 29,

Adsorption of Acetophenone at Mercury: Tests
of equation (ITI, 2) for an isotherm with first-

order interaction effects due to dipole repulsion,
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upper parts of the lines gave a reasonable value for ;I

(= 1.26 D), [assuming hexagonal co-ordination and a surface
dielectric constant of & = 6 (29) 7], The values of T;
corfesponded to a molecular area of 66 22 for acetophenone and

o
110 A2 for the acetophenone pinacol,

At intermediate ® values, and for sufficiently large r
values, equation (III, 1) becomes similar to Temkin's

logarithmic isotherm (see Chapter IV p.108). It was found

that the adsorption of acetophenone from methanol-water-sulphuric

acid solutions (Figure 30) and from methanol~sulphuric acid
solutions (Figure 31), showed a logarithmic dependence upon
the bulk concentration over an appreciable range of (CR)b at

certain electrode potentials,

Acetophenone and the corresponding pinacol were found

to be strongly adsorbed at the electrode. The pinacol was
not desorbed from the surface even at very cathodic potentials
(Figure 32) and, as can be seen from the relationship between
surface pressure ¢ and log (CR)b (Figure 33), the presence of

the reaction product lowers the surface excess (or extent of

adsorption) of acetophenone,particularly at lower coverages.




Figure 30.

Adsorption of acetophenone at mercury in methanol
(80 mole %)-water-sulphuric acid (0.97 M):
Surface excess (IwE) vs log(Cy) at various

potentials (E vs the normal hydrogen electrode).
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Figure 31 e

Adsorption of acetophenone at mercury in methsnol-
sulphuric acid (0.97 M): Surface excess (I1E)

vs log(C,) at various potentials (E ¥s the normal

hydrogen electrode).

e

2T T

e o ML AR SRS




04v

xR S AN T




Figure 32.

Adsorption of acetophenone pinacol at mercury in
methanol (80 mole %)-water-sulphuric acid
(0,97 M): Surface excess (‘TE) vs log (CR)

i
at various potentials (E vs the normal hydrogen %

electrode),







Figure 33,

Adsorption of acetophenone and acetophenone
pinacol and acetophenone in presence of pinacol:

Surface pressure (@) vs log(Ch) at various constant

surface charges Q (}LC.cm."Z) in methanol (80 mole %)-|

vater-sulphuric acid (0,97 M).
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Be BRIEF STUDIES OF THE ELECTRO-REDUCTION OF OTEER AROMATIC

KETONES

(a) Electro-reduction of Fluorenone

The analysis of current-potential curves obtained
from potentiodynamic studies on the electro-reduction of
fluorenone showed & linear dependence of 1p upon\/§% and of
Ep upon log{%%},which is again characteristic of an irreversible
diffusion-controlled reaction, The peak potential, E_, was
also found to be dependent upon the concentration of the
ketone becoming more cathodic as (CR)b increased,

Even at relatively high sweep-rates (%% = 50 V. sec'l),

there was no evidence of an anodic current corresponding to

the oxidation of an intermediate radical [a re-oxidation peak

has been observed (145) at %% =100 Hz.]

The log[i]-E curves obtained by potentiostatic
steady-state measurements were similar to those obtained for
the electro-reduction of acetophenone, although the reaction
occurred at less cathodic potentials, At low concentrations,
(CR)b = 7x10"3 mole., litre'l, the Tafel slope was found to
be 65 mV but again decreased with increasing concentration of
ketone (Figure 34).

The reaction order was not determined over a wide
range of concentrations of the ketone, but there is evidence
that it is again close to unity in the Tafel (linear) region

as in the case of acetophenone,
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Fi gure 3“'.

Electro-reduction of fluorenone: Potentiostatic
steady-state log[i]~E curves at different ketone
concentrations in a methanol (80 mole %)-water-

sulphuric acid (0.95 M) solution

o————o 0,007 mole. litre'l fluorenone

6— 1 0.01% mole. litre~t

¥—x 0,09 mole, litre™L,
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(b) Electro-reduction of Benzovhenone

A log[i]-E curve obtained from steady-state measurements
of the eléctro-reduction of benzophenone is shown in Figure 35.
The marked inhibition of the reaction at potentials more
cathodic than -0.6 V., vs Ey; wes caused by the formation of an
insoluble film of benzophenone pinacol at the electrode surface,
This film is visible to the eye and may be partially removed by
physically "scraping'" the mercury surface. Hydrogen evolution
is not, however, suppressed by the presence of this film of
pinacol.

The Tafel slope would appear to be 75 mV but inhibition
effects will tend to give a high value and would be progressively
more significant as the potential was increased in the cathodic
direction. It is evident that satisfactory determination of

a reaction order in the normal manner is not possible for

this case,
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Figure 35.

Potentiostatic steady-state log[ij—E curve
obtained for the electro-reduction of benzophenone

(0.3 M) in methanol (80 mole %)-water-sulphuric
acid (0.97 M).
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CHAPTER IV

DISCUSSION

1, REACTICN ORDERS IN OEGANIC ELECTROCHEMICAL PROCESSES

The‘determination of the reaction order has been
insufficiently considered in studies of orgenic electro-
chemical processes, yet it forms en important aspect of
reaction kinetics in relation to ;riteria of mechanisms.,

It has already been shown (Chapter I, p.9) that in an
electrochemical process the overall rate of reaction can be
express2d in terms of the current obtained at a potential E

appreclably displaced from the reversible potential for the

electrode reaction; viz,.,

_o* . »
1 =2zF] (1-8) exp [_%% 1 exp [-%ﬁ] (1v, 1)

where z' is usually unity for electron transfer in the
transition state, Since an electrochemical process is
heterogeneous in nature, the rate of reaction is dependent

upon the surface concentration of the electroactive species

(denoted here by the symbol I‘), which is related to the bulk

concentration by an adsorption isotherm which can usvally be

expressed in a form related to that following:-

o
T = (Cg)y exp [ - [l;ads ] (1v, 2)

The quantities AG°¥ ang AGags have been discussed by

Conway (11) in terms of a treatment of the electricel double=-
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layer and the adsorption of ionic and neutral species at an
electrode surface.

Expressing equation (IV, 1) in a logarithmic form and

introducing a bulk concentration term (IV, 2) gives:-

%

(o] o
In 1 = In k' + 1n(C.), - 28 _ DGlas + LZ'EE  (1y 3
R’ = B —2ds * TRT

where k' includes the constant terms and (1-8) for convenience.

The following characteristic derivatives may be obtained and
derivative (a) is the chemically significant reaction order

when the electrode potential is held constant, e.g., potentio=-

statically

dlni
(a) {dln(CR)b} qsm'wl

dlni

_(b) aln(cR)b} E
dE

(c) {dln(CR)b} 3

The derivative (c) has usually been considered in papers on
the double-layer effects in the kinetics of electrode
processes (see ref.23). For most organic electrode processes

it can be shown that use of an excess of supporting electrolyte
" virtually eliminates double~layer effects, and under
potentiostatic conditions the reaction order{dlni } B

dln(cR)b

then depends on:

(a) The mechanism of the reactiong

L.
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(b) the type of isotherm reguired to describe the adsorption
behaviour of the reactant; and

(c)

the relative degree of surface coverage by the reactant,

2 ADSORPTION TISOTHERMS

It would appear that a wide variety of isotherms have

been used to describe the experimental results obtained from

studies of the adsorption of ions and molecules, The forms

of a number of these isotherms are shown in Table VII.

Since a layer of solvent molecules is always present at
the surface, adsorption at an electrode must be considered as
a displacement reaction.
to describe adsorption tehaviour, it would seem necessary to
account for:-

(a) particle-particle interactions at the surface (this must
include adsorbate-adsorbate, adsorbate-solvent and solvent-

solvent interactions);

(b) intrinsic electrode-particle interactions;

interaction of the adsorbate with the charged surface and in

causing orientation; and

(d) "induced" surface heterogeneity (153).
However, as was pointed out earlier (Chapter I, p. 16),
the solvent layer will have a levelling effect upon the

distribution of site energies across a solid surface. It is

Furthermore, in deriving an isotherm

(c) the effect of the electrode potential upon the electrostatic

e
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Table VTII

of a Number of Adsorption Isotherms and the

‘Corresnonding Expressions for the Reaction Order a

N-—

Isotherm R
- n
Henry's Law K(CR)b = RT® I; ) 1
o' vol e vo I
Volmer K(Cply = BT yoxg o¥P-1ps| 1 1o * TiTter
I e
Langmuir K(Cp), = = 1-9
R’y = T ° I-8
Flory-Humgins | K(CL), = © 1-8
o R’d T x(1-8)% T+(x-1)8e
3 1
Virial K(Cp)y = BT[] exp [‘re]m T-TOTT
3 i e 179M_
Frumkin K(Cg)y, = 125 exp[-ro[]] T-rer Frlie
1
Temkin K(C.), = exp[_refﬂ ——
0.226 0.8 R'b m] rI.e

F i1s the surface concentration

m is the surface concentration

at the surface
DG
ads
K = expL— i
© is the desree of coverase of

adsorbate, miven by C/Wg .

X is the ratio of the relative
the solvent molecules

of adsorbate

b is the molecular area of an adsorbate species

the electrode surface by

corresponding to a monolayer

sizes of the adsorbate and

T i1s an interaction parameter characterising 2-dimensional
attraction or repulsion in the adsorbed layer,
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therefore possible that at low coverages of the adsorbate

only electrode-adsorbate interactions contribute significantly
to the standard free energy of adsorption. Under these
conditions [Sﬁzds is constant and thus independent of the

surface concentration of adsorbate so that Henrv'!s law is

applicable, In practice it is difficult to realise this
ideal dilute state and adsorbate—~adsorbate interactions are

often significant (8 > 0.2). The Virial eguation is a

modified form of Henryt!'s law in which particle-particle
interactions are accounted for by an empirical term, r (see
Table VII)s This term was first introduced by Frumkin (40)
into the equation of state corresponding to the Langmuir
isothern, The parameter r is positive for attractive forces

and negative for repulsive forces. The Langmuir isotherm

applies strictly only to a fixed site sdsorption on a lattice

of identical sites, with no lateral interactions between

adsorbed species, At first glance neither of these assumptions
would seem likely to be physically realistic at a mercury

surface where the ad-layer is probably mobile. Since adsorption

must be a displacement process, a type of "fixed-site"

adsorption nevertheless arises since the adsorbate can be

regarded as replacing certain solvent molecule(s) at the

surface (154,155)s In a2 similar way,the Florv-Huggins* isotherm

# So called after the analogous original treatment of Flory and
Huggins for the thermodynamics of polymer solutions in terms of
volume fractions and site occupancy fractions,

Ihm<"~_‘ e e e
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is more generally applicable since it accounts for the
relative sizes of adsorbate and solvent molecules and that
the adsofbed specles may displace more than one solvent
molecule,

The Temkin isotherm, which assumes a linear distribution
of energles of adsorption with coverage, was originally
introduced to account for experimentally observed deviations
from Langmulir behaviour for the adsorption of certain gases
at metal surfaces (156). However, it has been found (157)
that this isotherm may be applied to a layer of interacting
particles on a homogeneous surface, provided that the

interactions lead to a linear decrease of Zlﬁgd with coverage.

s
Expressions for particle-particle interactions other

than through the term r6 can be derived from corresponding

treatments for adsorption processes at gas/metal interfaces

(158). In the adsorption behaviour of some ionic and neutral

species at a ﬁercury electrode a dependence of [Xﬁzds upon

6% (31) and upon 63',z (43) was found to occur at low and

intermediate coverages, corresponding to ion-ion and dipole-

dipole interactions in two-dimensions in the adsorbed layer,

3. DERIVATION OF THE REACTION ORDER FHOM AN ADSORPTION TSOTHERM

Since both the rate of the reaction and the coverage 6

are potential-dependent quantities, the valuves of the reaction

order, R, must be considered at a constant electrode potential,
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R - {Glni _ {dlnik {dlne (TV, )
dln(CRib B dln8 ) E dln(CRSb ’
The second term of the product in (IV, 4) can be derived from
the adsorption isotherm for the reactant, € ~f {(CR)b) .

Since a%%g)b can usually be readily obtained, the required

logarithmic derivative can be obteined easily by multiplication

of E%%‘T‘ by (°2)n, 11 the current cemsity is a lineer function
" R’b e
of 7, the reaction order can be written as

(Crly, e
R = n{—2 }{dwa’b} (17, 5)
or R (CR>b}_{ e d1ne
n - { ) d(cR)b}= {dln?CR5b} (1v, 6)

with constant potential conditions being implicit.

One of the most generally appliceble isotherms in

electrochemical adsorption is that of Frumkin:

K(Cp)y = T%g exp [ -re ] (1v, 7)

and this can be written in logarithmic form as

1nK + ln(CR)b = 1In® - In(l-®) - re (1Iv, 8)

and then
anmCply _ 1, 1 .
3 5 T (1-8)
Since L = dlne,
dln(Cy)
R’ o _1-re (1-8)
aine = lrys -8 =T (Iv, 9)

I et e TR AT '_T:":.'r\ww_-
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and 1-8

R
n- I-r6 + o2 (1Iv, 10)

The expressions for % which result from the selected isotherms

are shown in Table VII,

b, ADSCRPTION_ BEHAVIOUR OF ACETOPHENONE AND ACETOPHEENONE
PINACOL

The following general conclusions may be drawn from the
results of electrocapillary studies of the adsorption of
acetophenone and the corresponding pinacol at a mercury/
solution interface,

(a) Acetophenone is strongly adsorbed over a2 wide range of
electrode potentialsand remains adsorbed to a significant
extent in the potential region in which electro-reduction
occurs, As might be anticipated from the simple consideration
of relative solubility of acetophenone in methanol and in a
water (20 mole %)-methanol solution,the surface concentrations
(and therefore the extents of adsorption) of the ketone
adsorbed from the solution in nominally anhydrous methanol

are lower than those from the pertly agueous solution under
otherwise similar conditions of potential and concentration.
(b) Acetophenone pinacol is also strongly adsorbed and an
Important observation from the adsorption studies is that
there is no evidence of sudden desorption within the potential

range over which the electro-reduction of the parent ketone

occurse.
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(c) The adsorption of both acetophenone and the pinacol is
logarithmic in (CR)b over an appreciable range of concentration
for certain potentials, i.e., the adsorption follows, in
form, the logarithmic isotherm proposed by Temkin,
(d) The presence of the Pinacol in the solution, and therefore
at the electrode surface, markedly inhibits the eadsorption
of the ketone particularly at low coverages (see Figure 33,
where the results in terms of surface pressure are shown).

It has been pointed out that K, the adsorption equilibrium

constant in the Langmuir isotherm, was found to be dependent

upon the surface coverage of adsorbate, This behaviour

indicates the presence of significant interaction effects in
the adsorbed layer and this conclusion is further supported

(cl:_}?)b and PB/Z

(Figure 29) in agreement with equation (III, 2) which was

by the observed linearity between log

obtained from an analysis for first-order dipole repulsion
effects (43). The term in the % power of I’ 4in this equetion
may strictly only be applied to an array of dipoles of constant
effective moment in a two-dimensional lattice which is not
disturbed by thermal motion (159). It seems unlikely that
these conditions are exactly met in this particular case
(although the use of the mean dipole component ;I normal to

the surface may partly allow for thermal disorientation

effects in the adsorbed layer) but although the "%" relation

is undoubtedly an over-simplification it does, however, represent

|
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the results rather adequately. A further limitation in the
analysis i1s that towards full coverages (®—=1) changes in

the intéractions between solvent and adsorbate dipoles will
probably become significant, i.e., the solvent cannot be
regarded as an inert space-=filling medium in the interphase
(cf. the case of the Debye-Huckel treatment for ionic solutions

when high lonic concentrations are involved so that changes

of solvation arise).

R)b

Vs
F —_—

3,
'= plotted at various surface charge (Q) values (Figure 31)

The inflections in the relation between log

may be attributed to the onset of extensive orientation in

the field of the electrode [cf. the orientation effects observed
in the adsorption behaviour of pyridine (43)], A reasonable
value for ;I is obtained from the slopes of the upper parts

of the lines in Figure 29 and values of I; are approximately
66 Xz for acetophenone and 110 22 for acetophenone pinacol.
Both of these figures are, as expected, larger than the minimum
geometrical areas estimated from Courtauld space-filling models,
In these calculations, the adsorbed layer was assumed to exist
as a hexagonally co-~ordinated lattice, with the aromatic
nucleus "flat" on the electrode surface, The surface

pressure ¢ vs log (CR)b relations for acetophenone and

for the pinacol (Figure 33) are not superimposable by a simple
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lateral shift on the scele of log (CR)b* which implies that

a change of surface charge causes orientation of the dipoles

in the esdsorbed layer,

To a first approximation, the dipole moment in scetophenone

can be regarded ag being confined_largely to the :y:==o
group (160) and it is the orientation of this dipole which
occurs in the adsorbed layer with increasing surface charge,
In the adsorption of the ketone, the surface pressure of the

ad-layer varies least with log (CR)b at potentials close to

the potential of zero charge, This is presumably because of
a more random configuration of the adsorbate dipoles at these
potentials and dipole repulsion is therefore minimal. With
increasing surface charge, dipole-dipole interactions and
resultant lateral repulsion effects are indicated by an

increase in the surface pressure, associated with orientation.,

Se CORRELATION OF EXPERTIMENTALLY DETERMINED REACTION ORDERS

WITH THE ADSORPTION BEHAVIOUR

When the electro-reduction of acetophenone is carried
out in a solution of methanol (80 mole %) and water containing
; d log i 1
sulphuric acid (0,97 M), the reaction order {a-iBETTCR)bJ E
at E = -0,65 V. ¥s Ey (i.e., in the linear or Tafel region of

# Such behaviour is characteristic, for example, of the
adsorption of thiourea, This compound is presumably adsorbed
in a fixed orientation even at potentials near the p.z.c, and
Hg-S chemisorption may be involved. (161,162),

L.
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the logl current]-potential relations) is found to be 1.2 over
a fairly wide range of bulk concentration, but decreases to
unity at (CR)b < 0.1 mole. litre, A similar value, R = 1.1,

is obtained if the electro-reduction is carried out in nominally

anhydrous methanol.,

It will be useful to erxplore the dependence of the reaction
order upon coverage (8) or bulk concentration (CR)b for the

selected isotherms (Table VII). The relation between % and ©

for the Frumkin isotherm is shown in Figure 36. It can be

seen that for negative values of the interaction parameter

(i.e., repulsive interactions between the adsorbed dipoles)

or with r = 0 the reaction order % falls rapidly with 8.

An interesting case arises when r > 1 (attractive interactions)
and 5 can then become larger than unity at low coverage and

may remain near unity over an anpreciable range of coverage,

It might be expected that with increasing bulk concentration, the
coverage at the electrode surface would also increase, However,
as ©—*1, the reaction orders deduced from the isotherm decrease
rapidly in contrast to the experimentally observed behaviour
where R remains relatively constant with changingjr or €,

This problem is discussed further on pp. 115-118. Most of

the other isotherms show similar trends, i.e., as © —1,

% approachres zero, Henry's law gives a value of one over the

whole range of coverage values but the modified form of this

law (the Virial equation) is interesting. At small positive

values of r (0.1 to 0.5) the reaction order changes slowly from

one (at low 8) to 1.1 as full coverage is approached;
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Figure 36.

Dependence of the reaction order derivative (%)
upon surface coverage (€) for a Frumkin tvpe
i1sotherm using various r values including positive

ones (attractive interactions).
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fuller details are shown in Table VIII,.

However, it will be necessary to examine in more detail
the significance of R and n for kinetics proceeding under

"Temkin" type conditions (163-165), From log-log plots of

dain T }
Iﬂ as a function of (CR)b the term {aiﬁrﬁa)b g cen be

evaluated, From equation (1IV, 6), this term in combination
with the observed orders would normally give the molecularity

n of the electrochemical surface reaction as

R
din I
dlnzCR)b

From the present results, the required quantities can be

obtained for the reduction of acetophencne, e.gey, a2t E = =0,4 V

and -0.6 V vs Eqe In this way apparent values of n are given

which can be referred to as the order of the surface reaction
R

as F—>Pm. (See Table IX).

However, for a reaction which may proceed under "Temkin®

conditions, the quantity {%%%gg—y } E in combination with the
R‘b

experimentally observed reaction order will still not give
the true molecularity of the surface reaction. Thus, for a

general rate equation with a coverage-dependent rate constant,

_ 4 _ . an , XFE
V= —5=k6 exp [ «’nre] exp [ BT 1 (v, 11)

and In 1 = Ik’ + nlne + o’nre + -SEE (IV, 12)
where o is a Brgnsted factor pertaining to coverage effects

on the activation energy, analogous to o or F .

S® n 1s found to be greater than R and increases substantially

T




Coverage Dependence of the Reaction Order R/n

- 116 -

Table VIIT

derived from the Virial Isothernm

VIRIAL EQUATION

K(Cg)y, = RT® ' exp {-re I‘m}

R _
n = 1l-18 Fm
it
n
no
Attraction Interaction Repulsion
eI1m r=5|{r=1{r =0.,5{r = 0,1 r =0 = =0l |T = =1
0.1 2 1.11 1.05 1.01 1 0.99 0.91
0.2 [[o0 ]| 1.25 | 1.1 1,02 1 0.98 0.83
0.3 -2 1.43 l.17 1.03 1l 0.97 0.77
0.4 -1 1.67 1.25 1.04 1 0.96 0.71
0.5 | -0.67 2 1.33 1.05 1 0.95 0.67
0.6 [=0.5 245 1.43 1.06 1 0.94 0.63
00,7 | =0k 333 1.54 1.07 1l 0.935 0,58
0.8 |-0.33 5 1.67 1.08 1 0,93 0.55
0.9 |-0.29 9.1 1.82 1.1 1 0.92 0.52
1 -0.25|[ o0 ] | 2 1.1 1 0.91 0.5
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Table TX

Arparent Surface Reaction Order R

and true Molecularitv n for Acetophenone Reduction

for R = 1.1

(a) E = =0.4 V vs Ey

IO{I(CR)b -108 "1.6 "l.LL -102 -l —008 "'096 "Oou "0.2
dlog I” 0.9 | 0.73 | 0.52| 0.439 0.38]0.33 | 0.32 | 0.3 | 0.32
dlop: CR)b . . . e o . . . 2
R 1.22| 1.45 | 2.05] 2,45 2.7813.25 | 3.36 | 3.55 | 3.36

%1015 0.21| 0.41 | 0.62] 0.86|1.15|1.5 |1.85 (2.3 |2.8
(b) E = 0.6 V vs E,
dlog I 0.75 | 0.58 | 0.43 | 0.28(0.37 | 0.34 | 0.32 | 0.33
dlo;‘("‘C‘:R)b . . . [, . . . .
R 1.47 |1.9 | 2.54{3.01{3.01 | 3.25 | 3.48 | 3.38
3
%1015 0,31 | 0.49 | 0.69 | 0.91(1.19 | 1.52 |1.93 | 2.4
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dlni} _ p
then {ETE@ e = n (1 + «‘re) (1Iv, 13)
Thus the derivative gives the true n only as 6 approaches

Zero, In the general case of finite surface coverage, n

may be evaluated as

{dlni ]
diné Jg (IV, 14)
(1+ «'r8)

and in terms of the experimentsl reaction order, R,

= R = -—-————-—-—-—Rs
7 dlne ’ T+ < 10 (1v, 15)
R’'b’E

In the present case, for nearest-neighbour dipole repulsion

effects, the interaction term will have approximately the

form r'e25 and therefore

Rg

By plotting Rs against ]735 a2 linear relation is obtained in
agreement with the predictions of equation (IV, 16) and the
intercept then gives a value of 1 for the true molecularity
of the surface reaction (see Figure 37), which is required in

the interpretation of the kinetics.
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Dependence of the apparent surface reaction order
RS upon the surface concentration of acetophenone

Figure 37,
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6o THE SIGNIFICANCE OF THE LIMITING CURRENTS

The limiting currents observed at potentials more cathodic
than thése corresponding to the Tafel region may arise from
one or from a combination of several factors, which may be
summarised as follows:

(a) The current becomes limited either by the rate of

diffusion of protons to the electrode surface or by the

rate of protonation of the ketone at the electrode
surface (here it is to be noted that two protons are
consumed per mole of pinacol formed by the passage of
two Faradays of charge).

(b) The overall rate of reaction is limited by the rate

of diffusion of the ketone from the bulk solution to the

electrode surface (cf., the condition which pertains in
polarography, where the surface concentration of the
reducible species is, limitingly, effectively zero).

(c) The product of the electro-reduction at low pH is

the pinacol which is strongly adsorbed at the electrode

‘surface and may consequently inhibit the progress of the
reaction,

It has been shown (115,129) that over a certain pH
range (from pH 5-7) the limiting current observed in the
polarographic reduction of acetophenone (corresponding to the
formation of the pinacol) is kinetically controlled, and the

slow rate of protonation of the carbonyl group is thought to
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be the limiting factor, In the present work, the stesdy-

state rate of the electrochemical reaction was found to be

strongiy dependent upon the concentration of hydrogsen ions

e

in the solutioen, particularly 2t pH > 1 (Figure 18)%. The

o e L

interesting result was also found that : acitation of the solution

Increased the pH~dependent limitﬁng currents which are observed

at different pH values (Figure 18) although the ketone concen-

tration was constant at 0.27 M.

This indicates that the limiting

currents at high pH values must be determined by the rate of E
diffusion of protons (involving either the species H30+ or
MeOH2+ depending on the solution) to the electrode surface.

However, at pH < 1 the dependenice of the rate of rezction upon

A A e EANRAAE LT ¥ N A L NTE S

the concentration of hydrogen ions rapidly diminishes and the

P S

reaction order with respect to the proton tends to zero (Figure 19

and see section 9 of this Chapter). Hence, under the usual

experimental conditions i.e., pH = -0,3, the limiting current is
essentially independent of the rate of diffusion of hydrogen ions

to the electrode surface and then only determined by the

concentration gradient of the ketone.

Mairanovskii (115,129) regards the protonated form of the
ketone as the electro-active species in the polarographic

reduction of aromatic ketones., Furthermore, it is suggested

¥ The study of the effect of change of pH upon the electro-
reduction of acetophenone was confined to a range of concentratlon&
of hydrosen ions greater than 10-3 g.ion. litre~ 1, i.es, PHL 3 !
Since in this pH-renre only the ninacol is formed (102). Also i
i1t is preferable to avoid using other anions in higher pH buffers
since such anions can introduce specific adsorntion effects into
the kinetics and thus obscure the significance of any effects

which may be determined by changes of pH towards neutral values.
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that protonation occurs essentially at the electrode surface,
and for such a situation it would seem guite unlikely that
agitation of the solution would affect the actual rate of

o}
that reaction occurring in the layer probably only 3=5 A

thick adjacent to the electrode surface, Hence the observed

increase in the limiting current with agitation of the

solution close to the working electrode probably reflects

diffusion control.

In a recent polarographic study of the reduction of
aromatic carbonyl compounds, Laviron (166) observed an
anomalous dependence of the half-wave potential upon the
logarithm of the bulk concentration of the ketone. He
attributed this behaviour to the formation of a surface
film of pinacol which may inhibit either the rate of dimerisation
of the intermediate radicals or the rate of protonation of
the carbonyl group at the electrode surface. Indeed, with
benzophenone, it was observed in the present work that a
visible film can be formed and similar observations have been
made by Elving and Suzuki (120).

The molecular area of acetophenone pinacol has been
determined (see p. 100) and for an electrode of surface area

0.1 cm.2 the concentration of pinacol in a monolayer ( I;J

may be calculated as

15
10 -2
rm = 110%6%1023 [mole. cm.

= 1.52 x 107! mole. em.”?
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and the charge reguired to form a surface monoclayer will be
3.03 pcC, With the passage of a steady current i = 10'4 A,.
the timé required to produce the monolayer of pinacol is’
therefore only 3.03)(10"2 seconds, It can be seen that for
steady-state measurements and in potentiodynamic studies at
slow sweep~-rates the electrode surface will probably alwayvs
tend to be covered by pinacol, Sighificant diffusion of the’
product away from the surface (particularly since the bulk
concentration of pinacol is effectively zero) will of course

occur and the pinacol will also tend to become desorbed from:

the electrode interface as the potential becomes more cathodic,

so that the surface concentration of pinacol will be reduced

from saturation somewhat. Nevertheless, appreciable coverage

may be anticipated,

This argument is supported by the observed lack of any
effect of passage of nitrogen gas upon the current-potential
profiles in the studies of the electrochemical behaviour of
the pinacol (Figure 28),1.e., mass-transfer effects are absent.

Therefore, under the experimental conditions used in the
present work, [i.e., with a statlonary pool electrode and a
bulk concentration of ketone greater than lO"2 mole 1itre'l
and with a hydrogen ion concentration approximately 2 ge.ion
litre—lj it follows that the currents observed at potentials
more cathodic than those in the Tafel region are limited

meinly by the rate of diffusion of the ketone to the electrode

surface,

NS
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7 REVERSIBILTTY AND TRREVERSIBILITY OF ELECTROCEEMICAL

REACTIONS
An electrochemical reaction occurring without any significant

overpotential (n,) is =aid to be reversible; conversely an

electrode process involving a measurable over=potentiasl is said

to be irreversible,

In diffusion. controlled processes, as in
polarography, the degree of reversibility of an electrode reaction
can be regarded as deperding upon

(a) the rate of transport of the electroactive species to the
electrode and in particular, the limiting diffusion controlled
rate, in relation to

(b) the overpotential associated with the rate of electron
transfer required to produce the diffusion controlled flux of
reactant,

Delahay (144) has pointed out that the distinction between
reversible and irreversible electrode processes is somewhat
artificial since a sufficiently large increase in current will,
in any reaction, establish an overpotential and hence so-called
irreversibility.

A criterion for the reversibility of polarographic processes
has been discussed by Delahay (144)., The distinction is based
upon the value of the heterogenecus rate constant k¥ (see Chapter I,
P. 8) and it is concluded that with k > 2){10"2 cm. sec.-l the
process 1s virtually reversible. Under these conditions, the
rate of the electrochemical step is so high that the overall rate
of reaction is diffusion limited. Hence the current and the
electrode potential are then determined, through Nernst's equation,

very largely by the surface concentration of the electroactive

oot T aTer T M
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species. As the value of k decreases, the shape of the
polarographic wave changes and it becomes more "drawn out',
It was calculated (144) that the effect of the reverse reaction
can be neglected for any value of k less than 3){10"5 cm, sec"l
and the wave is then totally irreversible.

The magnitude of the exchenge current density (io) may
be regarded as an equivalent criterion of the reversibility
or irreversibility of an electrochemical reaction, although
it involves the additional factor of reactant concentration.
Briefly, & high value of io 1s usually teken to indicate a
reversible process, as in the hydrogen evolution reaction at
platinised platinum (i, =2 1072 A, em™@). Conversely,the

very low i value (10-13 A, cm'z) which is obtained for the

same reaction at a mercury electrode reflects the irreversibility

of the process under these conditions.

At currents appreciably displaced from the exchange
current the rate of the reverse reaction of the process is
negligible and the current is then essentially an exponential
function of the potential. Consequently, the logarithm of
the current varies linearly with the potential (Tafel behaviour).
Extrapolation of the linear (Tafel) region of the relation
between 1og[current] and potential to the condition 1 = o
glves the exchange current density io. This pre-supposes that
the potential corresponding to this condition (1M = o) is

known)i.e., that the reversible potential for the electrode
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reaction is known or can be determined e.g., from appropriate

thermodynamic data. In the case of many organic electrcde

processes, however, the required thermodynamic data is not

available and Er cannot be calculated.

Under these circumstances the Tafel slope may be used

to indicate another aspect of the degree of reversibility of

the electrode reaction. Since & reversible reaction should

occur essentlally without significant overpotential, then not

only should io be preferably large but the slope of the
log[i]-E curve should be low, and large values of the Tafel

slope would therefore reflect the irreversibility of the

electrode process in another way.

8. THE SIGNIFICANCE OF THE EFFECT OF pH

It is generally considered that it is essentislly the
neutral ketone which diffuses to the electrode surface (112)
and evidence which would indicate that protonation cccurs at
the surface to form the electroactive species has been
presented end discussed in Chepter I (see p., 37-38). The

equilibrium constant for the protonation of acetophenone in

strongly acidic solutions has been measured spectrophotometricallyé

(113)3 thus for the reaction

I
CH3

— M. \ — +
@it = Do
CH3
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+
[Pnc(OH)CH, ] _
K = 32 - 1078 (1V, 17)
[PhCOCHB][H ]
so that
[PhC(gH)CHBJ = 1076 [H+][PhCOCH3]. (Iv, 18)

It is obvious that under the experimental conditions used,
the concentration of the protonated ketone will be very small
even at the surface where the hydrogen ion concentration is
somewhat larger than in the bulk solution (possibly by a factor
of 10).

The current obtained at a given potential may be
represented as a composite one, comprising the sﬁm of
partial currents corresponding to electron transfer to both

the neutral and the protonated speciess viz.

ko 6 2

K ®k® * (kKH+HCKH+) e 7% (1v, 19)

[ ad
it

where kK and kKH+ are the rate constants for the electron
transfer to the neutral and charged species, respectively.

In this equation, b = g% and is regarded as being the same for
both reactions (e.g., the same value of b is obtained in the

hydrogen evolution reaction at nickel in aqueous acid and in

alkaline solutions where sources of protons are H3O+ or HZO)‘

Since CKH+ = 10-6 C,C..+ (1Iv, 20)
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E/
~-~“/b
i1 = kKCKe + (kKH+

) E
10'6)(CK)(CH+) e= ° (v, 21)

It can‘be seen that if the rate of electron trensfer to the

protonated species contributes significantly to the overall

rate of reaction (as measured by the current i) then

qu+-> 1061{K and in this event tbe current should be markedlyv

dependent upon the vYd of the solution,

This is experimentally

observed (Flgure 18) particularly above pH = 1 and it would

therefore seem that the electroactive specles is the protonated

form of the ketone as indicated in related ways by the

polarographic results. Furthermore, the reaction order with

Tespect to hydromen ions is unity in the limiting current

region and is thus arzin in agreement with the équation (1Iv, 21).

In the Tafel region (at E = -0,65 V vs Ey), the reaction

order with respect to [H+] is somewhat less than one. At

PH = 2.3 the rate of the electro-reduction is diminished so that
background currents (which were attributed to the electro-
reduction of an impurity in the solvent or to presence of
dissolved oxygen) mask the Tafel recion until fairly high
cathodic potentials are resched (Figure 20). Extrapolation
of the linear rerion of the log[current]-potential curve at
this pH value gives a current at E = -0.65 V ¥s Ey which is
substantially lower than that expected if the reaction order

were one with respect to hydrogen ion., In fact a direct

comparison with the current obtained at this potential in a

solution of pH = 1,47 would suggest a reaction order of 2.2,

s maaaan i £
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It has been found that acetophenone pinacol facilitates
the evolution of hydrogen from the 20% water-methanol solvent
mixture and, as has been discussed in Chapter 111, P, 97,

this process may involve discharge from a protonated form of

the pinacol (cf. H30+ or MeOH2+).at the electrode surface.

A surface layer of the product of the electro-reduction will
therefore effectively lower the concentration of hydrogen ions
in the double-layer but provide an alternative source of H+

for discharge to H2 as In the case of the catalytic effect
of adsorbed alkaloids referred to in Chapter III, Certainly
the rate of the electrochemicel reaction is sensitive to the
bulk concentration of hydrogen lons, but more réalistically
(since the kinetically significant protonation of the ketone
occurs in the surface boundary layer) must be sensitive to the
concentration of hydrogen ions in the double-layer, It would
appear that there may be competitive protonation occurring at
the surface, between ketone and the pinacol, and at a low
concentration of hydrogen ions the presence of the pinacol may
retard the protonation of the ketone to a relatively greater
extent (in comparison with the situation at lower pH) and hence
diminish the overall rate of the reaction.

In the limiting current region of the log{1]-E curve, the
reaction order with respect to hydrogen ion decreases with
decreasing pH (at pd < 1) and the reaction appears then to

become virtually independent of pH. At the high cathodic
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potentials corresponding to the limiting current (E = -0.8 V
and higher), it has been shown from potentiodynamic studies
that tﬁe pinacol may be desorbed from the surface (see p. 97
and Figure 30), The protonation of the ketone would then
be less retarded and the overall rate of reaction may no
longer e limited by the rate of-protonation but only by the

rate of diffusion of the ketone to the surfsce.

9. THE SIGNIFICANCE OF TAFEL SLOPES OBSERVED IN THE

ELECTRO~RECUCTTION OF ACETOPHENONE

For certain favourable ceses, the Tafel slope may be
correlated with the nature of the rate-determining step and
reaction order of an electrochemical reaction. | For the
discharge of a neutral or ionic species at an electrode
surface, the well-known Tafel slope of approximately 118 mV

~s

(= 2%2) is usually obtained, e.g., in the hydrogen evolution

reaction at a mercury electrode b = 118 mV in both acidic
solutions (where the species discharged is the hydroxonium
ion ng) and in alkaline solutions (where the neutral water
molecule is involved).
above, the electrochemical reduction of acetophenone is to be
regarded as irreversible both on account of the appreciable
Tafel slopes observed and the low exchange current density

( < 10"6 a.cm. "% since linear log[ i ]-E behaviour persists

down to at least this current density).

In relation to the comments in section 7

b et -z 20
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In the case of electro-reduction of acetophenone,
physical or electrostatic adsorption of the ketone is involved
and orientation of the polar carbonyl group at the surface
may be anticipated and is in fact indicated by the electro-
capillary data, It has also been shown from the analysis
of the electrocapillary data that interaction effects oceur
in the adsorbted layer and so-called Temkin adsorption behaviour
is found. The product of the reaction, acetophenone pinacol,
is strongly adsorbed at the electrode surface and the
presence of this molecule may further complicate the reaction
mechanism and electrode kinetic behaviour,

When the electro-reduction reaction is carried out in a
partially squeous solvent, the Tafel slope is found to be
somewhat dependent upon the bulk concentration of the ketone
but at (Cp)y > 0.2 mole. litre-l, a constant value of
b= 50 mv ( ZEE) 15 obtained.

In the absence of water (i.e., in nominally anhydrous
methanol), a similar dependence of b upon the bulk concentration
is found. However, the values of b are always significantly
higher than those obtained in the partially agueous system,
and upon gradually increasing the water content (from O to
20 mole %) the Tafel slope gradually decreases to the value
of 50 mV, In the presence of water in concentrations greater

than 20 mole %, the Tafel slope is found, however, to remain

at ca. 50 mV [see Table II (e) 1. It is not easy to suggest
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any unambiguous reason for this behaviour, but two

possiblé explanations will be presented below, It is
-possible that the solvent composition at. the interface may
undergo significent changes as the water content in the bulk
of the solution is increased,

At the cathodic potentials aé which the reaction occurs,
the desorption of methanol molecules from the electrode surface
and thelr replacement by water molecules may affect either
the rate of proﬁonation in the interfaclal region or the
adsorpt;on behaviour of the pinacol, or both.

The composition of the sdsorbed layer of solvent molecules
at a mercury electrode in solutions of water and methanol
has been studied by Parsons and Devanathan (167). The
relative surface excess of methanol was determined from

electrocapillary curves and expressed as the function

L Iz - i;A J, where I; and I; are the surface excess
quantities and Zp and Xy are the mole fractions of methanol
and water, respectively. At potentials E > -0.6 V, vs

the hydrogen electrode in 0.1 N hydrochloric acid, the surface
excess of methanol decreased markedly as Xy increased and it
1s of interest to note that this behaviour occurs over the
potential range in which electro-reduction of acetophenone
takes place, The authors attributed this effect to the fact
that the polarisation of the methanol molecule increases

less rapidly than that of water so that the methanol becomes
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replaced at the interface as the strength of the electric
field increases with increasing cathodic electrode potentisal.
Thé surface mole fraction of methanol . S at

Ty, + Iy
given potentiel may also be calculated from the following

a

expression (167)

X N x
IZ §é - ‘Sw L IZ - xw 5 i
L+ Iy, Ll H T (Iv, 22)
1 : wXA
SEw*(SA‘Sw)LI;x"xA"]

where SA and Sw are the molecular areas of methanol and water,
respectively. Using equation IV, 22 with the results of
Parsons and Devanathan it may be shown that the surface mole
fraction of methanol is greater than that in the bulk solution
over the range of potentials E = -0.,5 to -0.8 V, for solutions
where x, > 0.7,

Experimental evidence (168,169) indicates that methanol
is a weaker base* than water, so that in pure methanol (or
under conditions where a relative surface excess of methanol

molecules is present in the adsorbed layer) the protonation

* The value of a basicity constant r was determined by
conductometric methods and a value of 0,25 (0.235) has been
reported; r is defined by

[Me&iz] [H20]
[E50"]




- 133 =

of the ketone may be expected to be facilitated,

The change of the Tafel slope is relatively sharp as the
water content in the solvent is increased, particularly at
concentrations of water lower than 5 mole % (Figure 38).

A similarly sharp change is shown in the dependence of b

upon the surface mole fraction of methanol, which was calculated,

as described above, from the data presented by Parsons and
Devanathan (167). The reletionship between the Tafel slope b
and the bulk concentration of the Meaﬁz specles®* 1s also shown
in Figure 38 and again a trend is observed which is parallel
to those discussed'abOVe, although the change is more gradual
(1t is to be ncted that the surface concentration of MeOH2+
cation species at the negatively charged electrode surface
will be higher than the bulk concentration) and since b is
probably more sensitive to the surface concentration, then the
true dependence of b upon the kinetically significant

+
concentration of the MeOH2 species may not be obtained from

the plot (curve 3 of Figure 38) expressed in terms of bulk

concentration of MeOH2+ species

It would appear that two effects may contribute to the

observed change in the value of b with solvent composition,
+
(a) The increase in concentration of the species MeOH2

at the surface as the water content decreases may lead

+
# The values of % MeOH2 in the solution were obtained from

(it puiore. £ i) gt iaiaiim s

i

1

calculations (170) on the distribution of protons in aqueous alcohoi

solutions,




Figure 38,

Dependence of the Tafel slope b upon the solvent

composition
(o) b vs mole % water

(*) b vs surface mole fraction of methanol

(X) b vs mole % MeOH2 species,
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-+
to an easier protonation of the ketone since MeOH2

+
1s a stronger acid than H.O.

3

(b) The surface mole fraction of methanol increases and
approaches unlty both as the bulk mole fraction of
methanol increases and as the potential becomes more

cathodic, This may lead to a diminition of the surface

concentration of both the reactant and the product.,

Comparison of the relations between 1 and log(CR)b obtained
from the electrocapillary studies in methanol-water solution
and in nominally anhydrous methanol (Figures 30 and 31)
indicates:

(a) that the surface concentration of the reactant is

lower in the nominally anhydrous solutions, and

(b) that the linearity (Temkin adsorption behaviour)

between | and log(CR)b holds only over a smaller range

of bulk concentration in methanol than in the partially

agueous solution,

The net result of one or both of these effects is that
electrochemical discharge could become the rate-determining
step as discussed below and the Tafel slope would then approach

& limiting value b = 118 mV in the complete absence of water

in the solvent,
A change of the concentration of hydrogen ions in the
bulk solution does not, however, change the Tafel slope

(Figure 18) and it is likely that the electro-active species
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at the electrode surface will be the same over the pH range
which was studied; evidence leading to the identity of that
species is given below, based upon the pH dependence of the
rate of the reaction and the derived reaction order in H+.

The unusual sensitivity of the electrode kinetics to
solvent composition and to pH indicates that protons are
involved in the overall reaction [gi. the pH-dependence of the
half-wave potential of the first polarographic wave observed
in the reduction of aromatic carbonyl compounds (112,115,120,
133,134) 1. However, in the present work it has been found
that the primary H/D isotope effect is small and much less
than that for the hydrogen evolution reaction in acid solution
at a mercury electrode, This clearly indicates that proton

transfer is not critically involved in the rate-determining

step of the mechanism, The small magnitude of the H/D
isotope effect (near to unity) indeed supports the view that

an equilibrium rether than a kinetic isotope effect is involved

with the proton,

10, MECHANTISM CF THE REACTION

(a2) GCeneral Aspects

The following mechenism will now be considered in

relation to the above observations:
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The recombination reaction (step IV) may occur at
the electrode surface or the carbinol free radicals may

diffuse into the solution and the recombination occur as a

homogeneous process, The stereochemistry of the products

of electro-reduction of benzaldehyde has been studied recently
(171) and it was concluded that in the presence of specifically
adsorbed ions, e.g., (n-Bu)4N+, the recombination step probably
occurred at the surface, Elving and Suzuki (120) also
concluded that the free radicals recombined at the surface

in the polérographic reduction of benzophenone in acidic
solutions,

It has been shovm in the present study that acetophenone
pinacol is strongly adsorbed at the mercury electrode and that
it remains significantly adsorbed at high cathodic potentials
(Figure 32). The pinacol molecule or the protonated form
of the pinacol may then act as a specifically adsorbed
blocking species at the electrode surface thus causing the
recombination step to be rate~-controlling.

(b) Recombination Mechanism snd Tafel Slopes

The Tafel slope of 59 mV (2.3 5E) observed in the
present work is an unusual one (it corresponds to an « factor
of 1) and its variation towards a higher value as solvent

composition is varied belcw 20 mole % water presents features

of special interest.,
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The Tafel slope of 2,3 %; (b = 59 mV, at 25°C) could

arise for a rate-controlling surface reccmbination of the
ketyl radicels under Temkin conditions of adsorption

(cf. refs. 163-165). Thus, if the rate of recombination is
given by

’ /
UL = X, ei exp [leTrek] (1v, 23)

(where p’ 1s & symmetry factor of ca, 0.5 analogous to /5

In a discharge step) and if the coverage ek i1s determined by

a potential-dependent guasi-equilibrium in step III (characterisedi

by a constant Kl), then

(FE-T‘G},) .
Kl(cKH+) = exp [ - — ] (IV, 24)

Substituting for CKH+ in terms of CK from equation (IV, 20)

and expressing (IV, 24) in a logarithmic form gives

W)

INK' + Ink. + 1nC, = InC.+ + FE o 5K (1V, 25)
nxy by H BT = BT ’

and then

2 / ’ ’
in vy = lnku + 1n6k + 2 p anl + 2 P InK + 2 F lnCK

/

+ 2 g 1nc, + ?-7%@—@ (IV, 26)

which gives a reaction order of one with respect to both

acetophenone and hydrogen ion ( F{ = 0.5) and a Tafel slope
of RT

B (b = 59 mV) for significant coverage of the electrode

i
:
i
i
i
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surface by acetophenone, i.e., 1 > & > 0.

However, in nominally anhydrous methanol (and in
solutions containing only small amounts of water, i.e,.,
mole % H0 < 5%, so that the surface mole fraction of methanol
approaches unity) the rate of the recombination process

(step IV) may no longer be rate-controlling if either:

() the radicals are immediately desorbed from the electrode:

surface and recombination then occurs homogenecusly in

the solution, or

(b) recombination at the surface is less hindered by the

presence of adsorbed pinacol and is therefore no longer

the rate~determining step.

In solutions containing only small amounts of water, the
electrochemical discharge step* may then become rate~determining
so that the value of the Taflfel slope would therefore approach
%%, where Fzz 0e5, & situation which corresponds to an

irreversible electron transfer step in the electrode process,

* From studies of the polarographic reduction of aromatic
carbonyl compounds many workers consider the electron transfer
process to be reversible althcugh, in the case of acetophenone,
Mairanovskii (115) established that with increased concentration
of the ketone, the electron transfer became irreversible. This
effect, attributed to the formation of pinacol at the surface,
was diminished by presence of alcohol in the solution (129)
In the present work, althouzh logarithmic current-potential
behaviour is still observed in the high and 100% methancl-content
solutions, the currents actually passing at a given potential
(see Figure 20) in the region corresponding to polarographic
conditions are in fact increzsed with increasing methanol content
end the behaviour, in this respect, is hence consistent with

Mairanovskiits observations and Elving and Suzukits experiments
(120) with benzophenone.

PP
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The logarithmic current-potentisl behaviour end the feirly

large values of b obtained in the present work, particularly :
when the electro-reduction is carried out in nominally anhydrous
methanoi, certainly indicates that the electrode process is to be
regarded as completely irreversible (see section 7 of this

chapter). However, Elving and Suzuki (120) have pointed out i

i i
; that a succeeding, very fast and irreversible chemical step :

| (such as the dimerisation envisaged here) may make the oversall :

reaction appear irreversible although the process of electron

transfer itself is reversible. The specific rate constants for ;

the dimerisation of certain ketyl radicals have been measured in

fast cyclic voltammetry (145) and are shown below:

. * 7
Xanthone kd =1 x 10
Fluorenone® kd = 3 x 106
Benzophenone* ky = 6 x 107

It seems reasonable to suppose approximately that the

lifetime of the ketyl radical decreases and the rate of
recombination to the pinacol increases with decreasing
delocalisation of the odd electron in the free radical.

The rate of recombination of the ketyl radical

formed in the electro-reduction of acetophenone under

the conditions of fast cycling will also be very

: ¥ The velues measured are for the dimerisation resction

g .RH + ,RE —% o HR——_Ru |
i occurring in acidic solutions (pH ﬁil). kq 1s accordingly
expressed in the units litre., mole -1

sec™ ., The values for kg |
recorded above may not, however, refer to the steadv-state kinetics:

considered in 10 b since in fTast cveliec voltammetry, the inhibiting,
effect of adsorbed product pinacol may be much dlmlniobod
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fast (say ky = 108)
p. 91 ), this may account for the failure to detect the

re~oxidation process in anodic potentiodynamic sweeps even

at high sweep-rates. In a recent study of the electro-

reduction of acetone, Browvn and Lister (93) showed that st

very high voltage sweep rates (%% = 150 and 960 V, sec—l)
re-oxidation of the carbinol free radical could be detected

and that the electrode process was reversible under these

conditions (see later section 12).

(c) "Barrierless" Discharge and Tafel Slopes

An elternative possibility which can provide an

explanation of the change of Tafel slope with solvent composition

may be examined in terms of the condition of so-called

"barrierless discharge", a type of process which has been

theoretically discussed by Krishtalik (172) for the hydrogen

evolution reaction. In the present case, the principle

may be examined in relation to the step
% g
AN \\C’/OH

/C':—-—OH+ + e ——
e

d
M Me

in which the reverse of this process is barrierless, i.e.,
reoxidation of the radical could be a very rapid process,
The "barrierless" situation arises in a discharge step when

the potential energy profile "cuts" that of the product at

and, as has been suggested (Chapter III,
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the transition state within the zero-point energy reglon
(point A) as shown schematically in Fig. 39(a), An
activation energy Ef is then involved in the forward discharge
process and is equal to the endothermicity of the reaction;
zero activation energy is assoclated with the reverse process.

Similar behaviour is related to several radical reactions in

the gas phase, Changes of the energy of the initial state

on account of changes of electrode potential EF then change

the activation energy by fBEF where ﬁ the electrochemical

Brgnsted or symmetry factor is now unity (Figure 39a) so

that the Tafel slope is %? instead of approximately RT/0,.5 F.

When the crossing region at the transition state falls outside
the zero point region of the product state (Figure 39b),
there will be a change of activation energy with changing
electrode potential in the usual way but P will still be
smaller than 0,5 until the transition state occurs well avay
from the zero point level of the product. This type of
sltuation therefore a2llows

s

(a) the unusual Tafel slope value of ca,

and

(b) its variation towards larger values as the condition

shown in Figure 39(p) applies.

In regard to the case of acetophenone reduction this

%; to be explained

type of condition could apply as follows. If the radical

produced as a result of discharge is not chemisorbed, a situation




Figure 39,

Schematic representation of the potential energy
profiles of an electrochemical reaction Iinvolvinge

a "Barrierless" discharge step.
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exactly like that of Fig. 39(a) should obtain and s Tafel
slope of %£ will result, so that this situation should apply

to the behaviour observed in the appreciably aqueous solutions

with water content » 20%. Physically, such & situation

may be realised when it is recalled that it is the protonated
species which is neutralised in the discharge step and the
charged centre may then be expected to reside, in a hydrated

or solvated condition, away from the surface in the outer

Helmholtz plane., Chemisorption of the resulting radical may

not then be involved so that the situastion is like that shown
in Fig. 39(a). Recombination may then occur in the outer

Helmholtz region of the double-layer or after diffusion into
the solution.,

In the agueous solution, water will preferentially populate
the inner region of the double-layer and its displacement at
appreciable cathodic potentials by a large organic molecule

is usually energetically difficult., In more concentrated or
limitingly pure methanol solutions, on the other hand, it may

be easier for the radical to approach the surface by displacing

3
the methanol and then to become temporarily chemisorbed (cf.

the case of H atoms at Hg in the discharge step of the hydrogen

evolution reaction). The potential energy profile will then

¥ Chemisorption of the ketyl radical has, for example, been

postulated by Brown and Lister (93) in a study of the electro-
reduction of acetone.

et R T
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approach that of Fig, 39(b) where the radical is stabilised

to some-extent by interaction with themercury surface as in the
case of H' discharge. Changes of potential EF will then

cause changes of activation energy of P EF where P is now

a more normal symmetry factor no longer unity (as for Fig. 39a),
so that the Tafel slope will be increased above %3 and,
limitingly, vary towards a value of RT/0.5 F as observed,

The reverse process of reoxidation then also has a finite
activation energy.

While the above explanation is an attractive one in
relation to the nature of the radical production and the solvent
effects, it is to be noted that slopes somewhat lgggz than
59 mvV, (%?) are observed In the present work, a situation that
might render the above explanation in terms of the condition
shown in Fig. 39(a) doubtful. However, 1t must be recalled
that with changing measured potential, double-layer H)-potential
effects render only part of the measured potential available
for changing the rate, and also modify the surface concentration
of cations so that small deviations from the %; slope could be
tolerated within the mechanism proposed.

The situation represented in Fig. 39(a), which it has
been suggested applies to the more agueous solvent mixtures,

must correspond to the case wherere-oxidation can be a very

rapid process. This 1is consistent with the view put forward
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by Elving and Pullmaﬁ (56) that a "slow" electron transfer
actually involves orientation of the electro-active Species
at the electrode, Here the species is already oriented so
that re-oxidation could occur rapidly, It is also not
inconsistent with the observatiogs made in the present work
that no re-oxidation could be detected in snodic sweep
measurements. If the recombination under these conditions
(since the radical species is not chemisorbed) also occurs
very rapidly, an extremely fast sweep might be necessary in
order to re-oxidize the discharged radicals before they recombine.
particularly since the discharge is irreversible so that
appreciably cathodic potentials would have to be»reached in the
reverse (anodic) sweep to cause the re-oxidation.

In conclusion, therefore, this approach leads to the
expectation that in solutions containing only small amounts
of water the mechanism of the electrode reaction will be an
irreversible electron discharge step. The presence of
significant concentrations of water in the surface layer leads
to a "barrierless" condition for the discharge step due to

the absence of significant chemisorption of the resulting

radical so that the Tafel slope approaches a value of 59 mv,

(d) Summary of Conclusions on Mechanism and Tafel Slopes

In Table X below are summarised the various mechanistic

possibilities for the Tafel slope, reaction order and H/D

solvent isotope effect, Experimentally, under all conditions
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Table X

Summary of Kinetic and Mechanistic Possibilities

for Acetoprienone Heduction

) i
Step Reaction Tafel slope (limiting values) |[Isotope effect :
order R ete :
ITI 1,f(8) RT/BF or less depending on no primary
n=1 potential-dependent reactant isotope effect
- adsorption; latter effect
could depend on solvent
111 0,6—=1 RT/,sF
n=1
RT
IIT 1, RT/F —» — no isotope
n=1 (Barri £§qu Discharge) effect 1f
© h & discharge is to
previously ‘
i protonated ketone
v 2,f(9) RT/2F; Langmuir conditions; no primary
Nm 2 I in quasi-equilibrium isctope effect
v 1,f(e) RT/F; "Temkin" conditions; no primaryv
=2 Il in quasi-equilibrium isotope effect
: IV 0;0 —»1 limiting current -
i =2
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investigated, the spparent and true reaction orders in ketone

are near to unity and the Tafel slope varies from approximately

T? towards a value RT/0.5 F corresponding to rate controlling
discharge of a species already protonated in a prior
equilibrium step,

11. RBELATION OF THE PRESENT WORK TO THE THEORETICAL EQUATIONS

DERIVED BY XKOUTECKY AND HANUS

The electro-reduction of acetophenone has been studied
%
by Brown (173) , using concentrations of the ketone, pH and

a solvent system which were identical with those used in the

present work, The reaction order with respect to both the

ketone and the hydrogen ion was found, however, tc be 1.5 and

a Tafel slope of 40-42 mV, was obtained. It was further

pointed out by Brouwn that these results agreed with the

theoretical equations derived by Koutecky and Eanus (119)

for the current-potential relationship for a reversible eclectrode

process followed by a rapid, irreversible dimerisation process,
The polarographic waves cobtained in the reduction of
aromatic carbonyl compounds at low pH illustrate the effect

of a succeeding dimerisation reaction upon an

' The electron transfer process may be regarded as reversible

(102,112,115,124,129,133,134,166) and the primary product

must be a free radical (i.e., with prior or subsequent proton

——

¥ Here reference is made to the vnpublished work of Brown

reported as a discussion contribution in a Faraday Society
Discussion,

electrode process,
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transfer from the solution). The subsequent dimerisaticn

of these radicals yields the pinacol. Koutecky and Hanus

(119) have given both an exact and an approximate solution

for the current passing under polarographic conditions for

an overall reaction of this type, The equation of the

polarographic wave is expressed as

L3
{-53'} ey, Wt v 2
{l-%d }2 ) 1,51 ' 27

where 1 1s the average current at the potential E along the

vave, id 1s the average diffusion current, (Cﬁ)b~is the bulk
cencentration of reducible species, t is the drop time and k!
Is the specific rate constant for the dimerisation reaction.

A is a potential-dependent function given by

A= exp L %% (2 ~ E) ] (1v, 28)

vhere Eg is the standard redox potential for the reversible

electrode process. The current-potential equation is then

R !
E = B + 2.303KT ;o k't . 2.303RT

3z - 181 52k 1og (Cply
2.303R 13
- 22J038T 4.0 1 (IV, 29)
dz¥ 1 (1.-1)
da'd
and with R, T and F having their usual values and z = 1, the

equation is simplified to the form




i’&u.&\w

- 149 -

Ktt .
E-EC = 0.02 log 775y * 0.02 log (Cy)y - 0.06 log i + 0,02 log ig

+ 0,04 log (14-1) (IV, 30)

The specific rate cornstent for the dimerisation of the

ketyl radicel in the reduction of acetophenone is given a

value 108 litre. role™t sec'l, which is based upon the results

of a study of the rates of dimerisation of ketyl radicals of
fluorenone and xanthone which have recently been reported by

Grabowskl et al. (145). In a typical polarographic experiment

the drop time t is 3 seconds. Since the limiting current

(id) can be calculated from the Ilkovic eguation (see Chapter I,
P.25 ) for a chosen concentration of the ketone, then
corresponding current-potential curves cen be constructed*,

In this way "polarographic! waves for the depolarisation

scheme envisaged by Koutecky and Hanus (119) have been derived

for bulk concentrations of acetophenone of (a) 10'2

litre~!

mole,

and (b) 5%107% mole. 1itre™t,
The log[current]-potential curves corresponding to the

calculated values of current and potential at both concentrations

are shown in Figure 40, A linear (Tafel) region is obtained

over perhaps two current decades [at (CR)b = 5:{10"1 mole,

#* In this calculatjon, Ehe diffusion coefficient of acetophenone

was taken as 8x10-° cm.“ sec,”) a value which has been reported
by Elving and Leone (112).




Figure 40, Log[current]-potential curves corresponding to

current-potential relations predicted by the

theoretical equation derived by Koutecky and

Hanus (119).

+— o 1072 mole. litre~! acetophenone

x
x

leo'l mole, litre~t acetorhenone

---------- Tafel slope of 42 mv.
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litre'l] but the Tafel slopes for the two concentrations

are 70 mV, at the lower and 64 mV at the higher concentration
and certainly not the value of 42 mV. discussed by Brown

(shown by broken line in the Figure 40),

dlog 1

A reaction order{dlog c

) } can be obtained fronm
R'b’'E

equation (IV, 30), Under the condition thrat 13 » 1 then

(id - 1) —= 14 and the equation can be simplified. Therefore

/
E-E” = K + 0.02 log (CR)b - 0,06 log i + 0,06 log Ly

From the Ilkovic eguation

y
i3 = k (C

R)b

and hence

E-E® = K + 0.08 log (Cgly - 0.06 log 1

and

jol

lom § -

It can be seen from the constructed log{ i]-E curves
(Figure 40) that at low currents the reaction order is 1.3
and decreases to unity in the potential regién of the limiting
current,

At the chosen concentrations, which are several times
larger than those normally used in polarography, the existence
of a diffusion-limited current may be questioned. The

diffusion layer thickness in an unstirred solution is probably

ey
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10"4 cme. in thickness (174), The surface area of a

polarographic drop can be eaesily calculated (144) and is 0.17
cm2 for t = 3 seconds when m (the drop weight) = 1 mz, sec."1
Then it can be shown that initially 8.5x10"° moles of ketone
are present in the diffusion layer. The electrical charge
required to reduce this amount of ketone is 8.5){10'1L coulombs,
Hence at i = 10'3 A, the surface concentration of ketone
will become zero within a “transition time" of approximately
900 m.secs. The current then becomes diffusion limited well
before the drop is fully formed (t=3 seconds).

In the originel paper by Koutecky and Hanus (119) it is
stated that the equations for the polarographic waves obtained

for the "depolarisation" scheme shown below (scheme 4)

0 + ze~ =

Xq

2R —— D

are limited to the case in which the following conditions
apply:

(1) that the electrode reaction is sufficiently fast to allow
the ratio of the concentration of the electroactive forms at

the electrode to be determined only by the electrode potential;

" (11) that the velocity of the dimerisation step is relatively

large and therefore kg t > 1
(111) that the equilibrium concentration of the dimer is far

greater than that of the monomer, and
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(iv) that the dimerisation reaction occurs in the solution
rather than at the electrode surface,
The conditions (ii) and (iii) are most probably realised

in the electro-reduction of aromatic ketones, as is supported

by the magnitude of the rate constants for recombination of

the ketyl radicals (see p.1l0). However, unless this reaction

&
U
B
G
» 8
B
9
It
i
i
i

1s retarded, perhaps by the surface film of pinacol as the

i
electrode process occurs, then it is unlikely that an appreciable.

i

concentration of the radicals will diffuse awav from the i

o ST

surface, (condition iv), even to a distance of only 10 Z |
at which they may be considered to be desorbed, It has
already been pointed out (p. 137) that there is evidence to
suggest that in the electro-reduction of benzaldehyde the

dimerisation occurs at the surface in the presence of

specifically adsorbed molecules (171). This viewpoint is f
further supported by the absence of an anodic peak in the i-E :
profiles obtained from potentiodynamic studies in some cases,
€., as indicated from the experiments reported in this !
tresis (p.A-92) and also noted by Suzuki (126) in studies

upon the reduction of benzophenone. i

That the electrochemical step is probably reversible at

low ketone concentrations but becomes rapidly irreversible
as (CR)b increases, has been shown by Mairanovskii (115)
on the baslis of a logarithmic analysis of the polarographic

waves for acetophenone reduction using a modification of the

-
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treatment of Koutecky and Hanus. In the polarographic

reduction of benzophenone, Elving and Suzuki (120) concluded,

however, that the assumptions involved in the theory of

Koutecky and Hanus are not valid for the first polarographic
wave obtained in acid solutions for this particular aromatic

ketone,

Koutecky and Hanus conclude their paper (119) with the

following comment:

"From the polarographic literature to the time of writing

(1954), no case of dimerisation succeeding the electrode i

process is yet known which would not be complicated by other
factors, e.g., irreversibility of the electrode pfocess, in
the reduction of aromatic carbonyl compounds or adsorption

effects, or occasionally chemical reaction with the mercury

surface as in the anodic oxidation of thiols",

It is perhaps surprising that the results cen be correlated
with a theoretical eguation based on & diffusion controlled
process yet a limiting current was not experimentally observed
in Brownt's work (173). The enomaly may be resolved, however, ’

if it is noted that measurements were made* under conditions

¥ In this experiment, currents were recorded asg i-t profiles on
an oscilloscope after the application of a potential step .

A new mercury surface was used for each successive current and

potential determintation [gﬁ. the study of the electro-reduction
of acetone also carried out by Brown (93)]. The time intervals
involved may well have been of the order of 50-100 psecs. and it
has been clearly shown (p.151 ) that indeed diffusion control could
not be sisnificantin solutions of such hish concentration of ketone
until some 800-900 m,sec, after the potential had been established.

L e
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where mass transfer was not rate limiting at any electrode
potential and where the formation of the product at the surface
was inéignificant. However, it has been shown in Figure 40
that the polarographic wave "constructed" from the theoretical
equation (IV, 29) does not mive a Tafel slope of 40-42 mV,
or & reaction order of 1.5 with fespect to the concentration
of ketone,

The potential step measurements carried out as part
of the present experimental study gave
(a) & Tafel slope which was independent of (CR)b’ and
(b) a reaction order of 1.1 over a fairly wide range of
concentrations of ketone. The slope (65 mV,.,) was higher,
rather than lower, than the value obtained in the steady-
state measurements, Becauses of the oscillations which arise
during the first 500-1000 J.secs (Figure 25), measurements
could not be made at time intervals as short as those probably
used by Brown (93,173). Hence under the conditions involved
in the present potential-step measurements, the electrode
surface may have been significantly covered with pinacol and
the current limited partially by diffusion control at the
more cathodic potentials,

In the potential step measurements the experimental
conditions may be considered in one sense to be approximately
"polarographic" in nature in so far as the mercury surface

1s renewed for successive current-potentisl measurements.
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One of the current-potential curves obtained by
this method was snalysed, for exploratory purposes, in terms
of an equation given by Mairanovskii (129), which is in fact
a simplified form of the relation derivead by Koutecky and
Harnus, and still based on the assumption of a revercsible
electron transfer step, The current at any potentisl E

—

along the wave is given by the expression of Mairanovskii as

RT 12’3
E = 80 - ﬁ 1n ﬁ-;i—y (IV, 31)

where Eo 1s a characteristic potential which is independent

of the concentration of ketone. With R, T and F hsving their

usual values, and for z = 1, the linear relation bétween
log 2 3 and E should have a slope of 59 mV, The analysis
a-

of the "polarographic wave" obtained at (CR)b = 0,13 mole, 1itre-1*

gave a slope of 80 mV. (Figure 41) which is higher than the
expected slope and is consistent with some degree of

lrreversibility in the electrode process (115) as indicated by

other aspects of the present work.

12. POTENTIODYNAMIC STUDIES: INTERPRETATION OF THE EXPERIMENTAL

RESULTS AND CORRELATION WITH THE STEADY-STATE XINETIC STUDIES

Current-potential profiles were also obtained from

potentiodynamic studies on the electro-reduction of acetophenone

* The_limiting current is indicated by the curvature of_the
log[i]-E relation of Figure 26 and was taken as 1.4x%10-3 4,
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Figure 41,

Analysis of a log[current]—potential curve obtained
from potential~step measurements in terms of a
theoretical equation derived by Majirsnovskii

(115,129).
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(1) partially aqueous and
(11) nominally anhydrous methanol solutions,
In both cases the analysis of the results led to a linear

A

dependence of the peak current (ip) upon\/%§ and of the pezk

potential upon log {%%}.

Qualltatively,this behaviour is characteristic of a
diffusion-controlled, irreversible process. Theoretical
equations for the peak current and peak potential for such an
electrode process have been derived by Delahay (14%4) and also
presented in a recent review of the theory of stationary
electrode polarography (74). It is shown that the peak
current is linearly dependent upon such parameters as the
diffusion coefficient, D, the bulk concentration, (CR)b,
and the square root of the sweep~-rate, However, this dependence
is also found for a reversible electrode process (144) but
the peak potential is then independent of the applied rate of
change of potential.

Alternative forms of the theoretical equations for a
totally irreversible process have been derived, e.g., by
Gokhshtein (175), where peak current and peak potential

are related as follows:

o ZF o
In 1, = 1n {0.227zFA(cR)SkS} - —gr— (E,-Ey) (1v, 32)

where (CR)S is the surface concentration of the reducible

species and ks is the heterogeneous rate constant for the
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electrode process. The results obtained in the present work
were also analysed in terms of the form of this eguation
(Figure 42). A fairly linear relation was obtained from
results obtalined in the two solvent systenms, although the
narrow range of potential-scan may obscure any noticeable
departure from linearity. -

A further approach to obtaining kinetic information from
potentiodynamic studies has been described by Reinmuth (176),
who showed that for an irreversible electrochemical reaction

the current flowing at the foot of the i-E curve is independent

of scan-rate since diffusion control is then minimal. This
behaviour is observed in the present work (Figure -23) and may
constitute further evidence suggesting that an irreversible
electrode process is involved in the electro-reduction of
acetophenone, However, Nicholéon and Shain (74) have shown
that this criterion of irreversibility can only apply to
currents which are some 10% of the peak value and its validity
does not extend as high along the wave as was implied by
Reinmuth,

A comparison of anodic and cathodic peak potentials is
also used as a criterion for the reversibility of an electrode
process, since for a reversible reaction (Ep)cathodic and
(Ep)anodic are virtually superimposable (144), In the

experimental studies reported in this thesis, an anodic peak

corresponding to the re-oxidation of the primary product of




Figure 42,

Potentiodynamic studies: Dependence of (Ep)cathodic

upon the peak current accordineg to an eguation

derived by Gokhshtein (175).
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the electrode reaction, i.,e., the ketyl radical, was not
observed even at relatively high sweep-rates. The absence of
an anodic peak was also reported in the cyclic voltammetric
studies of the electro-reduction of benzophenone (126).
However, in the case of fluorenone, a pesk correspeonding to
oxidation of fluorenone ketvl was obtained at frequencies of
approximately 100 Hz. (145), This result could not, however,

be reproduced in studies of the electro-reduction of fluorenone

carried out as part of the present work (see Chapter 111, p.0l).

It is felt that this situation may be partly attributed to the
added difficulties associated with working in a mixed agueous-
organic solvent which led to resistance effects as well as to
the onset of sudden desorption (probably of methenol from the
electrode surface), and a resulting distortion of the i-E
profile at high frequencies.,

An initial conclusion regarding the nature of the electro-
reduction of acetophenone under cyclic voltammetric conditions
might be that it is essentially an irreversible, diffusion-
controlled process, However, the peak potential was found to
be markedly dependent upon the concentration of the ketone.
Such behaviour is not characteristic of a totally irreversible
process, The mechanism proposed to account for the results
of the steady-state kinetic studies, we have shown, involves a
succeeding dimerisation reaction. Furthermore, in previous

work, the polarographic reduction of the aromatic carbonyl
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compounds has been largely described in terms of a mechanism
involving a reversible electrode process and a succeeding
dimerisation step. The theory of stationary electrode
polarography for such a process (scheme A. p.15.) has been
presented by Nicholson and Shain (74). The electro-reduction
of benzaldehyde has also been studied by Saveant and Vienello
(177,178) using potentiodynamic technigues and the results
expressed in terms of theoretical equations for the pesk
current and peak potential. The peak current was shown to be

linearly dependent upon\/%%. The equation for the peak

potential developed by these workers (177,178) for the conditions

mentioned above is given as follows:

+ - g0 _ 0.059 _ 0.02 0.02 _ 0.02 {dEl
Ep = Er 7 2 log 72 + —G log k 5 log E—J+
0.02 )
~5— log (Cg)y (1v, 33)

It can be seen that with increasing sweep rate, the peak

potential will become more cathodic and the linear relation

between Ep and log {%%] will have a slope of 20 mV. per tenfold

change in the sweep-rate, A cathodic shift of the peak

potential is observed in the electro-reduction of acetophenone

(Figure 23, or see Table IV) but the slope of the E vs 1og{%%}

relation (Figure 24) is much higher than 20 mV. In fact
the slope of this relation appears to be concentration dependent

(Figure 43) and increases with increasing concentration of the

ketone,




Figure 43,

|
Devendence of the slope of the relation between

(E
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From equation (IV, 33), it follows that with increasing
bulk concentration of the reducible species the peak potential
should beéome more gnodic and the slope of the relation
Ep vs log (Cp)y will again be 20 mV, for a tenfold increase
in (CR)b' It was found that an increase in the concentration
of acetophenone brought about a &arked cathodic shift in the
peak potential, i.e., the opposite to that theoretically
predicted, This anomalous behaviour has been observed in
the relation between E% and log (CR)b in the polarographic
reduction of certain aromatic aldehydes (166). In a detailed
study of these reactions, it was found that at very low
concentrations E% vas dependent upon log (CR)b according to
the equation (IV, 33) but with continued increase of concentration
E% became independent of the concentration and then began

to chenge in the catlodlic direction. At low pH, the so-called

"eriticel concentration" was dependent upon the particular
aldehyde undergoing reduction, e.g., for benzaldehvde the
critical concentration was 2x10”- mole. 1litre™ ' but for
m-toluic aldehyde it was 3x10'u mole, litre'l. This behaviour
was attributed to the presence of a significant amount
(probably almost a monolayer) of the pinacol at the electrode
surface which had been formed within the life-time of the
drop (see p. 121),

In the derivation of equation (IV, 33) by Saveant and

Vianello (177), the molecularity of the dimerisation step was
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introduced, It is considered that the reaction probably

occurs homogeneously and is therefore bimolecular (i.e.,
the intermediate radicsls are desorbed or diffuse away from

trhe surface before recombination occurs), In the equation

for the pesk potential, the concentration term is written as

m~1 RT
{'r?,-?c‘i' }{?{P‘ } In (Cgly,

vhere m is the molecularity of the homogeneous dimerisation

step and therefore at 25°C, and with z = 1, this expression

reduces to 0.02 log (CP)b'
It has been shown, however, that the dimerisation of the
ketyl radicals may well occur at the electrode surface (120,

171), in which case the surface reaction order may not correspond

to the bimolecular condition used above, Calculations fronm

the results of the adsorption studies upon acetophenone have
indicated (Table IX) that the apparent surface reaction order

(RS) can be larger than the experimentally observed reaction
order (see p, 56 ) and is dependent upon the surface concentration
of the ketone, and therefore the bulk concentration, It is
therefore possible that values of m different from two may

apply and that the value of m may be dependent upon the
conicentration of ketone if the recombination were heterogenecus,

In this event, the slope of the relation between E_ and

log(CR)b would also be deperndent upon concentration and probably

i
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different from the predicted value of 20 mV.
In the extreme case when m=1 (this corresponds to a

surface excess of zero and the absence of interactions in

e VLTS
Sk Alaeds s K

the adsorbed layer), the peak potential would be independent

of the concentration, Under such conditions, the electro-

reduction would correspond to an irreversible diffusion-

" controlled process, The observed values of the slope
(Figure 43) are all larger than the predicted value of 20 mV.,
which may be explained if the apparent surface reaction order
increases, i.e., 8s m increases, the expression %i% approaches

unity and the slope of the relation between Ep and 1og(CR)b
approaches 59 mvV,

et TR TS
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CLAIMS TO ORTICGINAI RESEARCH

The electro-reduction of acetovhenone at s stationary
mercury pcol electrode end in an acidic medium (pE < 1)
yielded 2,3-~diphenylbutane-2,3-diol (acetophenone pinacol)
with higzh coulombic efficiency, In the present work the
kinetics of this electrochemical reaction and the adsorption
behaviour of both ketone and pinacol have been studied at the
same electrode and in the =ame solvent. The Tollowing original
contributions have been made:

(a) Tafel slopes and reaction orders have been obtained
for the reaction carried out in

(1) a solution of methanol (80 mole %)-water and
sulphuric acid (1M), and in
(i1) nominally anhydrous methanol containing sulphuric
acid (1 M).
and for the first time in an electro-orgenic mechanism study,
the kinetics have been related to direct thermodynamic studies
of reactant and product adsorption [ see (f) below].

(b) The reaction kinetics were shown to be sensitive to
both the pH of the solution and to the solvent composition,
l.esy the concentration of water in the solution.

(c) Kinetic evidence is given that the protonated form of
the ketone is the electroactive species at the electrode surface.,

(d) The results of a primary E/D isotope study clearly
established that the proton was not critiecally involved in the
rate~determining step. |

(e) The effect of chanze of the bulk concentration of

water in the solution is reflected in a marked decrease in the
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Tafel slope as the mole % water increases, and this change is
particularly sharp between O and 5% water, The observed
effect hgs been discussed in terms of the surface concentration
of methanol. A change in the composition of the solvent
mixture at the surface may lead to a change in the amount of
pinacol adsorbed at the surface or possibly to a change in

the rate of the protonation reaction which is believed to

occur in the interfacial region.

(f) The adsorption behaviour of acetophenone and aceto-

phenone pinacol has been studied by electrocapillary measurements,

using the solvent systems described above. It was found that
(1) both the reactant and the product were strongly adsorbed
over a falrlyv wide rancge of cathodic potentials, sand more
significantly,
(11) the presence of acetopherone pinaccl at the electrode
surfece diminished the adsorption of the ketone itself,
(111) the edsorption behaviour may be described by a Frum¥ine-
type adsorption isotherm, which includes a parameter for dipole-
dirole interaction effects in the adsorbed laver, and
(iv) the linear dependence of the surface concentration (I1)
of the ketone upon the logarithm of the bulk concentration
indicated that Temkin-type adsorption was involved.

(g) The resction order % has been derived from several
typical isotherms used to describe adcorption behaviour of

neutral organic molecules at mercury surface, The

a
dependence of the derivative % upon the surface coverage € has

2 W AT ST T I
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also been examined, In this way the apparent surface
reactlion order has been evaluated together with the true
molecularity of the reaction which involved Temkin-type
adsorption,

(h) The results of potentiodynamic studies do not
unambiguously agree with the theoretical equations derived
for (1) a totally irreversible electrode process or

(11) a reversible electron transfer followed by a rapid,
irreversible dimerisation step,
but show characteristics of each mechanism.,

(1) The results of both steady-state kinetic measurements
and "potential-step" relaxation methods have been examined in
terms of a theoretical squation derived by Koutecky and Hanus
(119) for mechanism h(ii) ebove,

(J) Two mechanistic interpretations of the results of
the kinetic and adsorption studies have been proposed:

(1) The rate-determining step in the reaction is dependent

upon the solvent composition., In partially agueous

solutions,the rate of recombination is limiting and may
be hindered by the presence of a surface layer of pinacol.

In nominally anhydrous solutions,the rate-determining

step is an electrochemical discharge of the protonated

speciles,

(i1) An alternative mechanism involves a "barrierless"

discharge step. The sensitivity of the Tafel slope to




- 166 -

the solvent composition is explained in this treatment

; in terms of adsorption of the ketyl radical after :
electron transfer to the protonated form of the ketone, ;
i which is envisaged as located in the outer Helmholtz :
rezion of the double-layer, ) When the ketyl radical
i1s not adsorbed, the "btarrierless" condition does not arise
end the reaction then tends to behave as & normal electron
transfer process with a slope b = BT/0.5 F, these conditions
being applicable to the nominally anhvdrous solvent,
(k) The acetophenone pinacol wes found to facilitate
hydrogen evolution at the mercury electrode, an effect which
is similar to that observed upon the addition of certain
alkaloids,
(1) A dbrief study of the electrochemical kinetic behaviour
of benzophenone and fluorenone was also carried out for

comparetive purposes.
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