PREFACE

Treatments of the double-layer have, hitherto,
been concerned primarily with the electrical aspects of
adsorption and distribution of ions and with the nature of
the isotherms and equations of state for ion and neutral
molecule adsorption. The role of solvent structure and
orientation of solvent molecules at charged interfaces has
been a relatively neglected subject in discussions of the
double-layer. It has obvious importance in relation to the
realistic representation of the interphase between an
electrode surface and the solution. Watts-Tobin and Mott
were the first to introduce explicit consideration of the
role of the solvent, water, in terms of a two-state model
for orientation of solvent dipoles in the double-layer field,
in distinction to earlier theories in which continuum di-
electric polarization treatments were employed. Their theory,
and the derived treatment for adsorption developed by Bockris,
Devanathan and Miiller, is critically examined in relation to
new experimental work reported in this thesis.

Studies of adsorption of neutral organic molecules
have been stimulated by the effects these adsorbates have on
electrochemical reactions such as corrosion, electrodeposition
of metals and kinetic exchange currents. The problem of
pollution of water by surfactants, and the resulting foaming,
has provided added impetus to the study of adsorption of organic

substances at liquid interfaces.



As in the case of bulk solutions of organic sub-
stances in the water solvent, rather specific solute-solvent
and solute-solute interaction and structure effects may be
anticipated in interphases, dependent upon the orientation
of either or both species in the surface. Orientation
effects associated with adsorption of organic substances in
relation to the intrinsic orientation of solvent molecules
must hence be understood. Especiall& at electrodes, where
such effects will be charge-, or potential dependent, know-
ledge of solvent orientation is an essential requirement for
quantitative treatments of the double-layer and electrode
processes involving hydrated ions. When the surfactant is
ionic, other long-range interaction effects arise and at
appreciable coverages (86 > 0.2), solvation co-sphere inter-
action effects become of major importance.

Meaningful interpretations of electrochemical
adsorption depend very much on suitable choice of adsorbates,
i.e., the molecular structure of the latter must be sufficiently
simple and the molecule rigid enough to allow examination of
a well-defined theoretical adsorption model.

In Chapter III and Part I of Chapter IV investi-
gations on the adsorption of pyrazine and pyridine at the Hg-
electrcde/water and air/water interfaces in relation to
quantitative evaluation of field—-dependent orientation of
solvent and adsorbate molecules are reported. Considerable

attention has been given to the proper choice of an isotherm
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based on rigorous statistical mechanical arguments as applied

to the substitutional adsorption of organic molecules.

Adsorption results for pyrazine and pyridine have been com-

pared with those for n-amyl alcohol, a flexible straight chain

molecule, and 1l,4~diazabicyclo-octane, a spherical aliphatic-
type molecule with no T—-electron density in the ring systemn.
In Chapter III and Part II of Chapter IV of this
thesis, adsorption results for organic ions such as N-methyl
pyridinium perchlorate, and the mono- and dications of diaza-

"bicyclo-octane are interpreted (a) in terms of interaction

-effects which take into account solvation co-sphere overlap

effects, and (b) solvent and solute orientation at the

interphase.
The work presented in this thesis has been prepared
for publication in the following papers:

1. Molecular Orientation in Adsorption of Pyridine and Pyra-
zine at Water /Mercury and Water/Air Interfaces, B. E.
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Interface Science, In press, 1973.
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ABSTRACT

Studies of the structure of the interphase in the
electrochemical adsorption of selected neutral and ionic
organic molecules at the mercury electrode have been carried
out by electrocapillary measurements. Adsorption from
solution occurs by solvent displacement in the interphase.
When the adsorbate differs appreciably in size from the pre-
viously adsorbed solvent, the relative size factor, Xx, of
adsorbate and solvent determines (a) the form of the relation
for free energy of adsorption and (b) the form of the con-
figurational function in the adsorption isotherm in terms of
fractional coverage O or site fraction.X. Various types of
isotherms that have been proposed for this situation are
critically examined in relation to the statistics of the
solvent-lattice replacement process that occurs in adsorption,
e.g. for organic substances at electrodes. It is concluded
that the correct configurational term to be used when x > 1
is B/e(x_l)(l—e)x. Using this term in an equilibrium
adsorption isotherm then allows standard free energies of
adsorption and derived quantities to be properly calculated
from experimental coverage OT surface excess measurements.

It is shown that it is incorrect to refer to an
isofherm containing the configurational term Glx(l—e)x as
the "Flory-Huggins" isotherm since Flory-Huggins statistics

lead to an isotherm having a different form for the
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configurational term, viz. that containing the e(x-l) factor,

as above.

From the adsorption parameters calculated from a
suitable isotherm, orientation effects at the water /mercury
interface can be quantitatively evaluated in relation to the
electrosorption of pyrazine and pyridine. Related conclusions
can be made for the air/water interface.

Pyrazine being a chemically and electrically
"symmetrical" molecule, provides an ideal basis for examina-
tion of electrochemical theories of adsorption of polar mole-
cules in the double-layer at charged interfaces. It is shown
to exhibit an almost symmetrical change of free emnergy of
adsorption with field about a surface charge of Qy = -2 ucC
cm_z, an observation which has been explained in terms of
zero orientation of water molecules at that charge, and not
at dy = 0. This observation also enabled other éolvent—solvent
interaction effects, and the dependence of solvent orientation
on surface charge, to be evaluated. By using pyrazine and
pyridine in critical comparative experiments on (a) changes.
of surface dipole-potential difference (Esin and Markov
effects), (b) surface pressure changes and (c) charge dependence
of free enorgy of adsorption, it is shown now the surface
dipole contribution from oriented solvent molecules may be
evaluated together with the charge dependent distribution
function for water orientation. In the case of pyridine,

orientation of the adsorbate molecule itself occurs in a
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manner dependent on surface charge on the metal and inter-
action with oriented surface- and bulk-solvent molecules.

Also,‘from the above information, it has been con-
cluded that both pyrazine and pyridine adsorb in a similar
orientation, probably "flat", on the positively charged
surface, so that m-orbital interactions of the molecules with
the surface are maximized. Important compensation effects
are observed between heat and entropy of adsorption at
various coverages and surface charges at mercury, and
indicate the role of water structure (H-bonding) effects in
the interphase.

1,4-Diazabicyclo-octane, referred to as "pBO", is
an almost spherical molecule and has quite different adsorption

characteristics which have been attributed to the high electron

density on the N atoms. n-Amyl alcohol, like pyrazine, also
adsorbs symmetrically around a surface charge of q = -2 uC
cm_z. Because of the strong hydrophobic character of the

five carbon atom chain, the molecule perhaps adsorbs always
with the carbon chain lying on the surface and the OH
functional group oriented with neighboring water molecules
in the inner Helmholtz plane.

The electrochemical adsorption of N-methylpyridinium
perchlorate, and the mono- and dications of DBO has been
studied at the Hg electrode in order to provide closely spaced
data for an examination of specific solvation effects in

interactions amongst specifically adsorbed catiomns in the
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Hg/water interphase. Both solvation co-sphere overlap
effects and cation-anion pairing are important, depending
on the value of the surface charge.

A model and derived theoretical calculations for
solvation co~sphere interaction effects show that these‘pre—
viously neglected effects can, in fact, be the main term in
the two-dimensional interaction energy between specifically
adsorbed ions of the same sign of charge.

Specificities in the adsorption of the three kinds
of ions are considered in relation to surface pressure,

coverage dependence of free energy of adsorption, and Esin

and Markov effects.




CHAPTER T

INTRODUCTION

A. The Situation of Ions and Solvent at an Electrode

At an uncharged metal interface in solution, a
double-layer can be set up with a corresponding local
potential difference due to (a) solvent dipoles which have
become oriented on account of specific interaction with»the
metal and (b) asymmetrylof electron distribution near the
metal surface. In addition to these effects, there is the
important contribution to the double-layer potential
difference arising from any net electron charge on the
metal and the corresponding accumulation of ions' from the
solution in response to this charge.

In the bulk electrol&te, under equilibrium con-
ditions, the time-average forces are the same in all directions
and at all points, and there are no preferentially directed
electrical fields. The forces operating on particles near
the phase boundary are, however, anisotropic, being different
towards the boundary in comparison with the bulk electrolyte.
Further, the forces due to the phase (e.g. the electrode) on
the other side of the phase boundary (e.g. the electrode-
electrolyté interface) vary with distance from the boundary;
the further the ion is situated in the bulk, the smaller is

the influence of the phase upon it and the more is the




situation of the ion characteristic of the bulk solution.
Thus, the properties of the interphase region are different
from those of either of the bulk phases.

The term electrical double-layer or simply double-
layer is used to describe the distribution of charges . and
oriented dipoles constituting the interphase region at the
metal/electrolyte boundary. The potential difference across
the interphase is of the order of 1°V. The thickness of the
interphase between the meual and the centres of ions in con-
tact with the metal is about 3 to 5 X, and thus the field is
very high, of the order of 3 x 10"'7 v cm_l. This field pro-
duces electrostriction of the solvenit molecules at the surface
and causes appreciable dielectric saturation or orientation
effects in the electrical double-layer, analogous to those
arising in the primary hydration shells of ionsz.

Since a main feature of the present work is con-
cerned with the role of solvent and associated structural
problems in the interphase, it will be desirable first to

review some background material on the structure and properties

of the water solvent itself.

B. Structure of Liquid Water

1. Structure of a water molecule

Knowledge of the structure of a single water mole-
cule and its electrical properties, such as its dipole and

quadrupole moments, 1is useful in characterizing its charge



distribution and, therefore, understanding its association
with other molecules in the liquid state. The Molecular
Orbital picture” for a water molecule shows that it has an
approximately tetrahedral configuration. Besides the normal
linear combination of atomic orbitals between the 1s orbital
of hydrogen and the 2p orbitals of oxygen, it is suggested
that the 2s orbitals of the oxygen atom hybridize with 2p_ and
2pz orbitals involved in formation of the two O-H bonds in
H20. This has the effect of enlarging the bond angle from
90° to ca. 105° and also of increasing the amount by which
the oxygen orbitals overlap the hydrogen orbitals, hence
creating stronger bonds. The hybridized 2s and 2p orbitals
of oxygen form two lobes which accommodate the valence
electrons. These lobes are symmetrically located above and
below the molecular plane and project away from the two
hydrogens forming a quasi-tetrahedral charge distribution.
The two lone pairs of electromns on oxygen contribute to the
dipole moment of water.

The water molecule has three nearly equal quadru-
pole moments, and seven non-vanishing octupole moments.
Electron density contour maps for the molecule, and the values
of the quadrupole moments, indicate that the overall charge

distribution of the water molecule is not far from spherical.



2. General remarks on the structure of liquids

In general, liquids are more difficult to define
than either crystalline solids or dilute gases. Therefore,
statistical theories of the liquid state have lagged con-
siderably behind those for solids and gases. In liquids, the
potential energy (p.e.) of the molecules‘is approximately
equal to their kinetic energy (k.e.) and since neither of
these two terms is negligible, the mathematical treatment of
liquids is very complex. Apfroximations4 in the statistical
mechanical treatment of liquids such as liquefied inert gases
have been develqped; These approximations do mnot apply,
however, to an associated liquid like water which is hydrogen
bonded in a three-dimensional network.

The molecules of a liquid are assumed to occupy
positions relative to their nearest neighbors,reminiscent of
the positions they normally occupy in the corresponding solid.
The structure lacks, however, a long-range order, and the
short-range order that exists is also imperfect. At a fixed
pressure and temperature, a molecule in a liquid may, to a
fair approximation, be thought of as surrounded by nearest
neighbors in almost the same relative positions and inter-—
acting through the same intermolecular potential as in the
solid. One important difference, however, is that the
relatively large k.e. allows individual molecules to change

position. The relative positions of the molecules with



respect to a given reference molecule can be expressed in

terms of the experimentally evaluated radial distribution

function.

3. Early theories of water structure

The early X-ray diffraction work of Stewart5 on
water showed that there was definitely short-range order in
the liquid. This information provided the basis for the first
quantitative theory of water structure by Bernal and Fowler6.
They proposed that water consisted of a mixture of two forms
which could be represented in terms of structures of ice I
(hexagonal) and ice Ic (tetrahedral) (cf. ref. 3 for structures
of ices). A change of temperature was regarded as producing
a shift in the relative amounts of these species. Though
their theory was successful in explaining the density maximum
at 3.86°C, it did not reproduce the radial distribution curves
for water7. From X-ray diffraction measurements, Morgan aﬂd
Warren7 and, more recently, Narten et al.8 showed that, on
the average, there are approximately four nearest neighbors
to every water molecule over a wide range of temperatures
(1.5 to 200°Cc). Morgan and Warren7 noted that at higher
temperatures tetrahedral coordination is less sharply defined.
On the basis of accurate X-ray data of Narten et a1.8,
Pauling's clathrate type model9 was rejected on the basis that
it did not conform to the radial distribution function for

water.,



In the various theories presented over the last
forty years or so, there is agreement on the basic physical
phenomena involved which account for the properties of liquid
water, but details of the representation differ. Generally,
the models can be classified into two main groups: "mixture
models" and "continuum models". Treatments based on these

models have been reviewed in the recent literature10’3.

4, Mixture models

In this model, water is considered as an equilibrium
mixture of species that are distinguishable in an instantaneous
picture in terms of their energy, orientation and association.
In the mathematical treatment of mixture models, each species
of water is considered to occupy a discrete energy level,
commonly called a 'state'. Owing to thermal agitation, mole-
cules experience frequent transitions between these states
and consequently, in the time average, all molecules are
equivalent. A change in P or T is regarded as shifting the
relative populations of the states; the thermodynamic pro-
perties of the liquid are explained in terms of these shifts.

Many mixture models for water have been proposed.
Two main classes of theories may be distinguished. In one
class, at least one component is treated in terms of a known
structure, e.g. ice, and 1s considered to exist as assemblies
of at least some tens of molecules. The theories of Frank

and Quist1l and of Kamb12 fall in this category. The



"flickering cluster'" model proposed by Frank and Wen13 was
derived on the basis that the following resonance structures

contribute to the mutual attraction of a pair of water

molecules: .

H
0— H—-—g - _
nd “Nn
Formation of one hydrogen bond was regarded as promoting
cooperatively the formation of other hydrogen bonds in its
vicinity.

In the second class of theories, the species are
considered as differing simply in the number of broken and
unbroken hydrogen bonds; extended structures may also be
considered. The so-called interstitial model for water is a
special class of mixture model. One species of water molecule
is regarded as forming an hydrogen bonded framework containing
cavities in which the other species (assumed to be single,
non-hydrogen bonded water molecules) reside. Samoilov14
interpreted the radial distribution function of water in
terms of an interstitial model. According to him, liquid
water is similar to ice but has molecules in the cavities.
As ice meits, some of the molecules break their hydrogen

bonds with the lattice and move into neighboring cavities, as

suggested by Bermnal and Fowler6.



5. Continuum models

A continuum theory describes water as having
essentially complete hydrogen bonding at all times except
at relatively high temperatures, but as having a distribution
of intermolecular distances, orientations and energies of
bonding between the molecules, which may vary with temperature
and pressure. Pople's15 treatment is the most modern con-
tinuum theory of water in which the majority of hydrogen
bonds between neighboring molecules were regarded as distorted
or bent. Water molecules in the liquid were considered to be
four—-coordinated into irregular and varied networks in con-
trast to the orderly networks of a few basic types that exist
in the lattice struqtures of phases of ice. Bernal16 be-
lieved that five-membered rings are a frequent configuration
in the liquid but that rings containing four, six, seven or
even more molecules contribute to the network structure.
Pople15 and Berna116.showed that these models were consistent
with the radial distribution function of water, and Pople
demonstrated that his model could also account for the di-
electric constant of water and for the decrease of volume of

ice I on melting.

6. Information on water structure from infra red

spectroscopy

From infra-red spectral studies of the uncoupled

O-H and O-D stretching bands in liquid HDO carried out by



Falk and Ford17 and by Frank and Rothls, it became apparentlg’3
that (a) a range of O-H environments or, equivalently, of
hydrogen bond strengths, is present in liquid water and the
mean hydrogen bond strength decreases gradually as tempera-
ture increases; (b) water does not contain a small number of
distinctly different molecular species; this was indicated by
the observation of a smooth band contour that passes through

a single maximum; (c) there are present in the liquid water,
even below 100°C, some non-hydrogen bonded O-H groups which
have environments distinctly different from the majority of
the O0-H groups. This has been supported by the discovery of
Walrafenzo’21 of an isosbestic point in the Raman.spectral
studies of the uncoupled OD stretching vibrations, a phenomenon

that is often associated with two absorbing species in equili-

brium, the relative amounts of which change with temperature.

7. Consistency of modelg with experimental data

The basic idea of the mixture model, that liquid
water is a mixture of distinctly different species, is mnot in
accord with much of the experimental data (cf. ref. 3).
Studies of uncoupled stretching bands‘show that the liquid
contains a variety of molecular environments, and thus water
cannot be described in terms of a small number of discrete
states. A frequently cited justification for adopting a
mixture model (e.g. the '"significant structures" model of

Eyringzz) is that with proper choice of parameters, a partition



function based on the model can reproduce a number of equili-
brium properties. However, it should be noted that a correct
average energy can be computed from a judiciously (or empiri-
cally) selected set of discrete energy levels, even if the
true "spectrum" of energy states is continuous.

The continuum theories have received less attention

to date, although these theories seem to be in accord with

most of what is known about the structure of water from experi-

mental data. Extensive hydrogen bonding can account for the

large dielectric constant and energy of vaporization of water,
the abnormal proton mobility in the iiquid and the low quadru-
pole coupling constant for deuterons in liquid D20. Also the

correct temperature dependence of dielectric constant can be

calculatedls.

2
C. Structure of Water at Metal Interfaceszs’ 4

In the absence of any directing forces between a
metal electrode and water molecules, and allowing for the
maximum contact adsorption (20%Z) of other jons on the sur-
face, at least 707% of the metal surface is normally covered
with water molecules in aqueous ionic solutions. There is,
however, interaction between water molecules and the metal
surface. Firstly, there are image forcesl’23 operating be-
tween water dipoles and their corresponding images "in" the

metal. A charge Ay at a distance d from a metal surface

2 2 s
experiences an image force of magnitude —qM/Qd'. In addition



to image forces, there are dispersion forces - attractive,
non-directional forces, and also in some cases forces of a
more chemical nature. All these forces operate even at an
uncharged electrode which therefore has an attraction for
water molecules and may provide forces which are compérable
with those which bind water molecules into networks within
the liquid phase. Of course, depending on site distribution
(at solid metals) and temperature, various degrees of binding
of water molecules to the metal surface can arise.

In addition to the above forces, charge on a metal
surface will stimulate the water molecules to orient them-
selves so that their dipoles tend to lie parallel to the field
of the charged surface. The net result is that the electrode
is almost fully covered with a layer of water dipoles oriented
to an extent dependent on charge. The degree of orientation
of the water dipoles also affects the dielectric comstant of
this water layer. The dielectric constant of a fully oriented
water layer is about 625, while bulk water has a dielectric
constant of 78.

Apart from this oriented layer, equivalent to the
primary hydration sheath at an ion, there is a secondary
hydration region in which water molecules are somewhat un-
certainly oriented toward the surface. Orientation of water
molecules in this layer is restricted by thermal and hydrogen
bonding influences of the particles in solution. The di-

electric constant increases rapidly in the direction away



from the metal and, over a few layers, it reaches the value
characteristic of the bulk electrolyte. The dielectric con-
stant of the second layer has been taken as ca. 4024.

Two limiting orientations of the water molecules
are possible: at high positive charge on the surface, the
molecules orient with oxygen atoms in contact with the
electrode and the hydrogen ends towards the solution. At

large negative charges, the hydrogens face the electrode and

oxygen atoms are towards the solutionzsi(see P.-28).

D. Electrical and Chemical Factors in Adsorption

l. General

Usually molecules impinging on a surface remain
there for sometime before re-evaporating, depending on
various factors such as the actual site in the surface which
the molecules strike, the nature of the surface and that of
the molecule, the temperature of the surface and the k.e. of
the molecule. This situation known, of course, as adsorption
results in a higher concentration of the molecules being at
the surface than the average in the bulk phase. Usually
molecules exhibiting small intermolecular attractive forces,
and therefore small surface tensions in the pure state, tend
to concentrate at a surface; however, the adsorption does not
usually proceed so far that the surface consists solelyiof
that component.

The forces giving rise to adsorption are, in



principle, not different from those in any other interaction
phenomenon involving atoms and molecules - like cohesion in

solids and liquids, and Van der Waals and dispersion forces

between molecules. All adsorption forces in an interphase
are basically electromagnetic in origin but specific adsorp-
tion forces (chemisorption) arise from a certain amount of

unsaturation in the bonding of the surface metal atoms.

2. Gas/Solid interface compared to metal/liquid interface

The principal distinction between gas/solid and
metal/liquid interfaces lies in the presence of a solvent in
the latter case which (a) gives rise to greater complexity
of interactions in the surface layer, but (b) allows, in the
case of metals or semi-conductors, control of the electrical
field across the interface or the net charge at the surface.

While studies of adsorption at the gas/solid inter-
face offer possibilities for use of sophisticated techniques
such as i.r., Raman and Auger sSpectroscopy, as well as low
energy electron diffraction which are inapplicable in most
circumstances at the metal/liquid interface, the latter type
of interface can be studied accurately with respect to other
details of the adsorption process when the metal is a liquid
electrode, e.g. HE, Ga,especially with respect to the

electrical factors in adsorption. Also, the recently developed

37
techniques of in situ reflectance measurement provide power-
ful new approaches for examination of metal (as an electrode)/

liquid interfaces.




At a gas/solid interface, two types of adsorption
may be distinguished, based on the relative energies involved
in the metal-adsorbate bond. One is physical adsorption,
the forces of attraction being the weak Van der Waals type
associated with an heat of adsorption rarely exceeding 5 kcal
mole—l. The other is chemisorption in which the adsorbate
layer is chemically bound to the surface by covalent forces.
The heat of adsorption is usually in the range 10-80 kcal
mole_l of adsorbate. Chemisorption is usually irreversible
and generally proceeds until the surface is covered by a
complete layer one molecule in thickness. Physically
adsorbed layers can, however, be formed up to thicknesses
greater than that of a monolayer. The first layer is usually
rather more strongly adsorbed than the second and further
layers.

In chemisorption, molecules or radicals can become
oriented to give maximum overlap between adsorbate and sur-
face metal orbitals and thus modify the intrimsic electrical
field at the surface in the absence of adsorbate. Such
variations in the electronic nature of the surface phase can
be studied as a function of coverage, e.g. through electron
work~function measurements. Any adsorption on the surface
will be accompanied by a change in the surface potential X
which can be measured and which leads to changes in the
electrical properties of the interfacial region of the metal

such as conductivity and dielectric constant. Evidence can



also be obtained about redistribution of electrons within
the adsorbate molecules by instrumental techniques such as

i.r., e.s.r. and dielectric polarization studies.

3. Adsorption .of ions from solution: Structure of

the double~laver

As mentioned above, adsorption at the metal/liquid
interface is unique due to the ubiquitous_ presence of a
solvent, usually water. Unfortunately, in most earlier work
on ionic adsorption at electrified interfaces, the role of
solvent has been neglected. Helmholtz26 regarded an electri-
fied interface as equivalent to a condenser of constant
capacity, i.e. with equal charges on the metal and the solution
facing each other at a constant distance. Gouy27 took into
account the fact that there must be an equilibrium between
the electrical forces which are responsible for the existence
of the double-layer and the thermal or osmotic forces tending
to maintain homogeneity of the iomns. This representation is .
usually called the "diffuse double-layer'" model. Chapman28
extended Gouy's model of the double-layer by introducing
Poisson's equation and Boltzmann's law to evaluate the dis-
tribution of ions in the diffuse double-layer and the
corresponding variation of electrical potential. His calcu-
lations were similar to those made later by Debye and Hiickel

to determine the distribution of 1lomns in the ionic atmosphere

around a given ion in solution. The Gouy-Chapman theory



leads, however, to erroneous values of the double-layer
capacity.

The next development was due to Stern29 who took
into account the possibility that the ions (a) have finite
size and (b) that the ions may or may not be chemisorbed
(or 'specifically' adsorbed) at the interface. The first
layer of iomns is regarded as being adsorbed directly at the
metal and thus constitutes a layer analogous to that suggested
by Helmholtz. Beyond this layer, the ions were regarded as
diffusely distributed. Grahame30 examined at length the
consequences of the Stern model and considered specifically
the effects of taking into account the different degrees of
solvation of anions and cations in the double-layer. The
following picture of the double-layer has emerged from
Grahame's work on the metal-electrolyte interface.

(a) The metallic phase at potential ¢m bears a net
electrical charge Ay which has a well-defined thermodynamic
significance and can be measured absolutely.

(b) The closeness of approach of ions.in the solution
to the metal is determined by whether or not their hydration
shells can be displaced or distorted on the side nearest to
the metal. Centres of such distorted solvated ions which are

1
regarded as being specifically adsorbed3 lie on a 2-

dimensional locus called the Inner Helmholtz Plane (I.H.P.)
at which the potential is ¢l. Tons which retain their first

hydration shells cannot approach the electrode so closely



and the locus of their centres of closest approach is termed
the Outer Helmholtz Plane (0.H.P.), or Gouy Plane, at which
the potential is ¢2.-

(¢c) The diffuse layer, or the ionic atmosphere conjugate
to the charged interface, is bounded by the O.H.P. and extends
into the bulk of the solution over a disténce related to the
Debye-Hiickel 1/k parameter; it contains non-specifically
adsorbed ions which are attracted to thebcharged metal surface

entirely by coulombic forces.

4, Adsorption of neutral molecules from solution:

Competitive adsorption

The abové'double—layer theories were developed
specifically to account for the jonic distribution in the
interphase. It is of considerable importance, however, to
investigate also the adsorption of.neﬁtral molecules in order
to obtain information about solvation and orientation effects.
Also, since the electrode surface is almost fully covered with
water dipoles, it is evident that for each organic molecule
adsorbed on the surface, a number of water molecules must be
displaced from the interface. This number will depend on
the ratio X of the effective projectgd area of the orgamnic
molecule to that of a water molecule in the interphase.

Such adsorption should always be regarded as a

32,33

competitive process. Some authors have considered the

possibility that water molecules at the interface are grouped



in clusters, so that each cluster behaves as a single entity
with respect to displacement by an adsorbate.

Giomini et al.33 favored a cluster of 5 water mole-
cules, while Pafsons32 favored clusters of 3 to 4 water.mole—
cules. However, later Parsons34 and other author535’36?37
found increasing evidence for the role of discrete water
molecules at the interface. The problem, however, seems not
to have been resolved for very large adsorbate ion532’33 and
the determination of the number of solvent molecules displaced
is probably specific to the system under study, depending on
the configuration of HZO molecules in the neighborhood of the
adsorbed ions in relation to the metal-solution field.

The form of the adsorption isotherm for competitive
adsorption involving molecules of different sizes is an
important matter in evaluation of experimental results. This
topic will receive special consideration in a later section

(p.92 ) where some original calculations are presented.

E. Theories of Adsorption

Part I: Adsorption Theories based on Dielectric Polarization

1. Introduction

, 2 .
In a series of papers, Gouy 7 examined the effect

of organic substances on the electrocapiliary curve (see

Chapter III) for mercury in a solution of a surface—-inactive

salt such as sodium sulfate. He found, with rare exceptions,




that these substances caused depression of the curve which
was greatest in the neighborhood of its maximum, falling off
on each side and, in many cases, ultimately becoming zero.
He ascribed this behavior to the effect of the electrical
field on the adsorption of the added substance, the amount
adsorbed being greatest when the electric field at the inter-
face was small and becoming diminished as the field increased
in either direction away from the potential of zero charge (p.z.c.).
Principally two types of theories have been advanced
to explain quantitatively the adsorption of neutral molecules.
In the first are the theories of Frumkin38, Butler40 and
Macdonald43 based on the macroscopic concept of the energy
of the dielectric in the double-layer regarded as a con-
denser. The second group of theories centres around the idea

of orientation of solvent and solute molecules near the inter-

face. These theories were proposed by Watts-Tobin and
Mott23’47’48, Macdonald and Barlow50 and developed further
25

by Bockris, Devanathan and Miiller .

2. Frumkin's theory

A quantitative theoretical treatment of adsorption

38

of organic substances at Hg was first given by Frumkin who
considered the energy change of the double-layer when
adsorption of a molecule occurs. The capacity of an element

of double-layer of area S changes from the value C per unit

area appropriate to the base solution to a value C' appropriate




to the electrode saturated with the adsorbed material. The

energy change is (cf. ref.39)
=0 _ o 1 ,2 ' ' '
AG” = AGT + 5 ¢ (C-C') S + ¢ (R/2 = u'/eLY) (1)

where ¢m is the potential drop across the inner region of the
double-layer of thickness £ in the absence of the adsorbate,
and %' in its presence; U is the component of the dipole
moment of the double-layer element normal to the electrode
surface in the absence of adsorbate and u' is the same
quantity when the element is filled with adsorbate. The
second term of the r.h.s. of (1) accounts for the variation
of the energy éf the interphase due to the smaller dielectric
constant and greater breadth of the organic molecule than
water when the surface is saturated with the adsorbed sub-
stance. The third term is associated with the change in the
effective total dipole moment of the species in the interphase

due to the adsorption process and consequent replacement of

solvenf diﬁoles._ The first term, AGO, is the "chemical" com-
ponent of free energy of adsorption, i.e. when ¢m=0. It

follows from Equation (1) that AG° has a maximum value when

¢ = ¢ = - (u/% - u'/2")/(C - C")s (2)

m m,max

and the corresponding Aq;&js defined as

=0 -0 ' 1y 2 _ '
AG_ . = AG® - (u/% - u'/R")7/2 (C c')s (3)

so that equation (1) can be written in terms of directly

measurable quantities, viz




AGS = AB® - 3 (C - C"IS(o, - ¢ >2 (4)

m,max

which is analogous to the relation derived by Butler.

In terms of charge qy on the metal, Parsons39 wrote

equation (4) as
AB°  =a8° - L g2 (1/c' -17C) - 4mq, (u/e - u'le") (5)
max 2 M ' M ‘H H
where € and €' are the dielectric constants in the presence

and absence of adsorbate.

In Frumkin's model, as the author himself pointed
out, the change of capacitance from C to C' may arise as a
result of changes of either the polariéability of the di-

electric or the thickness of the condenser, or both.

3. Butler's theory

A different and more realistic treatment of adsorp-
tion of organic substances was given by Butler40 who considered
the distribution of solvent and organic solute in the field of
the electrode. A quantity of solute is assumed to be brought
up to the double layer where the field is F and a corresponding
volume of solvent is displaced. The work, W, done in trans-
ferring aﬁ element of volume 8v of the solute against an
electric field F to displace an equivalent volume of solvent§

at the interface is

- as) F° 8v (6)




W is then introduced into a Boltzmann distribution equation
so that the extent of adsorption I' is related to the field
by

r = Po exp {%(aA - as)stZ/kT} (7)

where Fo represents the surface excess when F = 0, and o,

and g are the polarizabilities of the solute and solvent,
respectively.

It is then assumed that Ay and Ayo, the depressions
of surface tension when the fields due to excess charge at
the surface aré F and zero respectively, are proportional to

I' and Po, so that eqn. (7) becomes

Ay = Ay, exp {%(aA - as)GvFZ/kT} (8)

In addition, the molecules may have polarization
P per unit volume in the absence of amn electric field arising
from oriéntation of their dipoles at the surface; then the
additional work of adsorption per unit volume of solute
molecules replacing unit volume of solvent is (PA - PS) so

that eqn. (8) can be written as

AY = Ay, exp{%(aA - as)dsz/kT + (B, - PHSVF/RT} (9)

Butler found satisfactory agreement between experi-
mental and the theoretically calculated values of Ay for
many organic compounds. However, the theory has been criti-

cized54 on the grounds that bulk dielectric constants are



- 23 -

used for interface calculations. The treatment of Butler
was further improved by Lorenz and M6cke141 who took into

account dielectric saturation in the interphase.

4, Theory of Macdonald

Based on the experimental capacitance data of NaF
obtained by Grahame42, Macdonald developed43 a theory of the
electrical double-layer in which three main one-dimensional
regions were considered along a distance coordinate d. An
ideal polarized metallic electrode is placed at a position
defined as d=0. Next to the electrode there is a charge-free
layer extending to a distance d=d°. Finally, polar material
containing univalent positive and negative ions extends from
d=do to d=w. The dielectric constants in the two layers may be
different and depend on electric field strength and position.
Since_the thickness do of the charge-free layer may be a
function of electric field strength, the theory of Macdonald
included effects of high-field dielectric saturation in the
double-layer and also the'high—field compression in the inner
layer which increases as the polarizing potential is increased.

The following expression for the differential

capacitance of the electrical double-layer was obtained:

o o o -1
K >4 2 € z * * -1

cd o el |t D2 - 2 D 4 vy (simndy) (10)
K1 €1 z €1 z, .

The superscript zero designates the_value of a quantity
at the p.z.c. (also called the electrocapillary maximum
[e.c.m.] potential in other contexts) and potentials

. 30
(Vo’ the so—-called rational potentials™ ) are




measured from the p.z.c. The subscripts 1 and 2 identify

quantities defined in the charge~free and diffuse-layer,
respectively. K,is the differential dielectric constant and
refers to any dielectric saturation effects arising at high
fie;ds, elis the static dielectric constant and z is a
normalized distance, X* and ¢* are the normalized field
strength and potential, respectively; Yy = C;/C;, where C is

the capacity.

In this theory, calculation of Cg is not straight-
forward, even when all the constants are known, because of

1
Macdonald found good agreement between the experimental and

implicit relations between the variables. Taking k® = 14,

theoretically calculated values of Cg, particularly at
negative potentials. Laterzs, the value of dielectric constant

for the charge-free region was taken as 6 (cf. ref.44).

E. Theories of Adsorption

Part IT: Molecular Theory of Water Orientation and

Displacement

1. Theory of Watts-Tobin and Mott

Following the treatment of Macdonald43, Watts-—-

. 23,47,48
Tobin and Mott in a series of publications ’ ’ proposed

a basis for explaining the sharp increase of capacitance at
potentials positive to the p.z.c. Slightly on the anodic
side of the electrocapillary maximum (e.c.m.) there is a

.. 23
hump in most capacity ¥vs. potential curves. Watts-Tobin




suggested that the hump may be due to increase in the
effective dielectric constant of the layer, marking the point
where the average dipole moment of the water in the layer be-
comes reversed. This appeared23 reasonable because at 300°K
the field required to provide an enefgy of the oriented dipole

6 \' cm-1 which is less than the applied

). The water molecules probably lie23 in

equal to kT is 6.6 x 10

7 1

field (>10' V cm

contact with the metal and it was thought that the ions could
partially shed off their primary hydration shell because of
high field near the interface. On the basis of Kemball's
work 3 on heat of édsorption of water molecules from the
vapor at a mercury surface, Watts-Tobin suggested that water
molecules form a close-packed monolayer on mercury and are
only slightly affected by the presence of bulk water.

Conway et al.46 showed that the dielectric constant
of water rises rapidly on moving from the metal through the
C.H.P. so that water molecules near the metal cannot be
treated as a dielectric continuum. Polarization due to
orientation of water also extends48 bgyond the layer of mole-
cules in contact with the metal due to H-bonding with the
innermost layer.

Mott and Watts—Tobin47 deduced a relationship be-
tween the charge on the metal (qM) and the potential drop

(A¢m) across the double layer when a very thin layer of

water molecules is on the electrode:



= Ry BF
W = Zme, Pm T a_ FARP kT (11)

where Ko is the dielectric constant of the oriented water
molecﬁles, 20 the distance between the metal and the O.H.P.,
N the number of water molecules per unit areé, 1 the dipole
moment of water and F is the field across the double-layer.
The capacitance hump could be reproduced reasonably well with
the above Qy -~ ¢m relationship.

In order to explain the sharp rise of capacitance
curves with potential on the anodic side of the p.z.c., the
theory of Watts-Tobin and Mott suggests that mercury atoms
are pulled out of thé surface by the electric field to form
ad-atoms. This was a new idea and was shown by them to be
thermodynamically possible. The authors also proposed that
adsorption of OH ions occurred at positive charges thus
increasing the capacitance under those conditions. However,
the latter suggestion has been disproved49 on the grounds

that the capacitance is unaffected by pH.

2. Theory of Macdonald and Barlow

Almost at the same time as the publication of the

50 .
theory of Watts-Tobin and Mott, Macdonald and Barlow im-

proved the earlier theory43 of Macdonald and obtained better
agreement between the theoretical and experimental capacitance

1 .
curves for NaF in water42 and KF in methanol5 . The interface



was regarded as an hexagonally close-packed charge-free mono-
layer of solvent, physically adsorbed on the mercury surface
by dipole-image forces. Neglecting association in the mono-
layer, the inner-layer dielectric constant and its dielectric
saturation properties were calculated for three conditions:
(a) where dipole image contributions are neglected, (b) where
monolayer dipoles are imaged in the mercury electrode only,
and (c) where they are additionally imaged in an equipotential
plane on the solution side of the interface. All these treat-
ments lead to much smaller dielectric constants than that of
the bulk solvent.

The basic capacitance equation was derived as follows.

The capacity of the charge-free inner layer is

C, = day/de = (qu/dFl) (dF /do ) (12)

where F1 is the field in the inner-layer and ¢m the potential
drop across it, and qu/dF1 involves the differential di-
electric constant Ky ¢m = Fld = Fdot where d is the thickness

of the inner layer and t is the normalized thickness defined

as t = d/do' Then it can be shown that
C - _];_ ﬂ {t[l + Q_S.];r.l.'_t—z.}}-l (13)
1 db dF1 d(lnFl)

The authors then derived expressions for the dielectric saturation,

electrostriction and compression effects in the inner layer.




3. Theory of Bockris, Devanathan and Miller ("BDM")

These authors used25 the model of Watts-Tobin and
Mott and applied it to adsorption of ions and:neutral mole-
cules at the charged mercury/aqueous solution interface.
Their treatment brought some consistency between a number of
experimental facts and enables some properties of the double-
layer to be predicted in fair agreement with experiment.

In formulating a model for adsorption of molecules

on electrodes, Bockris et al.25 regarded the solvent orienta-

tion treated by Watts—Tobin23’47’48 as of primary importance.
In the latter work, the solvent molecules were regarded as
being distribufed between tw6 states of orientation in which
the dipoles are aligned with or against the field, i.e. in
opposite directions. Water molecules having their oxygen |
ends towards the electrode can be called "down" dipoles
designated by N¢, and molecules with their hydrogen atoms
towards the electrode can be called "up" dipoles, denoted by
N4. The populations of the dipoles in "up" and "down" states
are dependent (a) on the field and (b) on the mutual lateral
interactions between the oriented dipoleszs.

The equilibrium between water adsorbed on the

electrode in "up" or "down" orientations was derived from

kinetic relations for adsorption at equilibrium, giving

8t _ k¥ = 2y 14
o ~ k+r ¢ (14)




where k's are the rate constants for "up" and "down" adsorp-
tion processes and kTy is the sume of the energies of the
dipoles arising from orientation in the field and mutual

interactions (note that (kTy)* =

(kTy)+¥). Hence

0+ - 6% N4+ - Ny _ N+ - N¢

6% F 6¢ - tamR Y = ¥y i Ny T N, (15)
where 04 = Ei, 6+==Ei and N, = N4 4+ NV. (16)
NT T T

For the "up" water dipole, its energy is

kTy = uF + Uc %i - Uc %i = - (energy of "down" water) (17)
T T : '

where ¢ is the coordination number in the interphase, U the
lateral interaction energy between a pair of adjacent dipoles
and F the electrode field, —4ﬂqM/€. Hence, from equations

(15) and (17),

N+ - N¥ . o _ uF _ Uc (Nt - N¥)
——_ﬁ;_- = B = tanh [kT T N, 1 _ (18)

Adsorption of organic molecules at a metal surface

covered by solvent dipoles can only occur by displacement of

a certain number of solvent molecules previously oriented to
an extent B in the field. Thué, if the adsorption of