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Abstract:
Investigation of the structure of surfactants at metallic surfaces immersed in aqueous solutions was
pursued as a means to better understand electrode transport and kinetics. It is thought that modified
electrode surfaces can be utilized to study transport phenomena through a biological membrane.
Cyclic voltammetry was used to probe the characteristics of the modified surface and provide
experimental tests of model predictions. The surface was not formed spontaneously, but was induced
by a large negative potential. Several alkylsulfates with different counterions were investigated.
Quantitative determination of differential capacitance and thermodynamic values showed that all of
them follow the same mechanism for the reorganization within the metastable surface. Use of reducible
analytes when added to the surfactant solution, revealed that the ions were being reduced at the
electrode surface. Oxygen was shown to be reduced at some distance from the electrode, possibly on
the outside of the thin film. Several mechanisms were proposed for the reduction of oxygen in the
surfactant solution.
Computer simulation aided in the visualization of surfactant reorganization after a potential was
applied to the electrode. Certain simplifications were used, so the system could be studied through a
reasonably long period of time. Information regarding the effect of the water molecules and
counterions on the thickness of the surfactant layer was obtained.
A model is proposed involving the information collected. The interface consists of a double layer of
solvated surfactant and counterions. The geometry of this layer is very much dependent on the charge
on the electrode. Reorganization towards a metastable state occurs when this charge is dramatically
changed.
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ABSTRACT
Investigation of the structure of surfactants at metallic surfaces
immersed in aqueous solutions was pursued as a means to better understand
electrode transport and kinetics. It is thought that modified electrode surfaces
can be utilized to study transport phenomena through a biological membrane.
Cyclic voltammetry was used to probe the characteristics of the modified
surface and provide experimental tests of model predictions. The surface was
not formed spontaneously, but was induced by a large negative potential.
Several alkylsulfates with different counterions were investigated.
Quantitative determination of differential capacitance and thermodynamic
values showed th a t all of them follow the same mechanism for the
reorganization within the metastable surface. Use of reducible analytes when
added to the surfactant solution, revealed th a t the ions were being reduced at
the electrode surface. Oxygen was shown to be reduced at some distance from,
the electrode, possibly on the outside of the thin film. Several mechanisms
were proposed for the reduction of oxygen in the surfactant solution.
Computer simulation aided in the visualization of surfactant
reorganization after a potential was applied to the electrode. Certain
simplifications were used, so the system could be studied through a reasonably
long period of time. Information regarding the effect of the water molecules
and counterions on the thickness of the surfactant layer was obtained.
A model is proposed involving the information collected. The interface
consists of a double layer of solvated surfactant and counterions. The
geometry of this layer is very much dependent on the charge on the electrode.
Reorganization towards a metastable state occurs when this charge is
dramatically changed.

I

INTRODUCTION
Major attention has been given in recent years to the study of the
structure of oriented monolayers. This is related in part to the fact that such
systems are convenient models of the lipid region in biological membranes.
Electrochemistry has long been used for the investigation of interfacial
phenomena in systems such as the solid-liquid interface. Several years ago,
in a voltammetric study of micelle solutions, we discovered th at solutions of
sodium dodecylsulfate (SDS) could be forced to self-assemble as a highly
organized metastable surface on mercury coated electrodes. This phenomena
led us to believe th at the surfactant/electrode interface could be used to model
a biological membrane. Because the double layer charging current shows the
SDS to have four different conformations, which can be related to thickness
changes in the surface, it was thought th at the use of electrochemical methods
as well as surface science techniques could be used to measure these
thicknesses. With the advancement of computer methods, a series of molecular
dynamic simulations should provide a microscopic understanding of the
interface. The following sections in the introduction are offered to the reader
so th at the nature of the problem will be better understood.

2
The Electric Double Laver

History

The problem of the electric double layer is of fundamental importance
in electrochemistry, and is continually being studied. The original idea of the
electric double layer was described by Gouy1 and Chapman 2 in 1913. Their
analysis of the problem was based on the same premises as the Debye-Huckel
theory (Poisson-Boltzmann equation). They considered the laws of electrostatic
adsorption of ions caused by the interactions of the ions with the outer charge
of the electrode. This theory found wide application in the interpretation of
electrochemical experiments dealing with surface forces and electrokinetic
phenomena. The Gouy-Chapman theory is still one of the basic theories of the
equilibrium double layer.
Several years later a modification of the Gouy-Chapman theory was
made by Wagner, Onsager, and Samaras .3,4 The correction was to account for
the effect of image forces caused by differences in the dielectric permittivities
of the solvent and electrode. The distortion of the Debye atmosphere near the
interface was also considered. The alteration assumed th a t the electrode was
uncharged, so the theory only found use in calculating surface tension of
electrolyte solutions at the solution/air interface.

3
The Stern modification5 in 1924, suggested th at there should be a thin
region adjacent to the charged surface, a compact double layer, possibly with
different dielectric properties from the bulk solution.

The early Gouy-

Chapman theory made no mention of non-electrostatic adsorption of ions at the
electrode surface. Although Gouy first recognized this problem it was Stern
who introduced the idea of specific adsorption and treated it quantitatively.
Much later the Stern isotherm was declared "obsolete",6 but because there has
been no reasonable substitute it is still discussed in most all text books. By
the late forties Grahame 7'9 was working toward a theory th a t would assume
th at the compact double layer capacity was dependent only on the charge of
the electrode and not on the electrolyte concentration.
The current and possibly most exciting model of the electric double layer
at the metal/electrolyte interface is called the jellium-dipole-ion model.10 15
Numerous experiments have shown th at the capacity of the double layer at the
metal/electrolyte interface is dependent on both the nature of the metal and of
the solution. Recent theoretical studies of the electric double layer regard the
electrolyte as a mixture of charged and dipolar hard spheres .16,17 By using
statistical mechanics10 it has been shown th a t at small potential differences
between the electrode and solution, the Gouy-Chapman theory is valid, but
th a t the microscopic picture underlying this early theory is incorrect. It has
been established by differential capacity-potential data th a t the double layer
theory m ust involve both metal and electrolyte.

However, no theory yet

4
predicts the unusual shape of differential capacity-potential curves.

The

continued interest in developing a better understanding of the electric double
layer is both intrinsic and due to the important role the double layer plays in
processes of adsorption and charge transfer at electrodes, and in general, at
surfaces.
Theory
The electric double layer is often described as having the solution side
of the double layer consisting of several layers. The closest layer to the
electrode contains solvent molecules and, in some cases, other species (ions or
molecules) th a t are said to be specifically adsorbed. The first layer is often
referred to as the Helmholtz layer, or the compact, or Stern layer. The locus
of the electrical centers of the specifically adsorbed ions is called the inner
Helmholtz plane (IHP). The IHP is at a distance X 1 from the electrode, figure
I. The total charge density (pC/cm2) from the specifically adsorbed ions in the
IHP is represented by <?. When solvated ions approach the surface, they can
only approach to a distance x2. The outer Helmholtz plane (OHP) is used to
describe the plane created by the nearest solvated ions. The interaction of the
solvated ions with the charged metal involves only long-range electrostatic
forces.

Thus, their interaction is essentially independent of the chemical

properties of the ions. These ions are referred to as nonspecifically adsorbed.
Ions such as these are distributed in a three-dimensional region called the

5
diffuse layer, which extends from the OHP to the bulk of the solution. The
thickness of the diffuse layer depends on the total ionic concentration in the
solution.

'S 4
Inner Helmholtz Plane
Layer
Outer Helmholtz Plane
..
•.
V : • Diffuse Layer
•• ;• :

Y

:vy:v:.

VV--VJv

■.*•••

Bulk Electrolyte'

Figure I. Double layer.
The name double layer originated from the writings of Helmholtz18,19 in
which he proposed the idea of charge separation at the electrode surface. It
was proposed th at the countercharge in solution also would reside at the
surface. This would be similar to having two sheets of charge, having opposite
polarity and being separated by a distance of molecular order.
It is easiest to think of this structure as a parallel-plate capacitor, which
has the following relationship between stored charge density, o (pC/cm2), and
the voltage drop V between the plates20:
o -

d

(I)

6
where E is the dielectric constant of the media, E0 is the permittivity of free
space, and d is the interplate distance. The differential capacitance can then
be w ritten as

(2>

This equation suggests that Cd should remain constant, but as Grahame has
shown8 this is not the case in real electrolyte solutions, figure 2 .

0.01M0.001M

I

I

I

I

'
0

I
-

I I I I I I I I
0.4 - 0.8 - 1.2 - 1.6

E - E1, (V)
Figure 2. Differential capacity vs. potential for NaF .8
Helmholtz’s theory provides an unsatisfactory explanation of the double
layer. He fails to account for thermal agitation that causes some counterions
to diffuse throughout the solution.

Gouy and Chapman were the first to

provide a detailed explanation of the effects of the diffuse layer on the double

7
layer. They independently proposed a model of the double layer based on a
statistical mechanics approach.

The basis of their model was the one

dimensional Poisson-Boltzmann equation:

=

dx2

Zi P i e x p ( P z 1G(J) ( x ) )

e

( 3)

m

where <j)(x) is the mean electrostatic potential at a distance x from the
electrode, e is the magnitude of the electronic charge, Zi and Pi are the valence
(including the sign) and number density of ions of species i, P = 1/kT, k is the
Boltzmann constant and T is the temperature.

The parameter m is the

number of species of ion in the region of space in which this equation is being
applied .21 This assumption concerning distribution of charge density and
potential is the same as th a t used by Debye and Htickel for stating the same
quantities in their theory of strong electrolytes.
In the Gouy-Chapman model, adsorption occurs as a result of the
electrostatic interaction between point-charge ions and the charge on the
electrode.

A finite thickness would arise essentially because there is an

interplay between the tendency of the charge on the metallic phase to attract
or repel the carriers. This results in an ionic atmosphere or diffuse layer th at
decays into the bulk, the net charge on the diffuse layer being equal and
opposite to th a t on the metal surface .6,22

8
Capacity predictions calculated from the Gouy-Chapman theory tend to
be much higher than measured values for ions of finite size, thus, it is
necessary to modify the model. Stern introduced the idea of ions that are
specifically adsorbed by postulating th at ions cannot approach the electrode
nearer than the "plane of closest approach" Oc2). Hence the name double layer
was applied for the Gouy-Chapman-Stern theory; the compact or inner layer
and the diffuse layer. The difference of potential (J)m between the metal and
solution (<)>B=0 by convention) is now divided into two parts .8,23
<t>m - (4>m - 4>2) + <t>2

W

According to this view the double layer can be regarded as two capacitors in
series.

A single capacitor can be broken into several capacitors, thus the differential
capacitance, Cd (which is the change in the excess charge on the electrode with
respect to the change in the electrode potential), can be split into a Helmholtz
capacitance, CH, and a diffuse capacitance, CD.
important

structural

information

th at

has

The term Ch contains
been

found to

depend

characteristically on the nature of the metal, the solvent, and for a given
interface, also on the electrode charge and on the temperature.

9
Experimentally it has been shown that the double layer capacity is
dependent on the chemical nature of both the metal and the solution. The
most recent theory to address this is referred to as the jellium-dipole-ion
model. A simple quantum mechanical model of the metal surface - the jelhum
model, is combined with a new dipole model of the solvent. This is thought to
be the first microscopic theory that can explain qualitatively how the
interaction of the metal with the solvent molecules determines the double layer
capacity .10,14
In the last decade two new ideas have arisen to describe the electric
double layer. The first of these notions is based on the reality that electric
fields can penetrate a short distance into a metal surface. Therefore the metal
should make an important contribution to the interfacial capacitance.
Although this was first suggested in 1928 by 0 . K Rice,24 his model was never
successful. The second new idea originates from the statistical mechanics of
liquids and solutions. The distribution functions for an ensemble of hard
sphere ions and dipoles in the presence of a hard charged wall have been
solved for small charges in the mean spherical approximation (MSA).16,17
This should provide a reasonable method to model an electrolyte.

A

Combination of these two proposals should provide a new model for the electric
double layer.
If the metal electrons and the electrolyte were strongly coupled, the
jellium-dipole-ion model would be very complex. Fortunately, the coupling is

10
weak.

The metal electrons penetrate into the electrolyte only enough to

contribute to the Helmholtz capacitance Ch but not enough to disturb the
electrolyte structure. Furthermore, the electrons do not penetrate far enough
to sense the electrolyte structure and thus respond only to the magnitude of
the double layer charge .14

Jellium.
Polycrystalline sp-metals can be modeled as a jellium.

Jellium is

described as having the charge of the metal ions smeared out onto a constant
background charge density. This charge density then abruptly drops to zero
at the metal surface. The electrons are treated as a quantum mechanical
plasma interacting with a positive background and with any other external
field th at may be present.
An important feature of the jellium model is th at electrons are able to
penetrate the metal surface, because of their small size, and spill over into the
adjacent region, vacuum or solution. The penetration length is typically of the
order of 0.5 A only.14 Due to the high concentration of electrons this leads to
sizable negative excess charge density outside the metal, which, at an
uncharged surface, must be balanced by a corresponding excess charge on the
metal side of the surface. What results is a dipole moment th at leads to a
surface dipole potential, Vdip. This potential is typically of the order of a few
volts,

which

makes

an

important

contribution

to

the

electronic
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work function .14

It also should be noted th at within the jellium

model all metal properties are a function of the bulk electronic density, n+,
only.
Hard sphere electrolyte.
Charged hard spheres and hard spheres with embedded dipoles are used
to describe the ions and the solvent molecules respectively in the hard sphere
electrolyte model. The statistical mechanics of such an assembly of hard
spheres in contact with a charged hard wall is computationaly complex, but
good approximate solutions have been obtained for small charges .16,17
Combining the jellium model with the ensemble of hard sphere ions and
dipoles, figure 3, gives the following equation for the Helmholtz capacity at the
potential of zero charge :12,15
I

( 6)

4 it Cff

The first two terms are the contribution of the electrolyte solution.

The

diameter of the solvent molecules and the ions are represented by O8 and Oi
respectively.

For simplicity the diameters of the cations and anions are.

considered to be equal, e is the bulk dielectric constant for the solvent. X is
determined from e via the following relationship,
X 2 (I + X)4 = 16e

(7)
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Typical values for A, are of the order of 2-3, thus, the second term in eq. 6 will
be much smaller than the first because e » A .14 Therefore the contribution of
the solvent to the Helmholtz capacity, CH, will be determined mainly by the
properties of the solvent. This is in good agreement with the experimental
findings, in which Ch is practically independent of the nature of the ions.14
The last term in the Helmholtz equation, (eq. 6 ), is the contribution of the
jellium model. This is given by the variation of the surface dipole potential,
Vdip, with the surface charge, q. Vdip is generally negative, as will be discussed
later. The metal contribution is determined by the bulk electronic density. In
calculations for specific systems, it is assumed th at all the valence electrons
of sp-metals are free .14
The variation of the surface dipole potential, Vdip, is the major concern
for the double layer capacity. The effect of an applied electric field on the
normalization electronic density profile, n(x)/n+, has been investigated .14 The
results show th at a positive field leads to an accumulation of positive charge
on the surface. Thus, the electrons are pushed back into the metal by a
positive field, and the surface dipole potential, Vdip, decreases. Similarly, a
negative applied field tends to pull electrons out of the metal, and the surface
dipole potential increases. Simply stated, the variation of the surface dipole
potential is opposite to the applied external potential.

Hence this effect

decreases the potential difference between the bulk of the metal and the
solution for a given charge density, and thus increases the capacity. What
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occurs is that the electrons form a highly polarizable medium at the metal
surface which then increases the interfacial capacity. From this, it would then
be expected that the Helmholtz capacity should increase with the free electron
density of the metal. For example the Helmholtz capacity should increase as
you go from zinc to mercury.

jellium

ensemble of hard spheres

®

Figure 3. JelHum hard sphere model of double layer.
Surfactants
Characteristics
Surface-active m aterials contain two characteristic chemical structures.
(I) chemical units th at have strong attractions for the solvent, which are
referred to as lyophilic groups, and (2 ) molecular components th at have little
or no attraction for the solvent, called lyophobic groups. In principle, surface
activity and related concepts are generally apphcable to any system that
consists of at least one condensed phase. Since the majority of scientific and
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technological literature is concerned with aqueous solvents and their
interactions with a second phase, the terms hydrophilic and hydrophobic are
commonly used in place of lyophilic and lyophobic.
Materials th a t contain the chemical groups leading to surface activity
are generally referred to as being amphiphilic (liking both), meaning that they
have some affinity for two essentially immiscible phases. Surfactants are thus
considered surface-active materials, figure 4.

Hydrophilic
head group

Hydrophobic tail

Figure 4. Basic molecular structure of surface-active material.
Surfactants contain a solvent repelling, hydrophobic tail and a solvent
attracting, hydrophilic head group. Depending on the nature of the charges or
absence of ionization of the head group, the surfactant may be arbitrarily
classified as anionic, cationic, non-ionic, or zwitterionic. Table I, lists the most
commonly encountered head groups for surfactants. The most common tail
groups are hydrocarbon radicals having a total of 8 to 20 carbon atoms.
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Table I. Common hydrophilic groups.
Sulfonate

R-SO3- M+

Sulfate

R-OSO3- M+

Carboxylate

R-COO. M+

Phosphate

R-OPO3- M+

Quaternary ammonium

R4N+X-

Polypeptide

r -n h -c h r -c o -n h -c h r ,-c o -...-c o 2h

One of the characteristic features of surfactants is their tendency to
adsorb at interfaces in an oriented fashion. Consider the behavior of a solute
molecule in its rapid kinetic motion in a solvent in contact with a solid surface;
it moves around surrounded by a constantly changing atmosphere of solvent
molecules, which hold it in solution. However, there are other forces which
attract the solute to the solid surface whenever it approaches closely. If these
forces are strong enough to overcome those of the solvent atmosphere, the
solute may be held at the solid surface, either permanently, as a covalent bond,
or for a limited time, by other weaker forces.
There are several mechanisms by which surface-active solutes may
adsorb onto solid surfaces from aqueous solutions. In general, adsorption of
surfactants involves single ions25'27 rather than micelles.
common mechanisms are:

The six most

ion exchange,28 30 ion pairing ,29,3 acid-base

interactions 31 adsorption by polarization of n electrons ,32 adsorption by
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dispersion forces,26’26’30 and hydrophobic bonding 28,33,34

A reasonable

conclusion might be th at all surfactant solutes would tend to concentrate, i.e.
adsorb, from solution at the water/solid interface.
When a surface-active agent is dissolved in a solvent, the presence of the
hydrophobic group in the interior of the solvent may cause distortions of the
solvent structure. This distortion would create an increase in the free energy
of the system. In an aqueous surfactant solution, such a distortion (ordering)
of the water structure by the hydrophobic group decreases the Overall entropy
of the system.

The entropy is regained when surfactant molecules are

transported to a surface or interface and the associated water molecules
released .35 The free energy increase of the system when it is dissolved means
less work is needed to bring a surfactant molecule to the surface.

This

suggests th a t the surfactant should concentrate at the solid surface. The
amphiphilic structure of the surfactant therefore causes not only a
concentration increase of the surfactant at the solid surface, but also an
orientation of the molecules at the surface such th at the hydrophobic groups
are directed away from the bulk of the solvent phase.
Much investigation has been done in the area of surface coverage of
surfactants on solid surfaces. The concentration of surfactant at the interface
is of interest because it provides a measure of how much of the surface has
been covered and thus changed by the surfactant. A greater understanding of
the orientation of the surfactant at the interface is also desired, since this
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determines how the interface will be affected by the adsorption, i.e. whether
it becomes more hydrophobic or hydrophilic. Because adsorption processes are
thermodynamically dependent, a study of the energy changes, AG, AH, and AS
provides information on the type and mechanism of any interactions involving
the surfactant at the interface. This also lends details about the efficiency and
effectiveness of its applications as a surface-active material.

Surfactants in Electrochemistry
Surfactants have the ability to adsorb well at interfaces and are capable
of aggregating into supramolecular structures, which make them extremely
useful in electrochemistry. The early part of this century saw the use of
surface-active compounds on mercury electrodes to suppress unwanted
convection. Proske ,36 in 1952, was the first to investigate the use of surfactant
aggregates (micelles) as a means to solubilize nonpolar organic compounds in
w ater.for electrochemical measurements. Since then there has been much
investigation of the uses of surfactants in electrochemistry.
Surfactants have been used to stabilize ion radicals th a t are produced
at the electrode surface. The stabilization is accomplished by the columbic and
hydrophobic interactions of the radicals with micelles.36 The use of redox
probes to measure diffusion in surfactant media has also been widely
investigated .37,38 The micro structures of amphililes adsorbed on electrodes
has been an active area of research .39'47 Along those same lines, there is
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interest in using Langmuir-Blodgett (LB) methods to apply coatings of
functional amphiphiles on electrodes to investigate electron-transport
properties .48"52
As has been shown surfactants enjoy wide use for investigating many
fundamental electrochemistry problems, but they have not been limited to just
that. In 1969, the idea of electron transfer at interfaces was described to be
an important step in biological processes.53 Since then there has been much
work done toward the understanding of electron transport in biological
systems.

Surface-active materials have been a major source of this

understanding. It has been shown th at it is unlikely th a t interfacial systems
in biology are at equilibrium. They are, rather, in a steady state.

It is

possible th a t the steady state reactions include charge transfer at interfaces.
Thin Films on Electrodes

Electrode modifications have been the subject of intense study in such
areas as electrocatalysis, display technology, charge rectification, energy
conversion,55 and biomembrane modeling. Electrochemical methods have been
applied to study such things as the effect of an electric field on nucleic acids56,
structures

of

oriented

monolayers,57’58 ion

transport

across

monolayers,69,60 and general adsorption at charged surfaces.55,61"63

lipid
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Although electrochemical methods are not able to reproduce all
membrane properties, it is reasonable to consider th at electrochemical
- interfaces can appropriately be used to simulate the charged membrane
interface.

The electric double layer of a metal electrode provides a

qualitatively strong representation of a charged membrane. This is especially
true when investigating the interfacial potential variation of the system.
Monolayers
Monolayers have been known considerably longer than micelles or
vesicles have. They were investigated as early as the end of the last century
by Lord Rayleigh. Techniques for handling monolayers were developed as
early as 1891 by Pockel,64 with his techniques being standardized in the 30’s
and 40’s by several workers .65'69

These techniques have been recently

improved upon by Kuhn .70
The term monolayer implies the existence of a uniform monomolecular
layer of thin film on a surface. Monolayer forming materials were originally
thought to be nonvolatile and completely insoluble in the subphase but these
assumptions have been shown not to be strictly valid. Monolayers are best
characterized by metastable surface pressure-surface area isotherms,
undergoing time dependent changes, and often showing hysteresis .71
Early investigation of monolayers was intimately related to interfacial
phenomena. There has been recent renewed interest in the properties and
technological applications of self-assembling monolayers at the air/water

20
interface

and

monolayers

transferred

via

the

Langmuir-Blodgett

technique .48,49,72,73 It is hoped that, by gaining a greater understanding of the
structure and properties of monolayer systems, a more complete picture of
biomembrane processes will be achieved.
Orfranization of Monolayers
I

Any thermodynamic treatm ent of monolayers needs to consider all the
processes leading to the formation of states. Thermodynamic treatments are
generally limited to phase transitions occurring within the boundaries of the
monolayer.74 By analogy with bulk material, the presence of gaseous, liquid,
and solid states has been visualized, figure 5 .74
In the gaseous state the available area for each surfactant molecule is
large. Molecules float freely, mostly lying flat, on the surface without exerting
much force on each other. Monolayers in their gaseous state may be infinitely
expanded without any phase change.
Compressing the gaseous monolayers results in a transition to a fluid
state. At least two subphases have been recognized in the fluid state. The
initial transition on decreasing the surface area of gaseous monolayers results
from a gradual reorganization of the molecule to a position more or less
perpendicular to the surface. The intermediate state is characterized by water
separated surfactant headgroups on the monolayer surface. This is followed
by a liquid condensed state were the molecules are believed to be quite close
to each other and tilted with respect to the subphase surface .74
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The solid state is illustrated by molecules being packed as close as
possible. This configuration requires the surfactants to be perpendicular to the
surface or tilted at an angle. At zero pressure the surface area per molecule,
around 20 A2, approximates th at of closely packed hydrocarbons.

(condensed

fluid
I
\
(liquid expanded, \
intermediate
\
and liquid condensed)

\

90!
OO

— —

200

Area ( &2/molecule)
compression of b arrier------

Figure 5. Change of monolayer orientation with change in pressure .74
A complete understanding of the structure of monolayers and bilayers
at interfaces is of great importance in obtaining a better perception of how
biomembranes function.

It is also hoped th at by controlling the surface

molecular architecture, important insights will be made into electron-transfer
reactions at interfaces.
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Adsorption Processes
The adsorption of molecules at a solid-liquid interface creates a
transition region on the order of molecular dimensions in which the
composition of the system changes from th at of the bulk solid to that of the
bulk liquid. If specific interactions occur between the liquid and the solid the
liquid molecules near the interface may undergo a specific orientation th at may
change the density, dielectric constant, or other physical or chemical
characteristics of the liquid near the surface.
Electrochemical adsorption of organic molecules involves several
different interactions. These interactions are (I) the interaction with the metal
surface; (2 ) displacement of previously adsorbed solvent molecules oriented to
an extent dependent on the electrode surface charge, qm, or corresponding local
field; (3) interactions with remaining solvent molecules; (4) interactions
between the adsorbate molecules.
Surfaces possessing charged groups in aqueous solvents are especially
sensitive to environmental conditions.

In the presence of high electrolyte

concentrations, the surface of the solid may possess such a high degree of
bound counterions th a t ion exchange is the only mechanism of adsorption
available other than dispersion or hydrophobic interactions. Not only will the
electric double layer at the surface shrink to a few angstroms thick, but
attraction between unlike charge groups on the surface and the surfactant will
be suppressed. The same is true for the repulsion between the like charges of
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the surfactant molecules. Thus an increase of electrolyte content will generally
cause a decrease in adsorption of surfactants onto oppositely charged surfaces
and an increase in adsorption of like charged molecules.
Optical Methods of Investigating Thin Films
Electrochemistry has been shown to be a useful way to investigate thin
film properties and characteristics. Other common methods of studying thin
films and interfaces include optical surface techniques,
Optical surface techniques are plentiful, but most are destructive, and
thus not of particular interest to electrochemists. In order to obtain useful
information about thin films and their resemblance to biomembranes, it is
important to investigate them in a dynamic and nondestructive environment.
Several methods are commonly used, such as, electroreflectance ,75,76 FTIR ,77'76
quartz crystal microbalance,78,80 second harmonic generation ,81,82 and
ellipsometry .83'89 Many of these techniques are used to obtain information
about surface organization, surface thickness or change in thickness, and
electronic properties of electrode surfaces.
Ellinsometry
Ellipsometry is of particular interest to electrochemists; it is not only
nondestructive, but it is easily suited to the study of dynamic systems.
Ellipsometry can also be applied to mercury systems, which is the most
commonly used electrode setup. Because of these characteristics, and the fact
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th a t ellipsometry is routinely used to determine surface coverage and film
thickness, a detailed description will be presented below.
Ellipsometry derives its name from the measurement of elliptically
polarized light th at results from optical reflection. More specifically, the change
in the state of polarization due to reflection is measured and interpreted in
term s of properties of the reflecting surface. It is based on the fact th at a
monochromatic electromagnetic wave changes its state of polarization if it
strikes non-perpendicularly the interface between two dielectric media.
Two param eters are measured in ellipsometry: The change in relative
amplitude and the relative phase of two orthogonal components of light due to
reflection. From the measured two quantities, change in relative amplitude and
phase at constant wavelength, two parameters of the reflecting surface can be
derived. For a bare surface, these can be the real and imaginary parts of the
refractive index. For a surface covered with a transparent film, the thickness
and refractive index of the film can be determined if the optical constants of
the substrate are known. If sufficiently narrow limits can be imposed on
acceptable solutions, it is sometimes possible to determine more than two
unknowns: thickness and complex, real and imaginary, refractive index of an
absorbing film.
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Theory
Ellipsometry can be used to analyze several different systems. Two of
the most common are bare surfaces and film covered surfaces. These two
analyses require very different computational methods.
In analyzing light, it is a general practice to divide reflected and incident
waves into two orthogonal linear components. One of the components has its
electric vector oriented parallel to the plane which contains the incident and
reflected beams, called the plane of incidence. These components are given the
subscript p. The second component has its electric vector oriented normal
(perpendicular) to the plane of incidence and is denoted with the subscript s,
figure 6.90
Both of these components will change in phase and amplitude upon
reflection.

Plane of incidence

Figure 6 . Reflection of polarized light.90
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Generally, the superposition of linearly polarized "s" and "p" components
of the same frequency, but different phase and amplitude, results in elliptic
polarization, figure 7.

Figure 7. : Elliptic polarization .90
For the analysis of a bare surface the "s" and p" components are
reflected and transm itted to a different degree according to Fresnel s
equations .91 This results in polarization dependent reflection and transmission
coefficients r 01 and t 01, respectively. The state of polarization of the wave is
changed, since the polarization is a function of the optical parameters of the
entire system.
The Fresnel coefficients describe the reflection of light on a dielectric
interface. These coefficients represent the ratio of reflected to incident electric
field amplitude. The simplest form of the Fresnel equations relates the
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amplitude reflection coefficients to the angles of incidence and refraction.
Further discussion about bare surfaces can be found in several references.90,92
The ellipsometer determines the ratio p of the (complex) reflection
coefficients for "s" and "p" components. Expressions for relative phase and
amplitude change due to reflection from a bare surface using only real
quantities are given.90

A

tan-1

2Bsin0tan@
^
A 2+ B 2-sin2®tan.2® /

T = tan"1
+ B 2- 2 ^ s i n @ b a n @ + s i n 20 t a n 20
' X A 2+ B 2+ 2 A s i n O t a n 0 + s i n 20 t a n 20

( 8)

(9 )

where A and B are intermediate variables obtained from considering the
complex refractive index. A and xF are obtained experimentally.
Reflection from Film-Covered Surfaces
Optical reflection from a film covered surface, as described by classical
theory, assumes a planar substrate covered with a piano-parallel, homogenous,
isotropic film. If electromagnetic theory is applied to this geometry, the
solution for waves traveling in incident medium, film, and substrate are shown
in Figure 8 . These waves are the summation of multiple reflections.93
The resultant reflected wave is described in the Drude equations by an
overall, complex reflection coefficient r, which depends on the reflection
coefficients T1 and r 2 of the two interfaces and the phase delay, D, due to travel
of light in the film.
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Figure 8 . Reflection from idealized film-covered surface .90
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and X0 is the vacuum wavelength of the light; Ocf is the complex angle of
reflection in the film; ncf is the refractive index of the film; and L is the film
thickness. T1 and r 2 are the Fresnel reflection coefficients for the two interfaces
considered separately. The reflection coefficients are then written as ,90
• = ta n (Qcm-Q c^r)
lp

( 13 )

t a n (Ocm+Ocf)
_
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( 14 )

s i n (Ocm+Ocf)

• _ t a n (O cf- O cm)
2p
t a n (O cf+Ocm)

( 15 )

_
25 =

( 16 )
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where Ocf and Ocmare the complex angles of propagation in film and substrate,
obtained by applying Snell’s law to the two interfaces.
Thus, with the Drude equations for reflection from a film covered
surface, the basic equation for elhpsometry becomes,90

P

( r lp + r 2pe ^ ) ( I + r lsr 2se - ig)
(r lg + r 2se "ic) (1 + r lpr 2pe ~iD)

t a n T e iA

( 17 )

In practice, one is usually interested in determining the film thickness
L and the refractive index ncf of a film of substrate of known properties from
measured values Of xF and A. One rather tedious method is to calculate T and
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A for various combinations of I if,

k f,

and L until satisfactory agreement with

measurement is found. A more efficient method involves solving the basic
equation for ellipsometry (eq. 17) for L explicitly, as a function of ncf, vP, and
A. This solution involves a quadratic equation which provides the solutions of
L. Generally, the solution with the smaller imaginary part would be chosen to
represent the physical situation.
Computer Modeling of Thin Films
Computer modeling has quickly become a useful tool for investigating
the behavior of complex systems such as thin films on surfaces. Through the
seventies and early eighties the Monte Carlo method of modeling was the only
one applied to realistic models of lipid monolayers.94"97 One of the first
molecular dynamics simulation of a lipid monolayer was performed by F. W.
Wiegel.98 Since then, much has been done in the area of molecular dynamic
simulations of lipids.
Molecular Dynamics
Simulating the dynamics of molecules can be approached from several
directions.

Given a set of vibrational normal modes for a molecule, it is

possible to apply one or more of these modes to the atoms and reconstruct a
dynamic trajectory representing the vibrations of the molecule. One technique
is the Monte Carlo method. This method randomly moves atoms so as to
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generate alternative configurations. While this does not represent a time
dependent trajectory, it does sample configuration space consistent with a
given thermal energy.
Molecular dynamics, (MD), solves the equations of motion for a system
of atoms. The solution for the equations of motion of a molecule represents the
time evolution of the molecular motions, referred to as the MD "trajectory".
This then makes it possible to study time dependent properties such as
diffusion and folding, which can not be studied using Monte Carlo methods.
Molecular dynamics has the advantage over normal mode dynamics in th at it
is not restricted to harmonic motion about a single minima.

Therefore

molecules are allowed to cross energy maxima and explore other stable
configurations.

The major weakness experienced with MD is its time

dependence. The length of time th at can be practically simulated is on the
order of IO'12 to IO'9 seconds (picoseconds to nanoseconds).
Theory
Molecular dynamics solves Newton’s equations of motion, Fi = OiiUi. The
force on atom i can be computed directly from the derivative of the potential
energy, V, with respect to the coordinates, r t :
F = F li S i

(1 8)
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In principle, given an adequate expression for the potential energy and known
masses, it should be possible to solve the differential equation for future
positions in time (the trajectory). Because classical physics can only provide
closed solutions for I or 2 independent particles, numerical methods must be
used.
The motion of a particular atom can be expresses in a standard Taylor
series. If the position at time t, r(t), is known then the position after a short
time interval At, is given by:
r(t+At)-r(t)+-||At+-|^--^- + . . .

(20)

The numerical solution to the equations of motion depends on knowing the
position r(t), the velocity 8r/5t, and the acceleration 52r/8t2, and making
suitable approximations to account for higher order terms. Coordinates are
typically provided from a previous minimization or from a crystal structure.
Initial velocities are assigned at random from a Maxwell-Boltzmann
distribution corresponding to the temperature of interest. The acceleration is
available from the differential equation, (eq. 19). The values for the potentials
are taken from experimental results. After solving for r(t+At), the original
coordinates are replaced with the new coordinates, the velocities updated by
subtracting the old from the new coordinates and dividing by the time step,
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and the acceleration corrected by computing the gradients with the new
coordinates. One cycle is completed and the process is repeated thousands and
perhaps millions of tim es."
The first monolayer simulation by Wiegel98 was able to show a first
order phase transition from an ordered fluid-like state to a disordered gas-like
state. Since then much more work has been done in the use of molecular
dynamics to simulate monolayers and bilayers. Berendsen and workers100
have extended the use of molecular dynamics to simulations of bilayer
membranes with reasonable success.

There has also been a considerable

amount of work done in modeling liquid crystals in attem pts to further the
understanding of phase transitions in lipid systems .101 The present surge in
molecular dynamics is in the modeling of protein systems. Because molecular
interpretation of experimental data still involves much speculation and
hypotheses it is hoped th a t computer modeling, and in particular molecular
dynamics, will help in developing a better understanding of the properties of
biomembranes.
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STATEMENT OF PROBLEM
Although not common in the past, electrochemistry is fast becoming a
means ,to investigate surface science phenomena. One of the many interests
is the use of electrode transport processes to help in our understanding of
biological transport processes through membranes. This work was not born
out of the idea to model biological transport through membranes, but rather
was one of serendipity.
The original discovery showed what appeared to be two different
organizations of the surfactant, sodium dodecyl sulfate, on the electrode
surface. This is exhibited by two very different voltammetric results for the
same solution. The two different surface organizations are believed to
represent a random unorganized surface and a highly organized one. The
organized surface, is metastable, and shows several transitions with varying
electrode potential. A detailed study of these metastable surfaces provides a
wealth of information about the behavior of the surfactant/electrode interface.
It is believed th at such a study will give a better understanding of the
electrical double layer th a t is of importance in physical electrochemistry and
may provide insight into electron and ion transport through biological
membranes. My goal is to extract information about the surfactant/electrode
interface from electrochemical methods (cyclic voltammetry) and then compare

35
those results with surface spectrophotometric results (ellipsometry) as well as
computer generated models (S.G. Personal Iris).
Using cyclic voltammetry we are able to determine the differential
capacitance and the charge associated with each transition with reasonable
accuracy. If we apply several assumptions about the system and possible
packing models we can assign a thickness and calculate the thermodynamics
of the surface transitions. The dependence of the interfacial phenomena with
respect to temperature, concentration, counterion influences, supporting
electrolyte effects, and chain length of the surfactant are observed. Use of
redox probes such as oxygen or lead sulfate can also furnish important
information about the interface.
Since the interpretation is based on some assumptions and models it
becomes important to seek alternative experimental evidence for our ideas. The
thickness of the surfactant layer on the electrode might be determined through
the use of surface spectroscopy methods such as ellipsometry or second
harmonic generation. The first is a more common method when using in situ
systems. The ellipsometry experiments are intended as preliminary support
of the electrochemical model.
Another possible method of supporting the electrochemical analysis is
computer modeling. Several types of modeling should be considered, such as
detailed electrostatic calculations of the interface, conformational energy
minimizations of the surfactant’s and lastly the molecular dynamics of the
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entire interface. By modeling the surfactant/electrode interface it might be
possible to investigate the dynamics of the transitions th at occur. Although in
theory this sounds like a reasonable means of investigating the surfactant
movement, the results must take into account the modeling limitations of the
interface.

Commercial programs generally do not have the appropriate

parameters for modeling electrode systems so several assumptions must be
made to simplify the system to be modeled.
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EXPERIMENTAL
Instrumentation and Software
Cyclic Voltammeter
Voltammograms were obtained using a micro computer controlled cyclic
voltammeter (CV) built by R. Geer and R. A. BonsteeL102 The CV consists of
10 modules th at are interfaced to an Apple He computer th a t is used to operate
the CV and collect digital data. The ten modules are:
1. Computer interface
2. Initial DC potential
3. DC step potential
4. Sweep generator
5. Sine wave generator
6 . Potentiostat

7. AC and DC response separator
8 . Gain control and positive, feedback

9. Sample and hold with 12 bit D/A converter
10. X and Y recorder output
These components of the CV were controlled by a software program written in
FORTH language.
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After the program is loaded into the computer memory a CV experiment
is initiated by typing runcv. The program consists of a main operating menu
th at allows the user to calibrate the instrum ent as well as perform various
types of electrochemical experiments.

Prior to performing any cyclic

voltammetry experiments the instrum ent m ust be calibrated using the
calibrate instrument option of the operation menu. The calibration process
provides a print out th at contains gain tables, sweep tables and cell constants,
all of these must be utilized when analyzing the cyclic voltammogram. A
detailed explaination is given in the appendix.
Once the CV has been properly calibrated the cv run option is chosen to
perform cyclic voltammetry experiments.

The software requires th at the

operator choose starting and ending potentials, reversing potentials, sweep
resolution, sweep rates, and signal gain entry values. This allows for a vast
range of operation capability. The voltammograms were recorded both as a
digital data file on floppy disks and as analog data on a Houston Instruments
Onmigraphic 2000 XY recorder, for rapid observation of experimental results.
Electrochemical Cell and Electrodes
The electrochemical cell consisted of a standard 25 mL sample vial with
the cap modified to take a three electrode system, and a diode thermometer.
The three electrode system was comprised of a working electrode, a counter
electrode, and a reference electrode. The working electrode was a mercury

39
coated platinum flag electrode with an approximate area of 0.5 cm2. The actual
area was determined experimentally using the diffusion coefficient for
cadmium 103 at 25 °C and the peak current, ip.
The following equation was used:
ip - (2.69 x 105)n3/2ADo/2v1/2Co

<21)

where A is area in cm2, D0 is diffusion coefficent in cm2/sec, C0* is ionic
concentration in mol/cm3, and v is potential in V/sec, and ip is current in
amperes .104
The platinum electrode was plated with mercury using the procedure
described by Enke and coworkers.105 The platinum flag was attached to a
platinum wire and then sealed in the end of a 3.9 mm glass tube. The counter
electrode was a platinum flag electrode of roughly the same area as the
working electrode. The reference electrode was a Ag/AgCl reference electrode
which was constructed using a small piece of porous vycor glass, obtained from
Corning Glassworks, attached to the end of a section of a 3.9 mm glass tubing.
The electrode was then filled with I M NaCl or KCl and a AgCl coated Ag wire
was inserted in the glass tube. The silver wire was coated with silver chloride
using the procedure described by D. T. Sawyer.106 The diode thermometer used
was constructed using the procedure given in a Chemistry 306 lab handout.
A diode thermometer has a linear response with temperature and a sensitivity
of approximately 0.1°C.
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The cell was filled with 10 mL of the appropriate surfactant solution and
a stirring bar was added. A new sample vial was used for each surfactant, so
th at there would be no chance of cross contamination. A working and counter
electrode th a t was free of surfactant were also required. This was achieved by
rinsing both electrodes in a warm nitric acid solution and then plating mercury
onto the working electrode. A separate reference electrode was made for each
surfactant. The sample vial was closed and then deaerated by allowing argon
saturated with water to flow over the surface for a period ranging from 1-3
hours with constant stirring. During deaeration the cell was thermostated at
a tem perature appropriate for each surfactant or analyte being used. Argon
flow over the top of the solution was continued without disturbing it, for the
duration of the experiment.
Surfactants and Electrolytes
The following surfactants were used:
1. Sodium dodecyl sulfate (SDS)
2. Sodium tridecyl sulfate
3. Sodium decyl sulfate
4. Lithium dodecyl sulfate
5. Lithium pentadecyl sulfate
SDS of electrophoresis grade was obtained from J.D. Baker. The sodium decyl
sulfate was acquired from Eastman Kodak Co.. The lithium dodecyl sulfate
was purchased from Aldrich.

These surfactants were used as received.
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Lithium pentadecyl sulfate and sodium tridecyl sulfate were prepared by S.
Weamer (an undergraduate student), using a modification of the procedure
described by D. L. Pavia for making SDS.108
The sodium and potassium chlorides used in the reference electrodes
were Baker Analyzed Reagent grade. Baker Analyzed Reagent grade sodium
sulfate was used for the surfactant/electrolyte experiments. All electrolytes
were used as received.
Cyclic Voltammetry Procedures
A series of four to five sweep rates, ranging from 100 to IOOO mV/sec,
were used in all CV experiments. The potential range used was -1500 to
-200 mV, relative t o a l M NaCl Ag/AgCl reference electrode, with starting and
stopping potentials of -250 mV. A gain of 6 and a resolution of 1.00 mV/dpt
(data point) was found to provide adequate analog output for all surfactant
systems. Electrolyte and reducible analyte systems in some cases required
lower gains and higher resolutions. Oxygen containing systems required much
lower gains, on the order of 0 to I, but the resolution remained at 1.00 mV/dpt.
The tem perature for each system depended upon the Krafft point of the
surfactant being used. The optimum temperature for each system was one
which provided the best metastable surface. These temperatures ranged from
O0C to 40°C for the surfactants. The temperatures used for electrolyte systems
were generally 15°C for sodium sulfate, and 25°C for cadmium chloride, when
determining electrode area. Temperatures were achieved using a constant
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water bath with an attached water jacket for the electrochemical cell.
Surfactant Systems
The surfactant system was first checked for complete oxygen removal by
setting limits on the CV between -1500 and -200 mV, and a gain of 6 . If after
a series of sweeps no wave appeared in the -400 to -600 mV range, the
reduction potential range for oxygen, then oxygen was assumed to be negligible
in the system. The first set of runs on a surfactant system was to obtain data
on the stable (non-switching) surface. This was achieved by making several
scans of the oxygen free surfactant system at its optimum temperature. This
series of sweeps could then be compared to any metastable (switching) surface
achieved for the same surfactant system.
In order to create the metastable surface, the reversing potentials were
changed to -2500 mV and -200 mV, the gain remained at 6 , but the resolution
was adjusted to 2.00 mV/dpt. After the 4 to 5 sweeps were completed, the
reversing potentials and the resolution were returned to their normal values
(-1500 and -200 mV and 1.00 mV/dpt respectively). The metastable surface
was indicated by the presence of three transition peaks and four constant
current areas (stable regions). The transitions occurred around -300 to -400
mV for the first transition (Tl), -1050 to -1150 mV for the second (T2), and
-1200 to -1300 mV for the last (T3). Before and after each transition there
existed a stable region (SI, 82, S3, S4). The temperature was adjusted and
scans of the metastable surface were repeated over a temperature range of
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approximately IO0C for each surfactant.
Electrolyte Study
Solutions of 0.1 M, 0.01 M, and 0.001 M sodium sulfate and SDS were
prepared and run together, using the same conditions as described previously.
The temperature for all runs was kept at approximately 15°C the entire length
of the experiment, except when a surfactant solution would crystalize and
require heating. Separate scans of four sweep rates were performed on each
concentration of Na 2SO4 and SDS. Each possible combination of SDS and
electrolyte was attempted with identical procedures.

In each case the

metastable surface was created and data for this conformation obtained.
Between each different sample the working electrode was heated in distilled
w ater then rinsed with NANOpure water, 18 MQ-cm. A check on the cleaning
procedure was done by running the clean electrode in an electrolyte solution.
Because no noticeable appearance of the metastable surface was observed the
cleaning method was used for the duration of the experiments.

Redox Probes .
Experiments using redox probes were performed on both stable and
metastable surfaces of SDS. The case of oxygen as a probe was done by adding
oxygen to a stable surface and then scanning with four different sweep rates.
Two different scenario were studied with the metastable surface. The first
consisted of a metastable surface created prior to adding oxygen, the second
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was creating the metastable surface in the presence of oxygen. In all cases
oxygen was added to the system directly from an oxygen tank.
Experiments of adding reducible analytes to the SDS system were
accomplished by using cadmium chloride or lead sulfate in the presence of the
metastable surface.

Concentrations of I x IO'4 M or less of analyte in

supporting electrolyte (sodium sulfate) were added to an oxygen free system.
Runs of ju st the analyte and electrolyte were also done as backgrounds.
Electrode Area
In order to determine the electrode area for the working electrode, a
solution of I x IO'4 M cadmium chloride was prepared in 0.1 M potassium
chloride. A series of five sweeps were run between -750 and -200 mV, with
starting and stopping potentials of -250 mV. The gain was set at 3 and the
resolution was 0.50 mV/dpt. The temperature was maintained at 25°C and the
system was free of oxygen. The first run was done on ju st 0.1 M potassium
chloride. The second run contained the 0.1 M potassium chloride and the
cadmium chloride. In the analysis of the results, it is important to obtain the
peak current when the background KCl was subtracted. The resulting peak
current is then only due to the cadmium chloride. Using the peak current and
the diffusion coefficient (7.15 x 10'6cm2/sec) in equation 21, the area of the
electrode was determined.

An area for each sweep rate was determined.

Then, all values were averaged together. This value was used in further
experiments.
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Data Analysis
Analysis of the digital data from the voltammetry experiments required
several data conversion steps. These steps were: I, converting the Apple He
DOS 3.3 digital binary data file to an ASCII text file; and 2, converting the
Apple ASCII text file to a MS-DOS text ASCII file. The digital to text file
conversion was done using the FORTH program, convertdata or cxl. The text
file was then converted to a MS-DOS file through the use of MPOINT for the
earlier work and CROSS-WORKS for the later work. Both of these conversion
methods provided a file th at could then be imported into the spreadsheet
program QUATTRO to be analyzed. Complete details of these conversions are
in the appendix.

An alternative method of acquiring voltammetric data

directly from X-Y plotter voltammograms was used in previous years, but the
computer generated CV data allowed for a more thorough analysis.
Computer Modeling
The Silicon Graphics Personal Iris system was used to model SDS on an
electrode surface. The programs used were InsightII, molecular building and
minimization, and Discover, for molecular dynamics.
Electrode
The electrode was built using charged hydrogen atoms placed in a
hexagonal closed packed lattice. This distance between each neighboring atom
was set to be 2 A. The overall size of the electrode was 64A by 64A, this
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consisted of using 33 atoms to each side.

The charge component of the

electrode was held fixed throughout the duration of the molecular dynamics.
The charge of each atom was calculated such th at the total charge on the
electrode, relative to the potential of zero charge, was either +250 mV, 0 mV,
-250 mV, -400 mV, or -800 mV. The calculation was done using statistical
mechanics assuming th a t the electrons behave as a strongly degenerated
fermion system. A sample calculation is given in the appendix.
Molecules
The SDS molecule was constructed using the InsightII library. Methane
fragments were linked together to form the twelve carbon tail. This was then
connected to a sulfate fragment, in which the terminal oxygens were each
given identical charge and geometry. The charge on the sodium counterion
was set to +1 a.u. (I a.u. = - charge of an electron).
Molecular mechanics procedures were used to minimize the SDS
molecule.

The algorithm used was a variation on the Newton-Raphson

algorithm, known as the quasi-Newton-Raphson or variable metric method
(Va09a), developed in 1980.

Several different conformations of the SDS

molecule were minimized.

The lowest energy conformation was then

duplicated and used in the molecular dynamics simulation.
Previous minimizations involving three SDS molecules solvated by a
sphere of water molecules, showed th at the water tended to migrate away from
the hydrophobic regions of the SDS. Because of this, in the molecular dynamic
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simulations only the hydrophilic region of the molecules were solvated. A
sphere with a radius of 5A, was centered about the hydrophilic regions of the
three SDS molecules. This ,soaked the head groups with about 104 water
'
molecules. The water molecules used for the solvation were taken from the
InsightII library. Each oxygen atom had a charge of -0.82 a.u. and each
hydrogen atom had a corresponding charge of +0.41 a.u..
Dynamics
The algorithm used to perform the molecular dynamics is called Verlet.
The force field used by default was CVFF89. The time step used for the
simulation was I femtosecond, because it provides a compromise between
computational time required to finish the simulation and short time steps
where the approximations in eq. 20 still hold.
Each T-nn consisted of a molecular mechanics minimization for the first
1000 steps.

This was used to bring the energy down to prevent wild

oscillations from killing the program. After the minimization there was a one
picosecond equilibration th at adjusted the system to 300K Dynamics then
continued for up to 10 picoseconds.
The evolution of the system was recorded every 50 femtoseconds. The
position of the molecules with respect to the stationary electrode were
determined along with the energies of the system.

48

RESULTS AND DISCUSSION
The presentation of the results and discussion has been divided into
three categories. The first is an extensive description of the results from the
sodium dodecylsulfate system and a summary of other surfactant systems
studied.

The second category is a discussion of the results of molecular

dynamic simulations on sodium dodecylsulfate and water.

The last area

covered is a discussion of a possible model for the surfactant/electrode
interface.
Overview
A typical voltammogram of what will be referred to as a stable surface
is shown in figure 9. This represents a cyclic voltammogram of deoxygenated
0.1 M sodium dodecylsulfate (SDS) prior to applying -2500 mV to the working
electrode. The result of applying this potential is shown in figure 10, and is
referred to as a metastable surface. This phenomena of stable and metastable
surfaces is not unique to the SDS system. Several similar surfactant systems,
of varying chain lengths and counterion, show the same behavior.
Several inferences can be drawn from the dramatic changes in the
voltammogram after a strong negative potential has been applied to the
working electrode. The first is th at the metastable surface is not desorbed
from the mercury surface by extremes in the applied voltage. If the SDS were
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being desorbed, it should then revert back to the stable state during the return
sweep. This does not occur, though it does revert back with extended time and
elevated temperatures. The second observation is th at in the potential range
of -1300 mV to -1500 mV the faradaic current due to the advent of the
reduction of water, as shown in the stable state, figure 9, is greatly reduced in
the metastable state, figure 10. The most noticeable difference between the
stable and metastable states is the existence of three abrupt reversible changes
in the charging current as the potential is cycled. The stable state shows a
broad transition, but it becomes more distinctive in the metastable state.
The voltammogram th at represents the metastable surface, figure 10,
is divided into four constant current regions (SI - S4). These regions are
separated by three reversible current transients (Tl - T3). The first transition
occurs around -450 mV and is an extremely sharp transition.

T l is a

reversible transition, but has an appreciable hysteresis as compared to T2 and
T3. T2 is generally around -1050 mV while T3 follows at -1200 mV. Each
transition is uniquely different in its appearance, but all represent a change
in the surface organization as sensed by changes in the induced charge on the
electrode.
The positions of the first and second transitions migrate with
tem perature change. With increasing temperature the voltammetric distance
between T l and T2 increases. The reverse occurs when the temperature of the
solution is decreased. This temperature effect exists near the Krafft point.
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Figure 9. Stable surfactant surface.

Current uA

M e ta s ta b le

Negative electrode potential Ag/AgCl m V

Figure 10. Metastable surfactant surface.
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Surface regions
For each constant current region in the metastable state the differential
capacitance, Cd, is determined. The differential capacitance at any potential,
excluding the transition potential regions, is the ratio of the observed charging
current versus the sweep rate.
I

Sweep r a t e = d v
dt

dq
dt

(22)

So,
Crf.=

°

dV

---------

sweep r a t e

(23)

By definition the capacitance is inversely proportional to the thickness of the
capacitive layer and proportional to its average dielectric.

Cd

eeo

(24)

d

According to the Gouy-Chapman-Stern electric double layer model1,2,6 the
differential capacitance, Cd, may be treated as a series combination of the
Helmholtz capacitance, Ch , and the diffuse capacitance, CD.
(2 5)

Cd
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The Helmholtz capacitance value provides information reflecting the structure
of the electric double layer and is determined using equation 25.

The

differential capacitance, Cd, is a directly measured quantity, the correction for
the diffuse capacitance, CD, is calculated using the following expression:
(26)
Where e is the dielectric of the medium, e0 is the permittivity of free space,
z is the charge of the magnitude of the charge of the ions, and Ci is the
concentration of ions in the solution. (J)2 is the potential, relative to potential
of zero charge, at

X2 ,

k is the Boltzmann constant and T is temperature.

Each peak is integrated furnishing the total charge associated with these
reversible transitions. Because the potential of each transition is temperature
dependent the entropy associated with the surface change can be calculated.
Other thermodynamic quantities can be computed providing additional
information with which a model of the electrode surface can be constructed.
Sodium dodecvlsulfate
Cyclic voltammetry was performed on 0.1 M sodium dodecylsulfate at
15°C. The result is shown in figure 11. The metastable surface was formed
as previously described. For each sweep rate in the metastable state, the
differential capacitance was determined for the four constant current regions.
The differential capacitance (Cd) for the five sweep rates were averaged, and
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the average Cd was then used to calculate the Helmholtz (Ch ) and diffuse
capacitance (CD), where Cd is dependent only on the concentration (ionic
strength) and the potential (J)2. These values are shown in tables 2 - 5 . The
ionic strength of surfactant systems is difficult to determine because of the
dynamics of micelles and monomers.
The potentials for the three transitions in the metastable state were
recorded for each sweep rate.

These values were then plotted versus

tem perature to obtain AT, the temperature dependence of each transition.
Figure 11 shows a single sweep from three different temperatures of the
metastable state. The first and second transition show the most temperature
dependence with slopes of 6.3 and -3.9 mV/deg respectively, figure 12. The
third transition shows very little movement with temperature, figure 12. Table
6 gives the average capacitance values for the four regions with 95% confidence
limits. A summary of the transition potentials with temperature is given in
table 7. The values given are an average value of the five different sweep
rates a t each temperature. The Krafft point for SDS is IG0C.108 The Kraffit
point is the temperature at which the solubility of an ionic surfactant becomes
equal to the critical micelle concentration. Solutions can be supercooled below
the Krafft point by several degrees. This allows for a well developed surface
to exist.
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Figure 11. 0.1 M SDS metastable state at various temperatures.
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Table 2. Capacitance for the SI region of 0.1 M SDS.
Temperature (0C)

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

11.4

13,0

90.6

10.9

11.4

13.1

90.5

13.2

11.6

13.3

90.4

15.0

11.8

13.5

90.4

16.0

11.9

13.7

90.5

17.0

12.0

13.9

90.5

18.9

12.2

14.1

90.5

19.9

12.4

14.4

90.7

21.0

12.7

14.7

91.1

22.0

12.7

15.1

91.4

9.8 '

Table 3. Capacitance for the S2 region of 0.1 M SDS.
Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

9.8

5.2

5.6

78.

10.9

5.2

5.6

78. .

13.2

5.3

5.6

. 78.

15.0

5.5

5.9

78.

16.0

5.4

5.8

78.

17.0

5.5

6.0

78.

18^9

5.7

6.2

78.

19.9

5.8

6.3

78.

21.0

5.9

6.4

78.

22.0

6.0

6.5

78.

Temperature (0C)
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Table 4. Capacitance fo:r the S3 region ofO .lM SD S:
Cd (pF/cm2)

Cji (pF/cm2)

Cd (pF/cm2)

15.3

17.6

132.0

10.9

16.2

18.4

134.3

13.2

16.7

19.0

135.6

15.0

17.2

19.7

137.0

16.0

17.1

19.6

136.4

17.0

19.3

22.2

144.5

18.9

21.0

24.4

150.3

19.9

22.2

26.0

154.7

21.0

23.0

27.0

157.3

22.0

23.9

28.1

160.2

Temperature (0C)
9.8 '

Table 5. Capacitance for the S4 region of 0.1 M SDS.
Cd (pF/cm2)

Cii (pF/cm2)

Cd (pF/cm2)

9.8

19.5

21.7

197,9

10.9

19.6

21.8

197.9

13.2

19.5

21.7

195.9

15.0

19.6

21.7

195.3

16.0

19.5

21.7

194.4

17.0

19,4

21.5

193.1

18.9

19.4

21.6

192.1

19.9

19.4

21.6

191.7

21.0

19.5

21.7

191.5

22.0

19.5

21.7

191.1

Temperature (0C)
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Table 6. Average capacitance values with 95% confidence limits for 0.1 M
SDS..
Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

12.0 ± 0.4

13.9 ± 0.5

90.7 ± 0.2

82

5.6 ± 0.2

6.0 ± 0.2

78.0 ± 0.2

S3

19.2 ± 2.0

22.2 ± 2.6

144 ±7.1

84

19.4 ± 0.1

21.7 ±7.1

194 ± 1.8

Table 7. Average of transition potentials for five sweeps from metastable state
of 0.1 M SDS.
T3 (mV) .

Temperature (0C)

T l (mV)

T2 (mV)

9.8

-486.6

-956.8

-1171.4

10.9

-470.6

-965.4

-1171.6

13.2

-458.2

-977.4

-1171.4

15.0

-445:0

-982.2

-1169.0

16.0

-432.2

-992.5

-1172.3

17.0

-425.8

-988.2

-1167.6

18.9

-418.0

-993.2

-1167.6

19.9

-413.0

-999.0

-1167.8

21.0

-405.5

-1004.6

-1167.0

22.0

-405.5

-1165.5

58

-400

„

-410

% -430~

- 440-

|

-450

T l

§■ -460-

1 '47<y'
2 -480-

-490
-500
-510

T2

-1000-

mV)

-IOIO

I

I

T3

I 195-

IZ(X)-I--------------------- ----------------------------------- 9

IO

II

IZ

13

14

15

16

17

18

19

ZO

Zl

ZZ

T em perature I C l

Figure 12. Temperature dependence of metastable transitions.
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The thermodynamic quantities AS, AG, and AH were determined for the
metastable state.

In order to determine these values the total charge

associated with each transition was required. This was obtained by integration
of each peak, thus providing the total current associated with the transition.
In order to determine the total charge associated with the transition it was
necessary to ascertain a time step, AT/dpt.

Ar
dpt

resolu tion
sw e e p ra t e .

( 27 )

= .1 ® °

( 28 )

C - amp-sec

(29)

A IL

dpt

dpt

The charge was calculated as

pC - { t o t a l c u r r e n t,

pA)

*(Ar/d p t )

In order to obtain the charge in terms of the electrode area the charge was
divided by the electrode area, 0.47 cm2.
The area of a molecule on the surface was estimated to be 40 - 50 A2,
thus allowing for the conversion of the charge per area, pC/cm2, into charge per
mole, pC/mol.

The actual area used for the SDS molecule was 45A. The

charge per mole was used in the computation of the. entropy, enthalpy, and the
free energy involved in the transitions. The results for these calculations are
given in table 8. The free energy change, AG, for each of the equilibrium
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processes is equal to -AQ-S^ where

is the transition potential relative to the

standard hydrogen electrode, SHE.
Table 8. Thermodynamic values for the three transitions from the metastable
_______ state of 0.1 M SDS.
Transition

Tl

T2

T3

-0.45

-0.98

-1.2

6.1 ± 0.1

-3.9 ± 0.3

0.50 ± 0.21

AQ (C/mol)

2.9 ± 0.3 XlO3

3.3 ± 0.1 xlO3

1.5 ± 0.1 xlO4

AG (J/mol)

6.3 ± 0.5 XlO2

2.5 ± 0.1 xlO3

1.4 ± 0.1 xlO4

AS (J/mol deg)

1.8 ± 0.1 XlO1

-1.3 ± 0.1 xlO1

7i0 ± 3.0

AH (J/mol)

5.8 ± 0.2 xlO3

-1.2 ± 0.4 xlO3

1.6 ± 0.2 xlO4

Potential at 15 °C (V)
AV/AT (mV/deg)

Sodium decvlsulfate
The temperature range where the metastable state was found to exist
was between -4.5°C and 4.5°C, figure 13. The differential capacitance for the
four constant current regions is given in table 9. Because T2 and T3 are not
adequately separated values for S3 are high. The averages of these values
were then used to calculate the Helmholtz and diffuse capacitance values for
the sodium decylsulfate system, table 10.
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Table 9. Differential capacitance values for 0.1 M sodium decylsulfate.
S I (pF/cm2)

82 (pF/cm2) . S3 (pF/cm2)

84 (pF/cm2)

-4.5

13.9

9.2

33.7

22.8

-3.3

14.5

10.4

44.7

23.8

. <b
bo .

Temperature (0C)

16.9

9.2

37.2

24.2

1.2

18.2

8.6

35.1

22.5

2.5

18.3

9.3

40.2

22.5

4.1

18.3

84

42.6

22.8

Average

16.7

9.1

38.9

23.1

Std. dev. (a)

1.8

. 0.7

4.0

0.7

Table 10. Capacitance values for 0.1 M sodium decylsulfate.
T = -0.1 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

16.7 .

19.9

102.3

82

9.1

10.2

90.7

S3

38.9

45.7

262.9

84

23.1

25.6

235.4

Thermodynamic quantities were calculated for only the first and third
transition regions, table 11. The second transition region lacks any distinct
peak th a t could be reasonably integrated. All thermodynamic calculations
were performed using the same method as described in the sodium
dodecylsulfate section.

ELEC TRO DE C U R R E N T uA

E L E L C l RO DE C U R R E N T uA
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Figure 13. Metastable state of 0.1 M sodium decylsulfate.
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Table 11. Thermodynamic values for the two transitions from the metastable
state of 0.1 M sodium decylsulfate.
Transition

Tl

T3

T2

-0.32

-1.2

5.6 ± 0.1

0.5 ± 0.2

AQ (C/mol)

6.1 ± 0.6 XlO2

4.4 ± 0.4 xlO3

AG (JZmol)

5,4 ± 1.1 XlO1

4.2 ± 0.4 xlO3

3.4 ± 0.1

2.2 ±1.7

1.0 ± 0.1 xlO3

4.8 ± 0.8 xlO3

Potential at IS0C (V)
AV/AT (mV/deg)

AS (J/mol deg)
AH (J/mol)

Generally the sodium decylsulfate system resembles the SDS system.
The major difference is in the working tem perature range.

The sodium

decylsulfate system has a Krafft point considerably lower than th at of SDS,
S0C.109 This creates problems in obtaining the metastable state. It is assumed
th at if the system could have been run at a much cooler tem perature that the
second transition would have become well-defined, allowing for integration of
the transition.
The tem perature dependence for the first transition, T l, is quite similar
to th a t of the SDS metastable state. There is a considerable difference in the
amount of charge associated with the first transition of the two different
surfactants. For the.SDS system, AQ is about 3094 C/mol, whereas for the ten
carbon surfactant AQ is only 600 C/mol. It would be expected th at the charge
associated with a shorter chained surfactant would be smaller but in this case
the values seem too small. Referring to figure 13, the voltammogram shows
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very little differentiation between the magnitude of the two constant current
regions.

The transition peak is not characteristically sharp for the first

transition. This could be due to the poor working temperatures used for the
sodium decylsulfate system, which did not permit a satisfactory surface to
form.
Sodium tridecylsulfate
Sodium tridecylsulfate is one carbon longer than SDS and has a Krafffc
point slightly higher. Thus the working range for the metastable state is
higher than th a t for SDS or sodium decylsulfate. Because the metastable state
of the sodium tridecylsulfate was in the range of 27°C to 36°C the surface was
easily formed and analyzed. The two extreme temperature voltammograms of
sodium tridecylsulfate are shown in figure 14. The Krafft point for sodium
tridecylsulfate is -25°C. All three transitions are well-defined, as are the four
constant current regions. The differential capacitance values for 0.1 M sodium
tridecylsulfate are given in table 13; The Helmholtz and diffuse capacitances
are calculated using the same procedure as for the SDS system, table 14.
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Table 12. Differential capacitance values for 0.1 M sodium tridecylsulfate.
Temperature (0C)
26.7 -

S I (pF/cm2)

82 (pF/cm2)

S3 (pF/cm2)

S4 (pF/cm2)

11.5

7.6

18.7

19.0

28.8

8.0

5.5

18.1

18.8

30.8

11.1

6.5

18.9

18.7

31.3

12.7

7.6

20.8

19.2

34.3

9.9

7.0

21.4

18.6

36.3

12.7

7.0

23.2

19.0

Average

11.0

6.9

20.2

18.8

Std. dev. (a)

1.6

0.7

1.8

0.3

Table 13. Capacitance values for 0.1 M sodium tridecylsulfate.
T = 31.4 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

10.9

12.7

80.1

82

6.9

7.5

80.4

S3

20.2

23.3

150.4

84

18.8

20.9

190.0

Thermodynamic values for the sodium tridecylsulfate system are given
in table 14. The temperature dependence is almost identical to th at of SDS.
The charge for the tridecylsulfate is ju st slightly larger than th at for SDS,
which should be expected as the chain length has been increased by a carbon.
If the free energy were calculated using the same transition potential for both
the twelve and thirteen carbon chains the energy would be nearly equal as
would the enthalpy.

ELEC TRO DE C U R R E N T uA
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N E G A TIV E ELEC TR O D E POTENTIAL A g/A gC l mV

Figure 14. Metastable state of 0.1 M sodium tridecylsulfate.
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Table 14. Thermodynamic values for the three transitions from the metastable
state of 0.1 M sodium tridecylsulfate.,________________________
Tl

T2

T3

-0.57

-0.91

-1.2

6.1 ±0.1

-4.9 ±0.3

0.4 ± 0.2

AQ (C/mol)

3.1 ± 0.2 XlO3

2.7 ± 0.4 XlO3

2.2 ± 0.1 xlO4

AG (J/mol)

1.0 ± 0.0 XlO3

1.8 ± 0.3 xlO3

2.1 ± 0.2 xlO4

AS (J/mol deg)

1.9 ± 0.1 XlO1

-1.3 ± 0.2 xlO1

8.9 ± 1.0

AH (J/mol)

6.5 ± 0.4 XlO3

-2.0 ± 0.8 xlO3

2.4 ±0.2 xlO4

Transition
Potential at 15°C (V)
AV/AT (mV/deg)

Lithium pentadecvlsulfate
Increasing the length of the carbon chain from twelve to fifteen and
changing the counterion from sodium to lithium shows no major change in the
appearance of the metastable state, figure 15. Again the working temperature
range is dictated by the Krafft point, which for lithium pentadecylsulfate,
~42°C, is considerably higher than for sodium dodecylsulfate. The metastable
state was found to be best developed in the temperature range of 35°C to 51°C.
At the lowest temperature the first transition is not as sharp as its counterpart
at the highest temperature. The constant current regions do not show nearly
the amount of change as is seen in the SDS system.

The. values for the

differential capacitance of these regions are given in table 15. Helmholtz and
diffuse capacitance values are shown in table 16. The values are slightly
higher than those for the SDS system.
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Table 15. Differential capacitance values for 0.1 M lithium pentadecylsulfate.
Temperature (0C)

S I (pF/cm2)

82 (pF/cm2)

S3 (pF/cm2)

84 (pF/cm2)

35.3 .

12.2

7.6

23^5

22.5

39.4

12.8

8.0

24.3

22.0

44.8

13.0

7.9

25.5

21.8

48.1

12.9

6.9

24.4

21.8

50.9

12.6

6.4

27.7

22.0

Average

12.7

7.4

24.4

22.0

Std. dev. (a)

0.3

0.6

0.7

0.3

Table 16. Capacitance values for 0.1 M lithinm pentadecylsulfate.
T = 45.0 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

12.7

14.9

85.4

82

7.4

8.1

79.2

S3

24.4

28.0

192.7

84

22.0

25.0

187.1

Comparing ju st the first transition of the lithium pentadecylsulfate
system to th a t ofSDS, the thermodynamic quantities show a trend that would
be expected with an increase in chain length. The tem perature dependence is
slightly less than th at of any of the sodium surfactants investigated.
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Figure 15. Metastable state of 0.1M lithium pentadecylsulfate.
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Table 17. Thermodynamic values for the three transitions from the metastable
state of 0.1 M lithium pentadecylsulfate.
Transition

Tl

T2

T3

-0.58

-.96

-1.2

4.7 ±0.1

-3.1 ± 0.1

3.0 ± 1.3 xlO 1

AQ (C/mol)

4.0 ± 0.1 XlO3

2.5 ± 0.5 xlO3

2.4 ± 0.1 xlO4

AG (J/mol)

1.4 ± 0.1 XlO3

1.8 ± 0.7 xlO3

2.3 ± 0.2 xlO4

AS (J/mol deg)

1.9 ± 0.1 XlO1

-7.7 ± 1.8

7.1 ± 0.6

AH (J/mol)

6.8 ± 0.2 XlO3

-0.4 ± 1.2 xlO3

2.5 ± 0.2 xlO4

Potential at 15°C (V)
AV/AT (mV/deg)

Lithium dodecvlsulfate
Lithium dodecylsulfate is the lithium equivalent of SDS. The general
shape of the voltammogram is similar to SDS in th at there are three
distinguishable transitions separated by constant current regions, figure 16.
Ju st as with the other surfactants studied, the Rrafft point, ~8°C, differs from
SDS. The metastable surface of the lithium dodecylsulfate forms at cooler
temperatures and is much more reminiscent of sodium decylsulfate.
Metastable surface was obtained for lithium dodecylsulfate in the temperature
range of -2.8°C to 15°C. As is noticed in the voltammogram of the coolest
tem perature better results might have been obtained with a lower
temperature.
The constant current regions show a moderate differential capacitance
change, table 18. The values are somewhat higher than those for SDS. The
diffuse and Helmholtz capacitance are given in table 19. The S3 region is not
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presented due to the lack of differentiation between T2 and T3 over the
majority of the temperature range.
Table 18. Differential capacitance for 0.1 M lithium dodecylsiilfate.________
Temperature (0C)

SI, (pF/cm2)

S2 (pF/cm2) . S3 (pF/cm2)

84 (pF/cm2)
20.3

-2.8

11.0

6:0

-1.6

10.8

6.4

0

11.3

6.1

20.5
20.3

1.2

12.1

7.8

20.1

4.5

12.2

6.8

20.0

10.3

12.5

6.7

20.6

14.8

13.4

7.2

19.9

Average

11.9

6.7

20.3

Std. dev. (a)

0.9

0.6

0.2

.

a

Ii

CO
CO

Table 19. Capacitance values for 0.1 M lithium dodecylsiilfate.
Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

si

11.9

13.7

91.7

82

6.7

7.3

84.6

20.3

22.6

198.8

• S3
84
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N E G A T IV E ELECTRODE PO TENTIAL A g/A gC I mV

Figure 16. Metastable state of 0.1 M lithium dodecylsulfate.
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Because of the poor separation between the second and third transitions
no thermodynamic results are given for T2 in table 20. Similar results were
obtained for the lithium dodecylsiilfate as for the sodium. The enthalpy and
entropy for the first transition are roughly equal. The largest difference comes
in the charge associated with the first transition and the entropy in the third
transition. The entropy anomaly may be caused by the poor S3 separation.
Table 20. Thermodynamic values for the two transitions from the metastable
state of 0.1 M lithium dodecylsulfate.
Transition

Tl

T2

T3

-0.37

-1.2

4.3 ± 0.1

1.0 ± 0.1

AQ (C/mol)

3.6 ± 0.4 xlO3

1.4 ± 0.2 xlO4

AG (JZmol)

4.7 ± 0.7 XlO2

1.4 ± 0.1 xlO4

AS (JZmol deg)

1.6 ± 0.2 xlO1

1,4 ± 0.2 xlO1

AH (JZmol)

5.0 ± 0.5 xlO3

1.8 ± 0.2 xlO4

Potential at IS0C (V)
AVZAT (mV/deg)

Electrolyte study
Previous electrochemistry experiments using surfactants or long chained
alcohols have always included an electrolyte. Because of this, all discussions
about the unique shape of the voltammograms from these systems have been
focused on the role of the electrolyte. Our surfactant system does not contain
any added electrolyte. Therefore, the only molecules th a t can be responsible
for the distinctive behavior shown in the voltammograms of the metastable
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surface, are water and surfactant.
In order to obtain more information about possible mechanisms involved
in the cyclic voltammetry, a series of experiments were performed using
different concentrations of electrolyte and surfactant.

By obtaining the

differential capacitance values for the various combinations of electrolyte and
surfactant concentrations a clearer picture of the solution/electrode interface
was gained.
For all cases investigated, the metastable surface was created using the
procedure previously described. The first series of experiments used 0.1 M
SDS with 0.1 M, 0.01 M, and 0.001 M Na2SO4 electrolyte. The differential
capacitance values for these combinations are given in table 21.

Several

changes occur with increasing concentration of electrolyte. The 82, S3, and 84
regions all show a steady increase in the differential capacitance, Cd. In each
case these values are larger than the Cd for just 0.1 M SDS, with the exception
of the S I region using 0.01 M Na2SO4.
Table 21. Differential capacitance of 0.1 M SDS with added electrolyte, 15°C.
Concentration

S I (pF/cm2)

82 (pF/cm2)

S3 (pF/cm2)

S4 (pF/cm2)

0.1 M SDS

12.8

8.3

19.9

22.6

0.001 M Na2SO4

13.4

8.7

20.6

22.4

0.01 M Na2SO4

11.6

9.8

20.3

23.5

0.1 M Na2SO4

14.2

11.2

22.5

25.1
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The voltammograms for each condition show a noticeable difference,
figures 17-20. As was seen for the pure surfactants the first and second
transitions tend to migrate. For pure surfactants this migration was caused
by temperature changes. The movement of the first two transition when there
is added electrolyte appears to be dependent upon electrolyte concentration.
The first transition slowly shifts closer to the second transition, while the
second transition moves more quickly away from the third transition. At the
highest concentration of electrolyte T l and T2 are at their closest point.
Tables 22 - 25 show how the capacitance values change with increasing ionic
concentration.
Table 22. Capacitance values for 0.1 M sodium dodecylsulfate, no electrolyte.
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

.12.8

14.8

93.8

S2

8.3

9.3

78.8

S3

19.9

22.8

155.0

84

22.6

25.2

221.3

Table 23. Capacitance values for 0.1 M sodium dodecylsulfate, 0.001 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

13.4

15.6

96.1

82

8.7

9.8

80.2

S3

20.6

23.7

159.0

84

22.4

24.9

221.3
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Table 24. Capacitance values for 0.1 M sodium dodecylsulfate, 0.01 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Cd (pF/cm2)

Ch (pF/cm2)

SI

11.6

13.1

100.7

82

9.8

11.0

90.2

S3

20.3

23.1

166.5

84

23.5

26,1

238.4

Table 25. Capacitance values for 0.1 M sodium dodecylsulfate, 0.1 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Cd (pF/cm2)

Ch (pF/cm2)

SI

14.2

15.5

164.8

82

11.2

12.1

153.8

S3

22.5

25.0

234.0

84

25.1

27.3

313.7

When the surfactant solution is less concentrated, 0.01 M, and run
without added electrolyte the metastable state looks much the same. The
differential capacitance values increased slightly, with increasing electrolyte
concentration, in the S2 and S4 regions, table 26.

An increase of the

differential capacitance indicates either a change in the dielectric constant or
in the surface thickness. With increasing ionic strength the diffuse capacitance
shows a steady increase, tables 27 - 30, as would be expected.
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Figure 17. Metastable state of 0.1 M SDS, 15°C.
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Figure 18. Metastable state of 0.1 M SDS and 0.001 M Na2SO4, 15 C.
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Figure 19. Metastable state of 0.1 M SDS and 0.01 M Na2SO4, 15°C.
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Figure 20. Metastable state of 0.1 M SDS and 0.1 M Na2SO4, 15 C.
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Table 26. Differential capacitance of 0.01 M SDS with added electrolyte, 15°C.
Concentration

S I (tiF/cm2) S2 (jiF/cm2)

S3 (jiF/cm2) S4 (pF/cm2)

0.01 M SDS-

12.8

6.4

24.7

20.0

0.001 M Na2SO4

13.0

7.1

22.6

20.7

0.01 M Na2SO4

12.9

8.0

20:5

21.7

0.1 M Na2SO4

14.0

9.4

. 18.8

22.7

Again there is a predominate shift in the first and second transitions.
As the electrolyte concentration is increased there is a distinguishing change
in the sharpness of the transitions, figure 21-24.

At .0.1 M Na2SO4

concentration the second transition has become as abrupt a change as in the
first transition. There is also another reversible hump emerging from the third
transition.
Table 27. Capacitance values for 0.01 M sodium dodecylsulfate, no electrolyte.
T = 15 0C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)
48.5 .

SI

12.8

17.4 •

82

6.4

8.2

29.1

S3

24.7

31.2

118.9

84

20.0

23.4

139.2
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Table 28. Capacitance values for 0.01 M sodium dodecylsulfate, 0.001 M
supporting electrolyte.______________________________ .
O
IO
r—I
Il

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

Si

13.0

17.3

52.0

S2

7.1

9.1

32.9

S3

22.6

28.0

116.6

84

20.7

24.1

148.2

Table 29. Capacitance values for 0.01 M sodium dodecylsulfate; 0.01 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

12.9

15.8

69.9

82

8.0

9.4

52.5

S3

20.5

24.2

133.6

84

21.7

24.6

183.0

Table 30. Capacitance values for 0.01 M sodium dodecylsulfate, 0.1 M
supporting electrolyte._________ '_____ ========^ = = = =
T = 15 °C

Cd (pF/cm2)

CH.(pF/cm2)

Cd (pF/cm2)

SI

14.0

15.5

147.8

82

9.4

10.1

135.1

S3

18.8

20.7

205.5

84

22.7

24.7

280.3
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Figure 21. Metastable state of 0.01 M SDS, 15°C.
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Figure 22. Metastable state of 0.01 M SDS and 0.001 M Na2SO4, 15 C.
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Figure 23. Metastable state of 0.01 M SDS and 0.01 M Na2SO4, 15°C.
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Figure 24. Metastable state of 0.01 M SDS and 0.1 M Na2SO4, 15°C.
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When the surfactant concentration is at its lowest, 0.001 M, the
differential capacitance for the SI and S2 regions are at their lowest values,
table 31. The S3 region is indistinguishable and thus the value appears to be
uncharacteristically high. Only at the two highest concentrations of electrolyte
is this region distinct enough to obtain a valid measurement. The trend of
increasing differential capacitance with increasing electrolyte concentration
exists for all three different surfactant concentrations.
■
Table 31. Differential capacitance of 0.001 M SDS with added electrolyte,
15°C.
Concentration

SI (pF/cm2)

82 (pF/cm2)

S3 (pF/cm2)

S4 (pF/cm2) .

0.001 M SDS

12.3

6.2

31.6

20.8

0.001 M Na 2SO4

12.2

6.8

26.8

21.0

0.01 M Na 2SO4

12.2

8.3

20.9

21.8

0.1 M Na 2SO4

13,1

9.6

18.6

23.3

The voltammogram th a t represents 0.001 M SDS, figure 25, shows
extremely broad transitions due to the reduced conductivity in the solution.
By increasing the electrolyte concentration the transitions should become more
acute. This is indeed the case, figures 25-28. As the transitions become more
abrupt they also move, consistent with the other concentration combinations.
When the conductivity is at its highest, i.e. 0.1 M Na2SO4, the third transition
shows the emergence of a small hump as was similar to the 0.01 M SDS with
0.1 M Na 2SO4 conditions.
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Table 32. Capacitance values for 0.001 M sodium dodecylsulfate, no
electrolyte.____________ ______________ \ -____ •
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

12,3

20.8

30.2

82

6.2

10.8

14.5

S3

31.6

44.0

112.1

S4

20.8 .

25.9

106.3

Table 33. Capacitance values for 0.001 M sodium dodecylsulfate, 0.001 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

12.2

17.8

38.7

82

6.8

9.9

21.9

S3

26.8

34.7

117.5

84

21.0

25.2

127.0

Table 34. Capacitance values for 0.001 M sodium dodecylsulfate, 0.01 M
supporting electrolyte.
T = 15 0C

Cd (pF/cm2) .

Ch (pF/cm2)

Cd (pF/cm2)

SI

12.2

15.1

63.4

82

8.3

10.1

47.6

S3

20.9

. 24.7

136.1

84

21.8

24.9

176.0
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Table 35. Capacitance values for 0.001 M sodium dodecylsulfate, 0.1 M
supporting electrolyte.
T = 15 °C

Cd (pF/cm2)

Ch (pF/cm2)

Cd (pF/cm2)

SI

13.1

14.4

144.4

82

9.6

10.3

133.3

S3

18.6

20.4

210.9

84

23.3

25.4

282.5

For comparison, the differential capacitance values for the various
concentrations of electrolyte are given in table 36.

These values were

determined for the same potential region used in the pure surfactant cases.
The voltammogram of just Na2SO4 shows no resemblance to the metastable
state, figure 29. Therefore, the constant current regions are used only as
reference zones for comparison purposes.
Table 36. Differential capacitance of Na 2SO4 electrolyte.

,

Concentration

SI

82

S3

84

0.1 M Na 2SO4

10.8

7.8

19.7

24.8

0.01 M Na 2SO4

8.7

13.9

18.3

26.0

0.001 M Na 2SO4

5.0

7.0

15.2

18.1
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Figure 25. Metastable state of 0.001 M SDS, 15°C.
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Figure 26. Metastable state of 0.001 M SDS and 0.001 M Na2SO4, 15°C.
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Figure 27. Metastable state of 0.001 M SDS and 0.01 M Na2SO4, 15°C.
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Figure 28. Metastable state of 0.001 M SDS and 0.1 M Na2SO4, 15°C.
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Figure 29. Voltammograms of Na2SO4 at 15°C.
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Redox probe, oxygen
When oxygen is bubbled directly into a sample of 0.1 M Na2SO4 a
voltammogram shows two broad irreversible waves, figure 30. These waves
represent the irreversible reduction of oxygen and hydrogen peroxide
respectively.

The concentration of oxygen in the system is limited by its

solubility in water. Thus the concentration of oxygen is approximately
I x IO"3 M. The smooth broad waves indicate that there is a smooth linear
change in the potential at the surface location where the reduction occurs.
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Figure 30. 0.1 M Na2SO4 with - I x IO'3 M oxygen at 16°C, 971 mV/sec.
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When the solution is changed to 0.1 M SDS and there is no metastable
surface present, the results are similar, figure 31. The oxygen is reduced by
a smoothly changing potential. The major differences are the position of the
reduction waves and the increased magnitude of the observed current.
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Figure 31. Stable surface of 0.1 M SDS with -0.01 M oxygen at 16°C, 971
mV/sec.
A surfactant solution above the critical micelle concentration, CMC,
consists of micelles rather than free monomers. This increased current is
indicative of oxygen being much more soluble in micelles than in water. The
approximate concentration of oxygen in the SDS system is 0.01 M.
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One explanation for the change in reduction potential, in going from
water to SDS, is based on the distance of the oxygen from the electrode, (J)2.
Since the oxygen is part of the micelles, the reduction may take place at a
distance further from the electrode than if the oxygen were free, as in water.
This would require an increase in the potential needed to reduce the oxygen.
This phenomena is analogous to the Frumkin effect.110 If it is assumed th at
there is no organized orientation of surfactant molecules on the surface of the
electrode, and th at all the oxygen is in the micelles, then, the reduction of
oxygen should occur with a smooth linear increase in potential, producing a
broad reduction wave for oxygen, at a more negative potential.
It should be stressed th at the slope associated with the onset of the
oxygen and peroxide reduction are similar for the w ater and stable SDS
surface, indicating no change in the reduction process. It is the potential at
which the reduction occurs th a t is different.
If a surface thickness was changing during a cyclic voltammetry
experiment involving oxygen, the result should differ from th at of an
experiment with a constant surface thickness. Rather than a smooth linear
increase in potential, there would be discontinuity in the potential at the point
where the surface thickness changes. For the Frumkin effect this would be a
change in <|>2. For example, if the change in surface thickness was from thick
to thin, there should exist a jump in the measured current indicating an
increase of reduced analyte.
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When oxygen was added to a solution of 0.1 M SDS with the metastable
surface present, it gave the voltammogram shown in figure 32. No longer are
there two smooth broad waves as with Na 2SO4 or the stable surface of SDS.
The first wave shows a discontinuity in the reduction of oxygen. This oxygen
reduction begins with the same slope as in the case of the stable surface, but
once the potential reaches the transition potential, the current produced in the
oxygen reduction sharply decreases until the potential is again large enough
for the reduction of the remaining oxygen. This can be interpreted that at the
transition potential there is a change in the effective <|>2 potential. This could
be the result of a change in surface thickness, or a change in the dielectric
constant, or a combination of both.
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Figure 32. Metastable surface of 0.1 M SDS with -0.01 M oxygen at 16°C,
971 mV/sec.
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In comparing the reduction potential of oxygen in the three different
experiments, there is a noticeable shift in the potential required for reduction.
Oxygen is most easily reduced in the sodium sulfate and least easily reduced
in the SDS with the metastable state. Within the sodium sulfate solution,
oxygen has the mobility to migrate close to the electrode surface and, thus, be
easily reduced. When oxygen is added to a surfactant solution, the oxygen can
no longer move freely to the electrode surface and must be reduced at a
distance further from the electrode surface and, therefore, at a greater
electrode potential, table 37.
Because the first transition of the metastable surface is temperature
dependent the split oxygen wave for SDS should also show a temperature
dependence if it is a result of T l. This is indeed the case, figure 33. The
initial reduction, a, has the same temperature dependence of the T l transition,
figure 33. The second part of the oxygen reduction, p, shows little temperature
dependence, figure 34.

If this showed a noticeable dependence, it would

indicate that, within the 82 region, the thickness or the dielectric was
rhangmg with temperature. This is assumed not to be occurring.
Table 37. Peak potentials and currents for 0.1 M SDS and Na 2SO4 at
16°C and 971 mV/sec.
Peak potential (mV)

Peak current (pA)

O -IM N a 2SO4

533

32

0.1 M SDS (stable)

681

317

0.1 M SDS (metastable)

755

315

94

PEAK PO TENTIAL ( mV)

y = 8.6x - 649
-520-540-560-580-

-6407

8

9

10

11

12

13

14

T E M PE R A T U R E ( C )

Figure 33. Temperature dependence of the a peak.
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Figure 34. Temperature dependence of (3 peak.
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Another possible explanation for the shifting of the reduction potential
when going from water to SDS is related to the electrode kinetics. It can be
suggested th at the reduction of oxygen is inhibited by the SDS adsorption.
There are several reports of selective inhibition of the first reduction wave of
oxygen by adsorbed organic m aterials .111,112 They demonstrate, for example,
th at in the presence of a-quinoline, there is a selective inhibition of the process
O2 —>H 2O2"leading to the stabilization of the superoxide ion O2". The generally
accepted mechanism for the first stage of oxygen reduction, O2 —» H2O2, is an
EC EC mechanism represented as follows:
A,

Of

HO, J g i

H o;

H /) ,.

The two step process for the reduction of oxygen might be rate limited by the
first chemical step, the addition of a proton. In order for the second electron
to be added there must be sufficient water to react with the O2'.
In the case of 0.1 M Na 2SO4 there is ample water available for the
chemical step, thus the reduction is not hindered. When the stable surface of
SDS is present, there is less available water due to the presence of micelles.
This in turn forces the second electron process to a higher potential because
there is a limited amount of HO2 to be reduced. The metastable surface
creates an even more difficult scenario for the water to react with the O2' and
hence an even greater reduction potential.
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Cadmium ion, Cd2+ was chosen to be used as a redox probe because of
its very convenient polarographic characteristics th at result from its well
defined, reversible, and two-electron polarographic wave. Two scenarios can
be envisioned for the reduction of Cd2+ in the presence of the SDS metastable
surfaces. The first is th at Cd2+ will be reduced on the outside of the adsorbed
surface at ^2, in the bulk. The second possibility is th at the Cd2+ would be
reduced in the adsorbed layer, much closer to <t>2. This is typical of ions being
reduced to metals, especially by 2 e processes.
In the first example, the result would be a noticeable shift in the
reduction wave toward more negative potentials, caused by a decrease in the
rate constant of the electrode process of Cd2+ in the presence of SDS. If, on the
other hand, the Cd2+ is reduced within the adsorbed layer, the reduction wave
should remain nearly constant. Assuming th at the Cd2"1" were able to move
within the adsorbed layer, the voltammogram of Cd2+ in the presence of the
SDS metastable surface would not be much different from the voltammogram
of Cd2+ in aqueous electrolyte. The results of this experiment suggested th at
the Cd2"1" was being reduced from within the adsorbed layer. This is also
suggested by work done by 6 osovic.m He found that the reduction potential
of Cd2+ varied with SDS concentration. At higher concentrations of SDS, the
reduction wave was closer to th at in aqueous electrolyte. The concentration
of SDS used in the present study was 0.1 M, as compared to 2xl0 "3 M in
6 osovic’s. The reduction wave of Cd2"1" showed no notable shift.
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Studies with PbSO 4 produced similar results as with cadmium ion. The
reduction wave of PbSO4 comes in the range of the first transition, like that
of oxygen. However, the results of added PbSO 4 to SDS are not analogous to
the addition of oxygen to SDS. Reduction occurred as though there was always
a smooth, linear increase in the potential, indicating th at the probable location
for the reduction was within the adsorbed layer.
Molecular dynamics
The calculations using Discover provide a simple way to quickly
visualize the behavior of surfactant and solvent molecules and their reaction
to the imposed conditions of the electrode. The system th at we are using
consists of over 1000 atoms.

This results in greater than one million

neighboring interactions, about the maximum allowed within this or any other
similar program.

One needs to be aware of a critical limitation in the

simulations, as the model is much simpler than the real system. This can lead
to situations th a t are somewhat unrealistic.
Two simulations were performed at each potential, one with the
surfactant head groups and counterions close to the electrode (tails up), and
one with tails closest to the electrode (tails down). In both cases a sphere of
water molecules surrounded the head groups and counterions. Also, when the
head groups were the farthest from the electrode, some water molecules were
placed around the tails, so there were still waters near the electrode.
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When the perturbation of the system, i.e. the applied voltage, is large,
the water molecules acquire sufficient kinetic energy to move away from the
surfactants. At this point, there is no force to oppose the repulsive interactions
between the electrode and the surfactants molecules.

Therefore, the

surfactants migrate as though they were in a vacuum, limiting the time of the
simulations. For not so large voltages, (an absolute value of less than -400
mV), this limitation does not apply, and we can get reasonably long simulation
periods.
Information about the structure and the energy of the system was
obtained every fifty femtoseconds. The total time simulated was approximately
ten picoseconds.

The first picosecond corresponds to equilibration of the

system. This is a period where the potential and kinetic energies are crudely
rescaled in an attem pt to reach an equilibrium. Therefore the energy of the
system is drastically reduced in the first picosecond.
Simulations were performed at potentials th a t represent the four
constant current regions.

The potential applied to the electrode in the

simulation should be taken with respect to the potential of zero charge for the
system.
The potential of zero charge, PZC, is the potential at which the surface
has no excess charge. At more negative potentials, the electrode surface has a
negative excess charge, and at more positive potentials, there is a positive
excess charge. The PZC for mercury/SDS system is approximately -554 mV,
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versus a I M NaCl Ag/AgCl reference electrode. This value was obtained using
a dropping mercury electrode. Therefore, the potentials used for the !Molecular
Dynamics simulations should be added to the PZC to obtain the approximate
experimental potentials.
Simulation at +250 mV.
At this potential the water molecules near the electrode are completely
polarized, with the oxygen atoms pointed toward the electrode.

The

counterions move toward an intermediate distance. When the head groups are
down, the counterions move away from the electrode. With the tails down, the
counterions move toward the electrode, following the movement of the
negatively charged head groups.
When the tails are up, there is a cloud of water close to the electrode.
The edges of this cloud feel the attraction from the electrode much more than
the one from the surfactants. Thus they move quickly toward the electrode.
In the case of one of the surfactant molecules, there are still enough water
molecules to prevent the migration of the counterion, which facilitates the
surfactant to remain near the electrode. The other two counterions move
toward an intermediate position, as previously discussed. The head groups
follow this movement until they are approximately 10 A from the electrode
surface. The orientation of these two surfactants is parallel to the surface.
Figure 35 shows a plot of the energy of the system versus time. The
first picosecond shows the quick drop in energy associated with the
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equilibration. In general, the energy is always decreasing, as is expected for
a system approaching equilibrium. There are two irregularities at about 3.5
and 6.5 picoseconds. These correspond to the migration of the first and the
second surfactants away from the electrode and their subsequent reorientation.
In the case of the tails down, we do not have a large number of water
molecules close to the electrode, since the solvation cloud is around the head
groups. However, this small number of molecules becomes polarized on the
electrode surface. The negatively charged head groups feel the attraction of
the positively charged electrode. This starts a motion of head groups toward
the electrode.

One of the surfactants remains with its tail close to the

electrode. The other two, however, start rotating. In the final geometry, the
counterions are found in the middle of the surfactant head groups, as shown
in figure 37. A continuous energy decrease up to four picoseconds is seen in
figure 36. From then on, the energy remains constant due to the oscillation of
the molecules around this equilibrium position.
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Figure 35. Energy plot from +250 mV simulation of SDS (tails up) and water.
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Figure 36. Energy plot from +250 mV simulation of SDS (tails down) and
water.
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Figure 37. Final geometry from +250 mV simulation of SDS and water.
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Simulation at 0 mV.
At 0 mV, the only interaction between the electrode and the solution is
the physical presence of a wall th at limits the movement of the molecules. In
both cases, tails up or tails down, we can only see thermal movements of the
solvent, with some occasional bouncing back from the wall. The energy plots
of the two cases are similar and show only the difference of one having more
water molecules, figure 38.
Simulation at -250 mV.
As happened in the case of +250 mV, the water molecules close to the
electrode become quickly polarized. In this case, however, it is the hydrogen
atoms th at are pointed toward the electrode. The counterions are now strongly
attracted by the electrode and move quickly toward it, where they remain
throughout the entire simulation, surrounded by water molecules.
For the case of the tails up, there is no significant movement of the head
groups, since they remain very close to the counterions. The tails are also
attracted by the electrode.

This creates a movement of tails toward the

electrode surface. The final position shows the head groups surrounding the
counterions and the tails parallel and close to the surface. Some waters are
solvating the hydrophilic portions of the surfactants. Figure 39 shows a three
picosecond (1.0 to 4.0 picoseconds) period th at corresponds to the motion of the
tails toward the electrode. The remaining simulation time displays thermal
oscillations of the molecules.
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Figure 38. Energy plot from 0 mV simulation of SDS and water.
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Figure 39. Energy plot from -250 mV simulation of SDS (tails up) and water.
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When the tails are down we might expect quick movement of the
counterions toward the surface, followed by rotation of the surfactant
molecules. However, once the counterions start their motion, the head groups
move down without time for the tails to rotate.

Therefore the surfactant

appears to be compressed between the counterions and the electrode. As is
shown in figure 40, from I to 4 picoseconds the energy change is associated
with the compression of the surfactants close to the surface. The next two
picoseconds correspond to the rearrangement of the tails. The final geometry
is similar to that of tails up.
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Figure 40. Energy plot from -250 mV simulation of SDS (tails down) and
water.
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Simulation at -400 mV.
At -400 mV, the water molecules th at are not close to either the
counterions or the head groups, are not sufficiently retained by the surfactants
and quickly migrate toward the surface of the electrode.

The repulsion

between the electrode and the head groups is larger than for the -250 mV case.
The counterions and the few remaining waters can only retain one or, at most,
two surfactant molecules close to the electrode. The rest continuously migrate
away from the electrode as though in a vacuum. Once this has begun the
system is valid for only the molecules close to the electrode.
With the tails up, after three picoseconds, there are only enough water
molecules to retain one surfactant molecule near the electrode surface. The
other two migrate away. Figure 41, shows a continuous decrease in the energy
after the initial three picoseconds. The final geometry consists of a single
surfactant molecule parallel to the electrode, but with the tail slightly tilted.
The head group is encircled by the three counterions and a few water
molecules.
The simulation with tails down was done using the final geometry
obtained for the system with tails down at -250 mV. Therefore, there was not
the characteristic energy decrease in the first picosecond. In this case, we
began with fewer water molecules close to the surface, but they were
surrounding the head groups, thus keeping them close to the surface. Because
the simulation began at an equilibrated position, the water molecules were in
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a geometry more favorable to prevent the surfactants from migrating away.
This allowed two surfactant molecules to remain close to the surface. The
migration of the third surfactant takes place extremely fast, that is why in
figure 42, we see a continuous decrease in the energy. The final geometry
consists of two surfactants parallel to the surface, with an envelope of
counterions and water molecules around the head groups.
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Figure 41. Energy plot from -400 mV simulation of SDS (tails up) and water.
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Figure 42. Energy plot from -400 mV simulation of SDS (tails down) and
water.
Simulation at -800 mV.
In

this

case, the

water

molecules

and the

counterions

are

instantaneously attracted to the surface. Even the farthest water molecules
are strongly polarized. The surfactant molecules are stripped away from the
solvent and there is no counterion to mitigate the large repulsion between the
negatively charged electrode and surfactants. Therefore they immediately flee
from the electrode surface. The energy plot, figure 43, shows the continuous
and huge decrease in the energy associated with the surfactant migration.
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Figure 43. Energy plot from -800 mV simulation of SDS and water.

Hysteresis of T l
The first transition of all the metastable surfaces show a shifting in the
reverse peak potential compared to the forward potential, an example is figure
44. The cause of hysteresis is due to a positive feedback mechanism, with the
onset of the transition at nearly the potential.
Positive feedback is a common feature when there is a switching from
one state to another. A supersaturated solution that begins to crystallize when
a seed is added exhibits positive feedback. Positive feedback requires that
there be a trigger point. At this point the conversion of state is initiated and
then begins to accelerate until the change in state is completed.
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Figure 44. Hysteresis in the first transition of the metastable state of 0.1 M
SDS at 16°C, 971 mV/sec.
A possible scenario for the positive feedback mechanism, in our system,
involves the dipole effect of the water molecules. As was observed in the
molecular dynamics simulations, the water molecules play a large part in the
movement of the surfactant molecules. It is reasonable to believe that the
change in the polarization of water could be the trigger for the orientation
changes of surfactant molecules on the surface. As the first water molecules
begin to have an change in their polarizations, the surfactant molecules
undergo a reorientation rapidly until the entire surface is in the new
alignment.

HO
Model of surfactant/electrode interface
A model of the surfactant/electrode interface was constructed using the
capacitance values and thermodynamic quantities obtained from the cyclic
voltammetry experiments.

The results from the molecular dynamic

simulations of the SDS system were also incorporated into the model. Where
experimental results were not available, estimates were made using an
assumed geometry and handbook values. The model was broken into four
regions separated by three transitions. This represented the four constant
current regions and the three current transients as seen in the voltammograms
of 0.1 M surfactant.
In order to present a model of the electrode surface it must be
understood th at any model is ju st one possible explanation of the interface.
Based upon what is known about adsorbed surfaces two possible scenarios for
adsorption can be envisioned, a monolayer or a bilayer. The bilayer is most
easily represented as a series capacitance. If the bilayer was composed of a
pure hydrocarbon core, the capacitance would be dictated by the dielectric
constant of the hydrocarbon.
If a bilayer with a pure hydrocarbon core were used to describe the
electrode surface, a small differential capacitance would be expected in the S2
region.
(30)

d

Ill

Where d would be approximately 25A and e would be 2. Based on this result
a modified argument was developed. If a bilayer model were to be used a more
complicated understanding of the bilayer must be incorporated, for example,
a thickness th a t changes with changing potential or charge migration within
the bilayer.
Another possible avenue of discussion is th at the surface is made up of
a monolayer. Using the above argument of capacitance, the experimental
results for the 82 region can be more closely met.
capacitance a parallel model is used.

Rather than a series

There would then be a mixture of

hydrocarbon and ionic material at the surface.
The next sections present a more detailed discussion of the monolayer
model as a description of the electrode/surfactant interface.
Stable Surface
The stable surface seems to be one th a t lacks a rigidly organized surface.
Yet, its reproducibility suggests th at it is not completely random. A surface
th at is constantly reformed by the rapid exchange of monomers and micelles
might be used to explain the stable surface. The surface would be composed
of a combination of free monomers and micelles adsorbing to the surface -with
no preference for either one. This dynamic process, if fast enough, would
smooth out any surface change with potential. This is observed in the case of
oxygen being reduce at the stable surface. For both the stable and metastable
surface there exists a large current transient, near -1200 mV, that may
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represent the loss of surfactant molecules from the surface. This transient is
about twice as large for the metastable surface. The capacitance values for the
region beyond this transition suggest th a t the double layer may contain only
counterions and water.
Metastable Surface
When the electrode experiences the large negative potential, of about
-2500 mV, a change occurs. It is possible th a t in the process of the large
negative perturbation more monomers become free in the solution and when
the potential is decreased the monomers have a higher affinity for the surface.
There is also an increased density of counterions at the surface. This would
create a unique surface with a high density of surfactant molecules packed on
to it, th a t are not exchanging rapidly with the micelles.

Increasing the

tem perature or letting the surface sit for extended periods, should cause more
of the surface monomers and their counterions to again exchange with the
micelles in the bulk, slowly lowering the surfactant surface density. This
would cause a loss or deterioration of the metastable surface.
The monomers can undergo reorientation as the surface is cycled
between positive to negative charge. Several authors114 suggest th at on the
anodic side (positive excess charge) of the PZC, the sulfate head groups are
closest to the electrode surface and, as the excess charge becomes more
negative than the repulsion of the head groups from the electrode surface, this
excess charge forces the surfactant molecules to turn, thus placing the
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hydrocarbon tails closest to the electrode surface.
This suggestion does not account for the changes in capacitance that are
observed.

From the molecular dynamics simulations, the thermodynamic

quantities, and the capacitance values obtain from the cyclic voltammetry
experiments a new model can be envisioned.
Region one
At anodic potentials (-250 mV) relative to the PZC there is a large excess
positive charge th at attracts the negatively charged head groups and slightly
repels the counterions. If free monomers are assumed to be attracted to the
electrode surface, then the head groups will approach the electrode, and the
hydrophobic effect will help cause the tails to also come close to the surface.
The tails do not completely lie flat on the surface, but are somewhat parallel
to the electrode.

Figure 45. Schematic of the SI region.
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By increasing the chain length the thickness of the double layer should
increase because of the tilting of the chains. This would be indicated by a
decrease in the differential capacitance.

For the exception of lithium

pentadecylsulfate this is the case, table 38. The charge associated with the
changing of states (reorientation of monomers) from the SI region to the 82,
shows a steady increase in the amount of charge required for the transition
with increasing chain length, table 39 .
Table 38. Summary of the capacitance values for each surfactant in the SI
________ region.
SI

Cd (pF/cm2)

CH(pF/cm2)

Cd (pF/cm2)

NaC 10

17.0 ±1.8

20.1 ± 1.8

102 ± 0.9

NaC 12

11.8 ± 0.2

14.1 ± 0.8

91.2 ± 0.2

LiC 12

12.3 ± 1.1

14.0 ± 1.1

92.1 ± 0.6

NaC 13

10.8 ± 1.9

13.2 ± 1.9

80.0 ± 1.0

LiC 15

13.1 ± 0.4

14.7 ± 0.4

85.0 ± 0.2

Table 39. Summary of the charge associated in each transition for each
surfactant.
AQ (C/mol)

Tl

T2

T3

NaC 10

6.1 ± 0.6 xlO2

-

4.4 ± 0.4 xlO 3

NaC 12

2.9 ± 0.3 xlO3

3.3 ± 0.1 xlO 3

1.5 ± 0.1 xlO 4

LiC12

3.6 ± 0.4 xlO 3

-

1.4 ± 0.2 xlO 4

NaC 13

3.1 ± 0.2 xlO 3

2.7 ± 0.4 xlO 3

2.2 ± 0.1 xlO4

LiC15

4.0 ±0.1 xlO 3

2.5 ± 0.5 xlO 3

2.4 ± 0.1 xlO 4
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The changing of orientation for each surfactant follows the same
mechanism and is apparently dependent only on the charges related with the
molecules and the electrode.

The entropy involved in the transition for

different chain lengths should remain roughly constant. This is observed for
all surfactants except sodium decylsulfate, table 40.
Table 40. Summary of the entropy associated in each transition for each
surfactant.
Tl

T2

T3

NaC 10

3.4 ± 0.1

-

2.2 ± 1.7

NaC 12

1.8 ± 0.1 XlO1

-1.3 ± 0.1 xlO 1

7.0 ± 3.0

LiC 12

1.6 ± 0.2 XlO1

NaC 13

1.9 ± 0.1 XlO1

-1.3 ± 0.2 xlO 1

8.9 ± 1.0

LiC15

1.9 ± 0.1 xlO 1

-7.7 ± 1.8

7.1 ± 0.6

AS (J/mol deg)

-

1.4 ± 0.2 xlO 1

Region two
The first transition represents a major changing in the surface of the
electrode. The capacitance for the S2 region is the lowest of the entire system.
Several explanations for the change in capacitance can be given.

One

possibility is th at there is a change in the double layer thickness. The other
is th a t there is a change in the dielectric constant.
The entropy associated with the change indicates th at there is a tangible
reorganization occurring. The results from the molecular dynamic simulation
at this potential suggests th at a thinning.of the surface may be occurring. The
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increase in negative potential causes some of the surfactant anions to be
repelled away from the electrode surface. This provides more freedom for the
surfactant tails to move. As the tails become more tilted the ionic character
of the double layer increases. Thus, assuming a slight change in the dielectric
constant and a substantial increase in the thickness, the capacitance for the
82 region decreases, as is evident in table 41.
Table 41. Summary of the capacitance values for each surfactant in the 82
region.
Cd (pF/cm2)
CH(pF/cm2)
Cd (pF/cm2)
82
10.0 ± 0.7

91 ± 0.4

5.6 ± 0.2

6.0 ± 0.2

78 ± 0.1

LiC12

6.7 ± 0.5

7.3 ± 0.5

85 ± 0.3

NaC 13

6.9 ± 0.7

7.5 ± 0.7

80 ± 0.4

LiC15

7.4 ± 0.7 .

8.1 ± 0.7

79 ± 0.3

NaC 10

9.1 ± 0.7

NaC 12

.

x

Throughout this region there is a constant change occurring in the
surface. As the negative potential increases there is a continual increase in
the negative excess charge associated with the surface. This negative excess
charge causes a slow repelling motion of the head groups, as well as a change
in the polarization of the w ater molecules. Within this region the counterions
are moving closer to the electrode while the tails are becoming more
perpendicular to the electrode.
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Figure 46. Schematic of the S2 region.
The capacitance values show a slight increase with increasing chain
length. This suggests th at the longer the chain the less hydrocarbon that is
becoming perpendicular to the electrode. The larger the chain the more energy
is needed to repel the head groups with their long chains. The amount of
charge required to move from the S2 to the S3 state remains close to the same
for all surfactants, table 39.
Region three
Region three appears almost as an intermediate, but not required step
prior to the fourth region. This region does not appear in all the surfactants
systems studied, as T2 and T3 often overlap. Because of this, the experimental
results show too much variability to strongly support a particular model.
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Molecular dynamics simulations suggest th at within this region the
counterions and water molecules are replacing parts of the surfactant
molecules at the electrode surface.

A combination of solvated ions and

surfactant molecules perpendicular to the electrode provides a conceivable
depiction of the third constant current region. As the potential increases the
surfactant head groups move away from the negatively charged electrode.
There is very little contribution from the hydrocarbon to the double layer. This
produces a significant increase in the dielectric constant, thus causing an
increase in the capacitance, table 42.
Table 42. Summary of the capacitance values for each surfactant in the S3
region.
S3

Cd (pF/cm2)

CH(pF/cm2)

Cd (pF/cm2)

NaC 10

39 ± 4

46 ± 4

263 ± 2

NaCi2

19 ± 2

22 ± 2

144 ± I

LiC 12

-

-

NaC i3

20 ± 2

23 ± I

150 ± I

LiC15

24 ± I

28 ± I

193 ± I

The charge associated with the third transition is large in comparison
to the other transitions, table 39. This charge could represent the complete
removal of surfactant anions from the electrode surface. A similar transition
is observed in the case of the stable surface as well. The entropy change
occurring in the transition remains nearly constant with increasing chain
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length, table 40.
Region four
The high capacitance values in this region, table 43, imply th at the
double layer consists of only high dielectric material, namely counterions and
water. Unlike any other region there is virtually no capacitance change with
increasing chain length. There is however, an observable difference between
the sodium and lithium counterions. This would be supported in the idea of
an ionic double layer.
Table 43. Summary of the capacitance values for each surfactant in the 84
region.
Cd (pF/cm2)

CH(pF/cm2)

Cd (pF/cm2)

NaCio

23.1 ± 0.8

26.0 ± 0.8

234.8 ± 0.4

NaC 12

19.2 ± 0.4

22.3 ± 0.3

194.1 ± 0.2

LiC 12

20.0 ± 0.3

23.0 ± 0.3

198.9 ± 0.2

NaC 13

19.1 ± 0.3

20.7 ± 0.2

190.2 ± 0.1

LiC 15

21.8 ± 0.4

25.3 ± 0.2

187.4 ± 0.1

84

The molecular dynamics simulations support the idea of region four
being strictly ionic material. The capacitance values for ju st sodium sulfate
give slightly higher capacitance values in the same potential range.

The

charge associated with the transition responsible for this region is higher than
th a t observed for any reorientation of surfactant molecules on the surface.
This provides reasonable evidence to support the model of the fourth region as
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ionic character exclusively.

Figure 47. Schematic of S4 region.
With increasing temperature there is a decrease in the free energy of the
first transition, table 44. This indicates th at as the temperature increases the
transition occurs more easily. This is observed in the shifting of the first
transition with potential. The enthalpy for the transition should also undergo
a decrease.

Because of the confidence limits of the enthalpy values the

decrease is small if noticeable at all. If the measurements could have been
obtained with more significant figures an increase would be observed. The
exact opposite occurs for the second transition, an increase in free energy and
an increase in the enthalpy.
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Table 44. AG with temperature for the first and second transitions of 0.1 M
SDS.
—
Temperature 0C

T l (J/mol)

T2 (J/mol)

9.8

7.3 x IO2

2.4 x IO3

13

6.4 x IO2

2.4 x IO3

16

5.7 x IO2

2.5 x IO3

19

5.3 x IO2

2.5 x IO3

21

4.9 x IO2

2.5 x IO3

For 0.1 M SDS the first transition moves -80 mV whereas the second
transition moves just under 50 mV for a 12° change in temperature. The third
transition moves less than 5 mV over the same temperature range, thus the
Gibbs free energy will appear to remain constant.
Comparing the energy required for the first transition with increasing
chain length an increase in the energy required for the transition should be
observed. As the chain length increases it is reasonable to assume th at more
energy should be necessary for the molecule to undergo a reorientation.
Experimental results confirm this assumption, table 45.
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Table 45. Summary of the free energy associated in each transition for each
surfactant.
AG (J/mol)

Tl

T2

T3 .
4.2 ± 0.4 xlO 3

NaC 10

5.4 ± 1.1 XlO1

NaC 12

6.3 ± 0.5 xlO 2

2.5 ± 0.1 xlO3

1.4 ± 0.1 xlO4

LiC 12

4.7 ± 0.7 xlO 2

-

1.4 ± 0.1 xlO 4

NaC 13

1.0 ± 0.0 xlO 3

1.8 ± 0.3 xlO 3

2.1 ± 0.2 xlO 4

LiC15

1.4 ± 0.1 xlO 3

1.8 ± 0.7 XlO3

2.3 ± 0.2 xlO 4

As the free energy increases there should also be an increase in the
■

enthalpy involved in the transition, table 46.

In all cases the expected

thermodynamic results are obtained. The energy to completely remove the
surfactant is given by the third transition. These quantities are much greater
than those for the other two transitions. This helps to support the hypothesis
th at T3 represents removal of surfactant and th at 84 contains ju st ionic
material.
Table 46. Summary of the enthalpy associated in each transition for each
surfactant.
AH (J/mol)

Tl

. T2

T3

1.0 ± 0.1 xlO 3

-

4.8 ± 0.8 xlO3

NaC 12

5.8 ± 0.2 xlO 3

-1.2 ± 0.4 xlO 3

1.6 ± 0.2 xlO 4

LiC12

5.0 ± 0.5 xlO 3 '

-

1.8 ± 0.2 xlO4

NaC 13

6.5 ± 0.4 xlO 3

-2.0 ± 0.8 xlO 3

2.4 + 0.2 xlO4

LiC 15

6.8 ± 0.2 xlO 3

-0.4 ± 1.2 xlO 3

2.5 ± 0.2 xlO 4

NaC 10

'
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The temperature and the chain length of the system was shown to affect
the energy involved in the transitions. Because the interaction of ions in a
system affects the Gibbs free energy, a change in the ionic strength of the
system should show movement of the transition similar to the temperature
effects, table 47.
Table 47. Potentials for T l with varying ionic strengths.
0.1 M SDS

0.01 M SDS

0.001 M SDS

0 M Na 2SO4

498 mV

463 mV

456 mV

0.001 M Na2SO4

498 mV

467 mV

463 mV

0.01 M Na2SO4

502 mV

491 mV

483 mV

0.1 M Na 2SO4

537 mV

547 mV

551 mV

Concentration

> 560

r 550

0.1 M SDS

O 540

0.01 M SDS
0.001 M SDS

£ 520

9 500

H 490
U 480

IE-05

0.0001
ELECTROLYTE CONCENTRATION (M)

Figure 48. Effect of added electrolyte on the potential of Tl.
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The effect of added electrolyte on the potential at which the first
transition occurs is shown in figure 48. Because a log scale was used for
scaling reasons, 0 M Na 2SO4 is represented as I x IO'5 M. Several suggestions
can be given for the effect of added electrolyte in the metastable state of 0.1 M
SDS. When supporting electrolyte is added to an ionic surfactant solution the
CMC decreases. This is partly due to the increased binding of the counterion
to the micelle. Along similar arguments, is th a t the addition of electrolyte
decreases the solubility of the surfactant. This is seen by the precipitation of
SDS when the concentration of the electrolyte is 0.1 M and the SDS is 0.1 M.
When the concentration of SDS is 0.01 M the solution becomes turbid. In the
cases of the 0.1 M SDS, 0.01 M SDS and 0.1 M electrolyte the solutions were
heated to get the surfactant into solution. This would help explain why the
potential required for the transition is not as great as for the 0.001 M SDS
with 0.1 M electrolyte case.
The overall increase in potential required for the first transition with
increasing electrolyte concentration is most likely due to the decrease in the
CMC as well as a decrease in the activity coefficients. The activity coefficients
decrease because of the greater number of micelles, thus lowering the ionic
strength of the solutions. These factors cause an increase in the potential at
which, the first transition occurs.
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The effect of added electrolyte on the metastable surface is two fold. As
discussed above, the added electrolyte causes a decrease in the CMC, causing
the transitions to shift potential. Secondly, as is seen in figures 21-24, with
increasing electrolyte concentration the metastable state becomes more
distinguished.

The second transition has moved further from the third

transition, which in some cases has another smaller transition observable. If
the second and third transitions represent the movement of counterions and
water closer to the surface, the second transition should occur at a lower
potential if there are more counterions available. When Na 2SO4 is added to
the SDS solution there will be twice as many sodium ions as sulfate ions, thus
creating an excess of counterions. Although some of the counterions become
involved with the micelles, lowering the CMC, there is still an excess of the
counterions as compared to having no electrolyte present.
Preliminary ellipsometry results suggested th at there is a definite
surface thickness change as the potential is cycled from -250 mV to -1500 mV.
The results at this point are just qualitative but do suggest th a t ellipsometry
might help in developing a model of the electrode surface.
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SUMMARY The goal of this research was to investigate the structure and transport
mechanisms for adsorbed layers of alkylsulfates.

This was accomplished

through the use of cyclic voltammetry and computer modeling.
The results of this study suggest th a t the electrode/surfactant interface
is composed of a multiphase structure.

This surface does not form

automatically, but must be forced by applying a large negative potential. It
was this metastable surface th at was the main focus of this study.
Each alkylsulfate th at was investigated provided differential capacitance
values th a t showed distinct regions of varying capacitance.

Within each

region, a noticeable trend indicated th a t the same switching process was
occurring for all surfactants studied.
The calculation of the thermodynamic quantities involved, for the three
transitions, provided support th at the surfactants followed the same
mechanism of reorganization independent of chain length or counterion.
By using reducible analytes in the surfactant solution, more insight was
gained about the transport mechanisms involved in thin films. Examples of
Pb2+ and Cd2+ were used, and showed th a t the ion was being reduced at the
electrode surface rather than on the outside of the thin film. Oxygen, on the
other hand, provided an example of reduction of a species at some distance
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beyond the electrode surface.

Several possibilities were suggested for the

transport mechanism. One involved the thickness of the thin film. The other
was a kinetic explanation of the reduction of oxygen, with the availability of
water being the rate limiting step.
A model of the electrode/surfactant interface was proposed involving the
information obtained from the cyclic voltammetry experiments and the
computer modeling.

The model suggests the important role th at the

counterions and the water play in the organization of the interface. This was
also suggested by information obtained from the addition of electrolyte to the
surfactant solution.
The interface consists of a layer ,of surfactant monomers and solvated
counterions. The position of the monomers is highly dependent on the charge
on the electrode. So, as the charge changes, the monomers are forced to
reorganize.

This reorganization is observed by changes in the surface

thickness, measured by differential capacitance. Additional information about
the surface thickness from ellipsometry was not available, but it could have
provided more information about the interface.
It is hoped th at this model can shed some light into the understanding
of transport phenomena through biological membranes.
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APPENDIX
In order to convert the data points obtained with the cyclic voltammeter
to microamps, a calibration of the instrum ent m ust be done prior to performing
any experiments. A print out of the calibration is done simultaneously. The
calibration of the instrum ent adjusts the sweep rates and gain tables.
To calibrate the cyclic voltammeter the software, runcv, is loaded and
run. From the main menu the calibrate instrum ent is chosen. The calibration
menu consists of seven options to choose from. CaHbration involves four steps
from this menu; I. A to D converter tables, 2. D to A voltage converters, 3.
sweep rate generator, 4. cell constants. The results of the caHbration are
updated in the running file.
The A to D calibration requires th a t a voltmeter be connected to the
interface, and values input from the voltmeter into the computer. The result
is an A to D gain table. This table provides the information needed to convert
a zero adjusted A to D number to mV. In the conversion of raw A to D data
to cell currents, both the positive and negative A to D values are used.
Within the D to A voltage converters caHbration, several different
measurements are requested.

This portion of the instrum ent caHbration

supplies the DAC full scale and zero offset, negative and positive, for the initial
potential, step potential, x output, and y output.
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The sweep rate calibration creates a sweep rate table for the negative
and positive directions. This table provides information about the available
sweep rates, in mV/sec.
The last required procedure is the calibration of the cell constant. This
is accomplished by inputing the calibration resistance, 100400. This allows for
the cell current to be calculated as a voltage. The information th at is printed
out is the reference voltage, cell current as voltage, current scale factor, and
the voltage to current conversion. These values are needed for the conversion
of the raw A to D data to cell currents.
Once these procedures have been executed the instrum ent is ready to be
used for cyclic voltammetry. The hardcopy of the cyclic voltammogram can be
used to extrapolate the current involved by using the scaling factors on the xy
recorder. The method used for all experiments in this thesis, was to convert
the raw A to D data into microamps of cell current. This required multiple
conversions of the data.
The first conversion is done to arrange the data in either blocks Or a
single column. Originally the data was arranged in blocks of ten columns and
various rows depending on how many data points were used. The program
used to accomplish this was called convertdata. Each ru n was converted
separately and then changed from APPLE DOS to MS DOS using the software
MPOINT.

Once the data was in MS DOS it could be imported into the

spreadsheet program, QUATTRO. Each file was imported as an ASCII file.
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This was then parsed and the text portion deleted. A macro was written to
move the data from ten columns to a single column, figure 46. At this point
the raw A to D data was ready to be converted into actual current values.
The more recent method of conversion from APPLE DOS to MS DOS is
to arrange the data into a single column using the program CXI, on the
APPLE He. Once this is done for each run the files are converted to MS DOS
using the softw are CROSSWORKS.

CROSSWORKS directly connects an

APPLE computer to an IBM compatible computer.

\A

{/ Block,Transpose (Al..Jl -L264. .L264~
{/ Row,Delete} A1..A1~
{/ Row,Insert }A263..A263~
{/ B lo c k jT ra h sp o se )AI ..JI ~ {END}{RIGHT) {RIGHT}.{RIGHT}
{END} {DOWN} (END) {DOWN} (DOWN).(CR)
{/ Row ,Delete}AI ..AI ~
{/ RowJnsert }A263..A263~
{IF A1>0} (BRANCH G268}

Figure 49. Macro used to make single data column.
The A to D data is converted using a spreadsheet template, figure 50.
Information from the calibration file is entered into the spreadsheet. The result
is a logic formula th a t is copied for the entire column of A to D data. The new
column contains the microamps for each data point in the voltammogram.
These current values are used for the integrations of the peaks as well as in
the calculation of the differential capacitance. A template for the calculation
of the Helmholtz and diffuse capacitance is shown in figure 51.
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Sample of calibration output:
ATOD G a i n
G ai n
#
0
I
2
3
4
5
6
7
8
9
IO
11
12
13
14
15
16
17
18
19

T a b le s

_____+A TO D -------Span
R e f .V
IO llO -1 6 2 3
6 3 6 0 -1 6 2 5
4 0 2 0 -1 6 2 6
2 5 3 0 -1 6 2 7
1600 -1 6 3 2
1021 -1 6 4 1
6 4 6 0 -1 6 4 9
4130 -1 6 6 3
2 6 2 0 -1 6 9 1
1701 -1 7 1 3
1115 -1 7 8 2
7 4 1 0 -1 7 6 5
5 1 4 0 -1 6 3 3 .
3670 - 1407
2 640 -1 1 0 4
-7 6 7
2140
-5 5 1
1850
-5 4
1610
O
13400
O
10800

GDAC
N um .
4095
2576
1625
1024
644
409
258
163
102
. 65
41
26
17
11
7
5
4
3
2
I

_____-A T O D _____
Span
R e f. V
1602
-9 9 9 0
1624
-6 3 5 0
1623
-4 0 1 0
1622
-2 5 2 0
1628
-1 5 9 4
1630
-1 0 1 4
1629
-6 4 0 0
1644
-4 0 7 0
1652
-2 5 6 0
1654
-1 6 3 7
1635
-1 0 5 0
1713
-6 7 8 0
1745
-4 5 1 0
1311
-3 0 4 0
1877
-2 0 0 0
1956
-1 5 1 0
1993
-1 2 2 0
2076
-9 9 0
1451
-7 1 0 0
0
-4 5 0 0

I n i t i a l P o t e n t i a l DAC
P o sitiv e o u tp u t:
span f u l l
s c a le ...
10129
N egative output:
sp an f u l l
s c a le ...
-9 9 9 6
Step P o te n tia l
P o sitiv e outpu
- span f u l l s c
N egative outpu
span f u l l
s c

DAC
t I
a le ...
t:
a le ...

X O u t p u t DAC
P o sitiv e outp
sp an f u l l
s
N egative outp
span f u l l
s

t:
a le ..
t:
a le ..

V Output
Positive
span
sp an

-1 0 1 0 2

ATOD
ZOS
-2
-2
-4
- 4

-12
- 20 .
-2 5
-5 4
-8 2
-1 0 6
-1 9 0
-2 8 3
-4 1 0
-6 4 1
-9 4 4
-1 2 8 1
-1 4 9 7
-1 9 9 4
-2 0 4 8
-2 0 4 8

mV

z e ro

o f f s e t . . .

-1 2

mV

zero

o f f s e t- . .

- 6

mV

zero

o f f s e t .. .

- 6 mV

mV

z e ro

o f f s e t. ..

mV
mV

-6

mV

10116

mV

zero

o f f s e t .. .

0

mV

-9 9 9 0

mV

zero

o f f s e t.. .

-6

mV

10066

mV

zero

o f f s e t .. .

-6

mV

0

mV

DAC

output:

fu ll

Negative

u
c
u
c

10079

R e f. V
S c a le
I
I
I
I
I
I
IO
IO
IO
IO
IO
IO O
I OO
IO O
IO O
IO O
IO O
IO O
IO O O
IO O O

s c a l e -----

output:

fu ll

s c a le ...

-1 0 1 5 2

mV

zero

o ffs e t. . .
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P o sitiv e
,N e g a tiv e

Cell
Cell

O ffset
O ffset

CV S w e e p
N egative
Sw eep r a t e
N um ber
0
I
2
3
4
5
6
7
S
' 9
IO
11
12
13
14
15
16
17
13
19
20
21
22
23 '
24
25
26
27
23
29
30
31

is
is

-6
-6

R a te

Sw eep

S w eep R a te
m V /s e c

Table
D irection

End o f T e s t
V o l t a g e , mV

7

a
13
33
65
117
169
220
285
392
499
609
737
966
1190
1424
1635
2159
2620
3099
3629
4580
5516
6486
7338
9453
11333
13238
13320
13378
13345
13330

MV
MV

-

293
299
511
698
772
1165
1613
2018
2498
3283
3987
4622
5152
5208
5183
5176
5183
5176
5233
5201
5220
5307
5289
5183
5120
5669
5887
6372
5855
5345
5332
5326

R eps
40m s
IO O O
IO O O
IO O O
500
300
250
240
230
220
210
200
190
175
135
109
91
77
60
50
42
36
29
24
20
17
15
13
12.
11
10
IO
IO
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CV S w e e p
P o sitiv e
Sw eep r a t e
N um ber
0
I
2
3
4
5
6
7
8
9
IO
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
R
C
C
C
y

R ate

Sw eep

Sw eep R a t e
m V /sec
8
8
-I
-24
-57
-1 0 8
-1 6 0
-2 1 4
-2 7 8
-3 8 0
-4 9 0
-6 0 2
-7 3 2
-9 6 5
-1 1 9 7
-1 4 3 4
-1 7 0 1
-2 1 8 0
-2 6 4 4
-3 1 3 3
-3 6 6 8
-4 6 4 0
-5 5 8 6
-6 5 7 1
-7 6 3 1
-9 5 6 2
-1 1 4 6 5
-1 2 4 7 3
-1 2 5 3 0
-1 2 5 6 5
-1 2 5 3 5
-1 2 5 3 5

eference V oltage is
alib ratio n r e s is to r
ell c u rre n t as v o lta
urrent scale fa c to r
to I conversion is

T able
D irection

End o f
iest
V o l t a g e , mV
311
305
-5 6
-4 9 3
-6 9 2
-1 0 9 1
-1 5 4 0
-1 9 7 7
-2 4 5 1
-3 1 9 9
-3 9 2 9
-4 5 8 3
-5 1 3 2
-5 2 1 9
-5 2 2 6
-5 2 2 6
-5 2 4 4
-5 2 3 8
-5 2 9 4
-5 2 6 9
-5 2 8 8
-5 3 8 8
-5 3 6 9
-5 2 6 3
-5 1 9 5
-5 7 4 3
-5 9 6 6
-5 9 9 3
-5 5 1 9
-5 0 3 2
-5 0 2 0
-5 0 2 0

R eps
4 Oms
IO O O
IO O O
IO O O
500
300
250
240
230
220.
210
200
190
175
135
109
91
77
60
50
42
36
29
24
20
17
15
13
12
11
IO
IO
IO

-4 9 9 5
mV
i s 1 0 0 4 0 ohm s
g e i s -4 1 0 3
mV
i s . IOOO
1214 m ic ro A /10000

mV

of
TI
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PROCEDURE FOR CONVERTING RAW ATOD DATA TO MICROAMPS OF CELL CURRENT
The current values for constants marked with ** should be inserted.
Normally constants marked with *** do not change,
formula I: (convert voltage to current)
NOTE: VALUES DEPEND UPON THE CELL CALIBRATION VTOL
vtoi = (-ref.v/cal.R)*(scale.R/-IcellasV.)
**
ref.v-R
-4996 mVolts
**
calJR
10040 ohms
***
scale.R
1000 multiplyer mA to uA
**
IcellasV.
-4673 mVolts
vtoi
0.106486 uA/mV
formula 2: (convert a zero adjusted AtoD number to mVolts)
NOTE: THESE VALUES DEPEND UPON GAIN NUM BER A N D SIGN BEING USED.
#tomV = ref. volt/scale/span
-ATOD
+ ATOD
1660 number
**
span,
at
-1638
number
span, at
-6410
mVolts
ref.
Volt
6480
mVolts
ref. Volt
10
multiplyer
**
scale
10
multiplyer
scale
-0.38614 mV/bit
#tom V
-0.3956 mV/bit
#tom V
formula 3: (convert adjusted AtoD number to uA)
adj#touA = #tov * vtoi
- adj#touA -0.04213 uA/bit,

adj#touA

-0.04112 uA/bit

formula 4: (adjust a raw AtoD number to center zero)
adjAtoD# = -(m idscale+zos)
NOTE: ZOS VALUE DEPENDS UPON GAIN NUM BER BEING USED.
***
midscale
2048 number
**
zos
-47 number
adjAtoD#
-2001 number
formula 5: (convert raw AtoD number to -uA current for E.cell)
-uA current = (-( 2048-AtoDnumber)-zos)*(ref.volt*scale/span)*vtoi
-uA current = (rawAtoD# + adjAtoD#)?k(adj#touA)
rawAtoD#
1587 number
(example o f raw A to D number)
invert. current
17.4403 -uA
(formula to copy to data array)
rawAtoD#
1587 number (example o f raw A to D number)
invert. current
17.0233 -uA
(formula to copy to data array)
LOGIC FORMULA
84.2949

Figure 50. Template for converting A to D data to microamps.
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Calculation of diffuse and Helmholtz capacitances from double layer
capacitance, electrode potential, molar concentration, etc.
Diffuse Capacitance formula:
C.D [2*ep.D*ep.o*C.i*N .a/k*T]A. 5*(z*e)*[ cosh(z*e* phi.2/2*k *T)]
C.D =
a * cosh( b)
Constants:
Boltzmann, k
Avogadro, N
Electron charge, e
Permitivity o f space, ep.O

1.38E-23
6.02E+23
1.6E-19
8.85E-12

J/K
#/mol
C
CA2/N mA2

System discription:
Sodium Dodecylsulfate, no supporting electrolyte.
projected

area o f molecule

0.443 nmA2

0.222
Variables:
Concentration, C
CMC
Ionic cone., C.i
Temperature, T.C
Temperature, T.K
Dielectric Constant, water, ep.D
Ion Charge, Z
Potential of Zero charge, PZC
Calculated partial values:
a* 100
b'

Elec, field at phi.2
Electrode area/eMoleclues/e-

mol/1
mol/1
umol/cmA3
oC
oK

I
-0.552 V

74.315
19.709

SI
Surface Name
-0.245
Test Potential
0.307
Phi.m(etal), expt.
8.725
Measured C.d(ouble layer
0.0304
Old phi.2
0.5994
b
1.1851
cosh(b)
88.1
Calc. C.D(iffuse)
2.679
sigma, (surf.chg.den.)
0.307
Calc. phi.m
-1.2E-09
Diff. in phi.m’s
-1.2E-11
Correc. to phi.2
0.0304
New phi.2
0.0000
C.H(elmholtz)

0.10000
0.00843
100
21.24
294.39
82

S4
S3
-1.380 V(ref)
-1.055
-0.828 V(pzc)
-0.503
0.002
12.28 uF/cmA2
13.534
5.675
v-0.0676
0.0002 -0.0553
-1.3315
-1.0904
0.0030
2.0253
1.6558
1.0000
150.5 uF/cmA2
123.0
74.3
uC/cmA2
-10.168
-6.808
0.011
-0.828 V
0.002 -0.503
-2.0E-11 1.27E-11 3.85E-09 V
-2.0E-13 1.27E-13 1.92E-11 V
0.0002 -0.0553 -0.0676 V
S2
-0.550

9.68

6.14

15.21

36.89
5.98
13.50

0.16
1411.45
3186.13

-93.76
2.35
5.31

13.37 uF/cmA2
-140.04 mV/nm
1.58 nmA2
3.56

Figure 51. Template for calculating Ch and CD.
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In order to simulate the electrode potential the atomic unit of charge per
atom was needed. This charge is then applied to each hydrogen atom in the
electrode array. First we need to determine the density of mercury in our 2-D
system.
The density of mercury in atoms per cubic angstrom is determined in the
following manner.

P

13.6
200■59

mol ■

cm3

cm3

\3

Na IO -aCm
mol - T K -

0 ; 04083

atom s
~7T~

This is 3-D, so in a bidimensional layer we use the following expression.
p 2D - ( 0 . 0 4 0 8 3 A3) 2/3 - 0 . 1 1 8 5 7

a to m s

In our electrode:
S

-

(64A)2 - 4096

A2

number o f a to m s - 1 0 8 9

So,
P 2 D = 0 • 26 5 87

a to m s

According to statistical mechanics, a cloud of valence electrons at 300 K
behaves as a strongly degenerated fermion system.
approach used for free ions.

This is the normal
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Where P0 is fermi energy of a metal and,
n e- = 2

Vw - 1 4 . 8 2 - 1 0 - «

Thus,
2/3

h2 (
3N a
8/nel % 1 4 .8 2 -1 0 "

1 .3811-1O"10 J o u le s - 8.6199 e V

The zero point energy of an electronic cloud for a single electron is given as,
= S •1719 eV

e0 =

Using the assumption th at using some fraction of the zero point energy
comesponds to the removal of the same fraction of elections, we can write,
5 .1719

eV - 2 atom

0.250 V -> x

x - 0.09668

atom
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In order to obtain the atomic unit of charge per atom used for our electrode the
following expression is solved for

Xf. x

is previously determined using the

electrode potential desired.
X 1P2D = X f -P2D

So, Xf for 250 mV is:
(0.09668) (0.11857)
0.26587

0.0431

a . u . - o f chazge
atom

Each of the potentials used in the molecular dynamics simulations were
calculated in a similar manner.
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