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De Long, Hugh C. EQCM Measurements: Redox-Induced Changes
in Solvent and Ion Content in Anchored
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Gold Electrodes, Ph.D.,
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his project involved the use of the Electrochemical 3
Quartz Crystal Microbalance (EQCM) to detect redox-induced
changes in ion and solvent content in disulfide and thiol
anchored monolayers. The EQCM will also be used to detect
the monolayers’ electrocatalytic effects on various
organometallic cations. The EQCM simultaneously measures the 4
current response to changes in potential with the E
corresponding frequency response induced by those changes.
Use is made of organosulfur compounds as precursors for

attachment of organometallic and organic redox couples.

Several organometallic disulfides (e.g. cobalticinium and

ferrocene derivatives) and organic amphiphilic thiols (e.g.

FEREIRENE L5 R TP TS AECY

viologen derivatives) have been synthesized and chemisorbed

onto gold EQCMS.\%ge viologen derivatives are inverse
'*3)&?

bilayer in structure where the charged part is in the middle

PO P I PO L S TP Y

and the alkane chains are extended on either side of the ;
monolayer. All these self-assembling monolayers are strongly

bound and very robust. When the redox couple for the




adsorbed molecule involves changes in the charge of the
group (e.g. as is the case for adsorbed viologens), then
charzes in the ion and solvent content of the adsorbate
monolayer may occur making the viologen derivatiygs good
models for monitoripg trgqsgprt across a bilayer. Trends in
the extent of these changes in content along with structural
features of the adsorbates and how these structural changes

effect electrocatalysis will be investigated.
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CHAPTER I

Introduction

There is considerable interest in modifying electrode
surfaces at the monolayer level for their use in detailed
studies of either structure, function, or both, at the
solid-liquid interface. Our interest lies in probing the
influence of synthesized, and therefore known, structural
changes in monolayers at this interface and their effect on
the electrochemical processes which are known to occur
there. Two distinct areas which show the most interest are
the use of alkyltrichlorosilanes! on silicon or glass and
the use of organosulfur compounds on gold? and silver3. The
bulk of the work in attaching redox couples to surfaces has
been with alkyl n-chlorosilaneslb, 4,15 and alkoxysilanesS on
metal oxides, especially silicon dioxide. However, our
interest lies in the formation of monolayers using alkyl
sulfur compounds on the Electrochemical and Quartz Crystal
Microbalance (EQCM) gold electrode.

There are two common means of forming a monolayer: The

Langmuir-Blodgett technique and the gelf-assembling

mechanism. Comparison of both techniques shows that the
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Langmuir-Blodgett films® have several drawbacks; to mention
some: they are weakly bound to the surface, can only use
compounds that form a Langmuir-Blodgett film on water, are
limited to planar surfaces, and they can undergo structural
transformation during the transfer process, where the latter
disadvantage brings about irreproducible formation of films.
On the other hand, films prepared by the self-assembling
mechanismlb, 2,7,8 have the advantage of being either
chemically bound or strongly adsorbed (by means of a
physical process, i.e., hydrophobicity) to the surface. This
mechanism introduces better reproducibility on the film
formation, stronger binding to the surface, and it can be
formed on any surface, perhaps, with certain limitations for
the case of the chemically bound ones since the surface and
the adsorbate must react to form the bond.

It is clear from the preceding paragraph that the self
assembling technique uses two distinct processes for the
formation of the monolayer: chemisorption and physisorption.
In the first one, the adsorbate forms a chemical bond,
i.e.,thiols on gold form a Au-S bond, whereas in the second
one, the adsorbate is on the surface due to electrostatic
forces or by incompatibility with the solution
(hydrophobicity), i.e., surfactants.9,10

There are several examples of chemisorption that will
be mentioned. Wrighton and coworkers4,52,11 affixed a

ferrocene to metal/metal oxides by way of chlorosilanes and
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alkoxysilanes. Murray and coworkersi? and, Majda and
coworkersl3 affixed dialkylviologens to metal/oxides by way
of an alkoxysilane. Wrighton and coworkersSb-c¢,14 also
affixed dialkylviologens to metal/metal oxides by way of
alkoxysilanes but attached both ends instead of just one.
Others such as Ghosh and coworkers,!5 Murray and
coworkers,16 and Anson and coworkersl!? affixed
rentaamineruthenium chloride through complexation to
nitrogens in amines and pyridyls that were attached to the
electrode by way of trichlorosilanes on metal oxide or by
acid chloride chemistry on carbon electrodes. Donohuel3
initiated studies on viologens similar to Majda’s but
anchored with thiols to gold to study electron transfer in a
monolayer. Weaver and coworkersl$ looked at binding of
cobalt compounds to mercury and gold electrodes through
attachment with sulfides. Finklea and coworkers?9 looked at
coadsorption of viologen surfactants and alkylmercaptans on
gold electrodes. Finally, there is the work of Regen and
coworkers?! who chemisorbed phosphatidylcholine molecules (
both thiols and sulfides ) to gold surfaces by way of self
assembling monolayers.

Extensive studies have been done with alkyl thiols on
gold surfaces to elucidate their binding structure,? that is
to say, their mode of attachment to the gold surface and
their association between each other. Nuzzo, Whitesides, and

others?2 exhaustively examined how the sulfur was attached to
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the gold and how these monolayers are assembled. They
determined that the sulfur, be it a disulfide or a thiol,
binds as a thiolate to gold. Also determined was that in
order to get the proper association between molecules and
proper Au-S bond angle, that the chains of these thiolates
had to be tilted 30° from normal to the electrode surface.3%
Use is made of thiols as a head group on gold due to the
stability of these thiols and their potential for chemical
modification.

A number of laboratories has studied redox attachment
to electrodes through different means ( amines on
graphite,17b,22 gjlanes,1b,16,23 pnitriles on platinum?24,
etc., ) but one of the major drawbacks to these methods is
that the surface coverage is not that high. These monolayers
depend on the existence of specific binding sites (such as
hydroxides or acids, etc.) on the electrode surface (except
nitriles, which bind by adsorption through the triple bond).
These sites do not allow for the possibility of lateral
transport of molecules across the surface, since there are a
fixed number formed and binding can only take place at these
sites. Therefore, higher packing densities can not be
attained. Thiols and disulfides, on the other hand, form
high surface coverages which allow for tightly packed
monolayers. This may be due to rapid lateral transport!f,41
on the surface enabling more molecules to get to the surface

to bind. Reported herein is a way to take advantage of this
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high packing density and affix redox couples to a gold
electrode surface.

The EQCM is a valuable tool to use in understanding
solvent and anion transport. This is a problem of great
importance because knowledge of such transport leads to the
understanding of the kinetic factors which affect the
electrochemistry of the redox moieties of the monolayer. Use
is made of the EQCM for data collection due to its unique
ability to simultaneously collect both charge and mass
combination of data. As will be discussed in the
experimental section, the charge and mass data can be used
to get surface coverages and grams per mole mass changes
which are sensed by the quartz crystal. This is in addition
to the usual electrochemical data obtained from cyclic

voltammetry.
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CHAPTER II

ELECTROCHEMICAL AND QUARTZ CRYSTAL MICROBALANCE: Theory and

Instrumentation

Introduction

To thoroughly comprehend the system used for these
experiments, it becomes necessary to understand some of the
fundamentals of the Electrochemical Quartz Crystal
Microbalance {(EQCM) which give rise to the mass detection
process, namely, the piezoelectric effect. The piezcelectric
effect is defined as the electric polarization caused by
applying some sort of pressure to the crystal in use?35, 44
The converse effect can be achieved by applying a voltage
across the crystal which causes a deformation of its’
structure(see figure 2.1). If this voltage alternates at the
proper frequency, one can achieve a vibration which is quite
stable under predetermined conditions, i.e., temperature,
crystal cut, and the nature of the surrounding medium.

Alpha quartz is used to make the quartz crystals for
the microbalance because it is inexpensive and has a
relatively high piezoelectric coefficient26., Various cuts

can be obtained, but AT cut crystals (Valpey-Fisher
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Figure 2.1 A) Plezoelectric effect caused by applied pressure
producing a polarization. B) Converse plezoelectric effect
(structural deformation) caused by appling a potential across

the crystal,
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Corporation, Hopkinton, Massachusetts) are used in this
laboratory. This is because the AT cut is temperature
insensitive around room temperature2?. The crystal
oscillates in the thickness shear mode, as shown in figure
2.2, Since the AT cut crystals vibrate in the thickness
shear mode, the thickness of the crystal determines the
resonance frequency. The thicker the crystal is, the lower
the resonance frequency and vice versa. This means that a
10MHz crystal operated at the fundamental mode is thinner
than a 5MHz crystal in the fundamental mode.

The quartz crystals are used to detect mass changes at
the surface of the crystal. This is possible because as the
mass 18 increased or decreased on the crystal a change in
the resonance frequency of that crystal occurs. The data
obtained are the changes in the frequency, or Af,
experienced by the crystal over the time of the experiment.
To utilize these frequency data to obtain useful
information, they must be related to mass changes. This is

done through the use of the Sauerbrey equation28,

-2Amn f 2 Am
Af = o = - Cf T
AY uq pq

The change in the resonance frequency is equal to minus the
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10

change in mass at the crystal surface per unit area {or
areal mass change) times a constant, C;. The constant is the
overtone number (n), times the frequency of the fundamental
mode of the QCM (f,) squared, divided by the density of the
quartz (p,= 2.648 g cm~3)27 and the shear modulus of the
quartz (u = 2.947x1011lg cm-1 s-2)27, Therefore, the change
in frequency is inversely proportional to the mass gained or
lost. This gives a mass sensitivity of 56.6 Hz cm2? pg-1! for
the 5MHz crystals used in our laboratories.

Notice in the above equation that properties of the
deposited layer are not taken into account. This is because
they are unimportant as long as the deposit is thin enough
so there is a less than 2% change in the resonance frequency
from the addition of the film on the electrode surface. This
is the thin film limit45, and the above equation is only
valid within this limit. This is because the film does not
experience shear deformation so all of the mass is present
at the antinode of the standing wave. This is not true when
the above limit is exceeded. If this happens then the
properties of the film are important. They must be taken
into consideration, and a different treatment is used4b,

Another problem is viscous damping of the shear wave
within the film., This damping is from the attenuation of the
shear wave within a viscous material4?. The more viscous a
material is, then the more damping is experienced by the

shear wave. This damping typically causes large changes in
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frequency. The Sauerbrey equation is only valid for rigid
layers where viscosity is zero (totally elastic). This is
the rigid layer approximation47,48, Monolayers act as rigid
layers which are totally elastic and therefore the rigid
layer approximation holds?9.29,31,32,

Extensive work has been done on using the quartz
crystal microbalance as a modified electrode$,29-32 to study
surface processes in a controlled fashion. This enables one
to monitor, simultaneously, the mass changes which occur
during the electrochemical event. The data are in the form
of a voltammogram and a frequency versus potential plot. By
combining these two data formats, a wealth of information

about transport processes can be obtained.
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Experimental

The experimental setup is shown in figure 2.3. This
consists of a standard H-cell where the quartz crystal is
held in place with clamped o-rings and used as a working
electrode. The crystal oscillation is driven by the
oscillation board and monitored with a Philips 6654
frequency counter. A BAS CV27 potentiostat was used as a
true analogue ramp generator. An IBM PC with a Data
Translation DT2801-A board and the Asyst programming
environment were used for the control and collection of
data. All potentials are reported with respect to a sodium
chloride saturated calomel reference electrode (SSCE).

The EQCM working electrode is an AT cut 5MHz quartz
crystal about one inch in diameter which has had 504 of
chromium followed by 2000A of gold vapor deposited using a
mask (see figure 2.4). A keyhole pattern mask is used to
allow vapor deposition only on a specific area on both sides
of the crystal. The mass active area only includes the gold
pad which is 0.28cm?, whereas the electrochemically active
area, 0.34cm?, includes the flag area within the o-ring.
Silver paint is applied to the exposed flags for better

contact with the clips from the oscillator circuit.
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Figure 2.4 Examples of the AT cut crystals used by this
laboratory. Shown are various views of a crystal.
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CHAPTER IIXI

ELECTROCHEMICAL AND QUARTZ CRYSTAL MICROBALANCE STUDIES OF
FERROCENE AND COBALTICINIUM DERIVATIVES: ION AND SOLVENT

TRANSPORT PROPERTIES

Introduction

One of the important areas in electrochemistry and
certainly in modified electrodes is the ability to form
organized molecular assemblies which can perform some
desired function whether it be electrocatalysis,
electrosynthesis, passivation of the surface or a simple
study of the monolayer’s physical and chemical properties.
Ferrocene has been used as a redox species for various
modified electrodes over a number of years. There generally
have been three classes of ferrocene monolayers used where
the ferrocene is part of the layer and not a separate
molecule. These are a) in physisorbed monolayers and
multilayers, b) in chemisorbed monolayers and multilayers,
and c) in polymer coatings.

Facci and coworkers33 used Langmuir-Blodgett films of
ferrocenyl surfactants to assemble monolayers on gold and

platinum electrodes on the precept that modification of the
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electrode surface with L-B films may introduce large scale
order to allow for control over structural arrangement of
the redox monolayers. Their monolayers were ordered head
down on the surface of the electrode. Buttry and
cowcrkerssb, 18 took a different approach in that they relied
on a self-assembly of the ferrocenyl surfactant molecules on
the surface, but came up with the same packing density as
Facci and coworkers. This was indicative of the lack of need
to use Langmuir-Blodgett techniques, since self-assembly was
Just as effective but simpler to do.

Majda and coworkers34 used self-assembly techniques to
produce their monolayers on microporous aluminum oxide films
on gold. The aluminum oxide film would have gold vapor
deposited on one side then the surfactant ferrocene molecule
would associate with the octadecyltricnlorosilane attached
by silanes in the micropores. This allowed for the study of
lateral electron transport from the ferrocenyl surfactants
close to the surface to ones further up the pore.

In the area of chemisorption, Murray and coworkers3S
and Wrighton and coworkers36 covalently attached molecules
to the electrode surface by way of bond formation. This
greatly added to stability of the monolayers and increased
the utility of the surfaces. They both used silane chemistry
to attach the molecules to the surface. Murray also found
that multilayer formation greatly increased the stability of

the ferricinium species. The drawback to this technique is

L S b T ey S

238 M0 Fuse bd L4ATTEN Sug ara

A T e G

L et D K i BN

LY S SRS DY Y




17

that the surface coverage is dependent not on molecular size
but instead on availability of binding sites on the
electrode surface.

Finally, polymerization techniques were used to
immobilize ferrocene molecules to the surface. Murray and
coworkers3? bound molecules to metal oxide surfaces by
silane chemistry. However, there are instances where the
gsilaneg can also polymerize to each other while attached to
the electrode surface, giving added strength and durability.
These systems are excellent for forming monolayers, and
exhibit good thermal, chemical and mechanical stability but
the high reactivity of -SiCl,’s limits the chemistry of
surfaces created when these silanes are attached to
silicon.38

For the above reasons and because of the organosulfur
chemistry mentioned in chapter I, this laboratory became
interested in self-assembly of monolayers using thiols or
disulfides as an anchor to the electrode surface. The
importance of these sulfur linkages lies in their ability to
self-assemble onto gold and silver electrodes with high
surface coverages and yet remain relatively unreactive to
the chemistry occurring at the surface. In this chapter
several metallocene disulfides were synthesized for
self-assembly of monolayers onto a gold electrode. These are
the first examples of redox couples attached to the

electrode surface by a disulfide to form a monolayer.
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Various supporting electrolytes were examined for anion

transport and several solvents were investigated also.
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Experimental

Figure 3.1 shows the structures of the redox molecules
synthesized in this work. Compounds I and II are made by
adding ferrocene monocarboxylic acid to benzene and adding
phosphorous trichloride, in slight excess, to form the acid
chloride. The reaction is allowed to reflux continuously for
24 hours. The acid chloride of the ferrocene is isolated by
evaporation (rotavaporation) of the benzene and volatile
by-products. It is then added in esicess to
4-aminophenyldisulfide or 4-hydroxyphenyldisulfide in
methylene chloride to ensure that both sides of the
disulfide are reacted. The desired product, compound I or
II, is collected as a precipitate or oil, respectively.

The structure and purity of compound I were determined
by 1H NMR: 9.58 s(1), amide proton; 7.79 d(2), 7.52 d(2),
phenyl protons; 5.02 d(2), 4.46 d4(2), substituted
cyclopentadienyl ring; 4.21 m(5), unsubstituted
cyclopentadienyl ring; (DMSO-dg). The structure and purity
of compound II were determined by 1H NMR: 7.62 4(2), 7.21
d(2), phenyl protons; 5.01 d(2), 4.56 d(2), substituted
cyclopentadienyl ring; 4.35 m(5), unsubstituted

cyclopentadienyl ring; (CDCl,;-dg).

Compound III is made by adding cobalticinium

hexafluorophosphate to THF on a vacuum line. The solution is
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Figure 3.1 I=Ferrocenamide phenyl disulfide, II=Ferrocene
ester phenyl disulfide, III=Cobalticinamde phenyl disulfide
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then cooled to -78°C and a slight excess of methyllithium is
added to monomethylate one ring39 (stirred six hours). The
resulting cobaltocene derivative is dried and put in a glove
box. 5-10 fold excess trityl tetrafluoroborate is added as
an endo hydride extractor. The mixture is put back on the
vacuum line and methylene chloride is added. This is
allowed to react for 24 hours. The monomethyl cobaltocene is
then dried and exposed to air, which will slowly oxidize it
back to the cobalticinium derivative. The cobaltocene
derivative is oxidized according to the procedure in Sheats
and coworkers4?. The monocarboxylic acid is isolated. Since
the cobalt is in its highest oxidation state, excess thionyl
chloride can be used by itself to make the acid chloride.
The acid chloride is isolated and compound III is then made
the same way as compounds I and II. The structure and purity
of compound III were determined by 1H NMR: 10.09 s(1), amide
proton; 7.84 d(2), 7.58 d4{(2), phenyl protons; 6.55 d(2),
6.09 d(2), substituted cyclopentadienyl ring; 6.04 m(5),

unsubstituted cyclopentadienyl ring; (acetone-dg).

The coating of the crystals to form the monolayer was
done as follows. For the ferrocene or cobalticinium
derivatives, they were dissolved in acetone. This solution
is used to coat the electroactive area (gold pad and flag)
of the crystal. The crystal was in contact with Lhe coating

solution for one hour. The crystals are then rinsed with
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acetone and fitted to the modified electrochemical H-cell
for performing EQCM work.

The charge, which is related to the coverage, is
calculated by the cut and weigh method. As will be indicated
later, this method had to be used because of the capacitive
background currents, since they change with the surface
coverage. Normally, the collected data, i.e., the cyclic
voltammogram, can have its background subtracted and its
charge calculated by the appropriate computer algorithms;
however, this is only appropriate when the background does
not change over the course of the experiment. Once the
charge is known, the frequency change is measured and
converted into grams of mass sensed per cm?. The charge is
converted into a surface coverage of moles per cm?2, then it
is divided into the grams of mass sensed per cm? to give
grams of mass sensed per mole of compound on the surface.
This is the grams per mole referred to later in this study.

The equipment set up for the collection of data has
been previously discussed in the experimental section of
chapter II. The electrochemical cell is a modified H-cell
where the reference electrode is separated from the working
and counter electrodes by a fritted glass junction. The
surface roughness of the vapor deposited gold electrodes was

calculated, from lead UPD experiments, tc be 1.1,
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Results and Discussion

All the disulfide compounds spontaneously assemble by
chemisorption on the gold surface to form a very stable and
closely packed monolayer. It is thought that lateral
transportlf, 4l takes place in these monolayers allowing for
higher packing density and hence higher coverages. This
allows for increased interaction between molecules attached
to the surface. All of this contributes to a more robust
system with which to work than previous self assembled
electrode systems, i.e.,surfactants. Added to this is the
advantage of having a probe attached to or in the monolayer.
This will enable one to report on the intermolecular
interactions and ion and solvent transport in a monolayer.
The voltammograms are well behaved (reproducible, no
unexpected distortions of the wave), and have the typical
surface wave characteristics43. Coupled with the frequency
data from the EQCM, they supply important information about
solvent and ion transport, surface coverage, stability of
the monolayer, intermolecular interactions, and electron
transfer mechanisms.

The molecules whose data will be discussed are
ferrocenamide phenyl disulfide (I), ferrocene ester phenyl
disulfide (II), and cobalticenamide phenyl disulfide (III).
Figures 3.2 and 3.3 show the voltammograms and frequency

data for ferrocenamide phenyl disulfide and ferrocene ester
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Figure 3.2 Ferrocenamide phenyl disuvlfide in 1M HC10, with a
scan rate of 100mV per second versus SSCE.
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Figure 3.3 Ferrocene ester phenyl disulfide in 1M HClO,

with a scan rate of 100mV per second versus SSCE.
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phenyl disulfide, respectively. The frequency decrease
indicates that upon oxidation of the ferrocene molecule
there is a corresponding transport of anions and/or solvent
into the monolayer to maintain charge neutrality. The
reverse is true of the ferrocinium molecule when it is
reduced and this causes the frequency to increase back to
its original value.

The calculated charge, from compound I’s voltammogram
in figure 3.2, is 27uC per cm? which is in good agreement
with the calculated charge for the ferrocene molecules in an
upright but tilted position on the surface with the
ferrocene part extended away and on its side (sort of like a
flag in a stiff breeze on a bent over flagpole). This
amounts to a surface coverage of 2.8x1i0-1%moles per cm2?2. As
can be seen from the frequency plot, there is a 0.75Hz per
mole of e-’s change over the course of the potential scan.
This amounts to an effective mass change sensed by the EQCM
of 47 grams per mole which is less than can be accounted for
solely by transport of ClO,- anions. The data in table 3.1
shows the calculated grams per mole of mass sensed by the
EQCM for two different coverages of I on the surface. Note
that as coverage (charge) increases the change in frequency
decreases and, therefore, the grams per mole decreases.
Figure 3.4 best illustrates what is thought to be occurring.
On the left, two different monolayer coverages are

displayed. The top right shows the lower monolayer coverage
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Effect of Surface Coverage on Molecular Weight

Charge, uC aF, hz MW
10.08 442 25.42
5.147 3.65 411.0

Table 3.1 Demonstration of changes in mass sensed by the crystal
from changes in the surface coverage of Ferrocenamlde phenyl
disulfide in .1M NaCl supporting electrolyte,
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Figure 3.4 Graphic explanation of results depicted in
Table 3.1. Shown is Ferrocenamide phenyl disulfide bound to
the surface in varying coverages,
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with the bulk anions and solvent on the surface of the
electrode. This lower coverage monolayer has many defects in
it and large amounts of bulk anions and solvent incorporate
into the monolayer in these defects or areas of no coverage.
The lower right shows the higher coverage with the bulk
anions and solvent as the outer layer. This would mean that
as the coverage increased, the bulk anions and solvent would
be forced to remain outside of the monolayer thereby
lessening the amount of mass that the crystal would sense.
Figure 3.5 shows a large difference in the redox
potentials of compounds I and II in relation to each other.
This may be due to the ester group being more electron
withdrawing which would make the ferrocene group harder to
oxidize. The difference in charge is just because the two
are different coverages. Compounds I and II were also
compared with different anions. Use was made of perchloric
acid, nitric acid, and sulfuric acid. As shown in figure
3.6, compound I has an interesting trend with varying the
anion type within the monolayer. The redox potential shifts
more positive as the acid is changed from perchloric to
nitric to sulfuric. The observed potential shifts are
attributed to ion pairing effects between the ferrocene and
the anion. The strength of the ion pairing, with respect to
anions used in these experiments, has the following trend:
Cl0,4- > NO4- > HSO,4-

Compound II shows the same results with the above acids.

L



Figure 3.5 Voltammograms of Ferrocenamide phenyl disulfide and
Ferrocene ester phenyl disuvlfide from two different coatings
are superimposed on each other. Both were done in 1M HCLO,
versus SSCE,
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Figure 3.6 Voltammograms of Ferrocenamide phenyl disulfide in:
A) 1M HC10,, B) 1M HNO,, and C) 1M H,SO, versus SSCE.
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Uniquely, compound II can easily be hydrolyzed unlike
compounds I and III, because of the presence of an ester
bond that can be hydrolyzed in acidic water. As can be seen
in figure 3.7, where scang were taken at time t=0 (first
scan) and at t=70mins (1M HClO,) and t=7hrs (.1M HC10,),
there is a corresponding loss in charge of the faradaic
current. If the capacitive current is examined, no change in
current is demonstrated. This indicates that the ferrocene
is lost but there is still a disulfide moiety on the
surface. This is known by looking at changes in the
capacitive current. When an adsorbate binds to the surface,
in this case a disulfide molecule, the dielectric constant
at the surface changes42. This causes a change in the
capacitive current. In the case of all disulfide and thiol
compounds that this laboratory has tested, the capacitive
current decreases when the compounds adsorb to the surface.
Therefore, if loss of faradaic current were due to loss of
adsorbate from the surface, the capacitive current would
increase. In these experiments there was no observable
change in the capacitive currents during hydrolysis. Loss of
faradaic current was believed to be due to cleavage of ester
bond. Compound I did not experience any loss under tae same
conditions. The loss was greater in 1M acid than in .1M
acid, which would tend to suggest that the hydrolysis rate
is affected by acid concentration.

Nonaqueous solvents were tried as well. Acetonitrile,
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Figure 3.7 Study of hydrolysis of the ester bond, Voltammograms
of Ferrocene ester phenyl disylfide in .1M HClO, and 1M HClO,
versus SSCE. A) t=0 (first scan)

B) t=7hrs (.1M HC10,) t=70mins (1M HClO,)
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dichloromethane, dimethylsulfoxide, and tetrahydrofuran were
2ll used without success. It turns out that compounds I, II,
and III are solvated by the nonaqueous solvent and get
washed off the surface. Figure 3.8 shows cobalticinamide
phenyl disulfide (III) in acetonitrile., The response was
only observed for one scan because by the next scan the
cited dissolution of the film from the surface or
competitive adsorption of acetonitrile displacing the
disulfide had occurred. The acetonitrile must solvate the
molecule enough that it washes away from the surface.
Mercaptoalkanes have the advantage of close association
between the alkane chains so, if the sulfur gold bond
breaks, it is still close enough to the surface to reform.
The conjugated compounds I, II, and III do not have that
close association therefore nothing holds them close to the

surface when the bond breaks to allow time for reforming.
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Figure 3.8 Voltammogram of Cobalticinamide phenyl disulfide
in ,1M NaClO, and acetonitrile versus silver as a pseudo
reference electrode.
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Conclusions

From the proceeding discussion, one can see that the
EQCM is a powerful tool in the study of anion and solvent
transport. By changing the supporting electrolyte, it was
demonstrated that different anions have a profound influence
on voltammetric waveshapes and their E,’s. Also shown was
that by slightly changing substituents in a molecule, such
as in the case of the ferrocenes, one can change the
character of the voltammogram. Finally, it was found that
the dielectric constant at the surface changed by
adsorption, and this was used to monitor the hydrolysis of
an ester bond. This proved very important, since the loss of
the redox species from the surface does not tell how the
loss occurred.

The data from the nonaqueous electrolytes indicated
that the compounds examined in this chapter are not stable
enough in nonaqueous solvents. Therefore, efforts are
undefway to explore other redox couples attached to
electrodes using disulfides and thiols. Synthetically, the
self-assembling systems are quite flexible. There are
numerous ways to change the molecules to allow control over
their tendencies for adsorption. For the case of introducing
instability, the best examples are the organometallic
compounds in nonaqueous medium depicted earlier in this

report. An opposite change would be the addition of alkane
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chains to increase stability in nonaqueous as well as
aqueous media. Finally, to tighten up the monolayers, space
filling moieties could be added or possibly chiral groups
and other functional groups would be useful for other
electrosynthetic applications.

There are many areas which can be studied using redox
species such as those described above. A number of these
areas are already being pursued with promising results. Ease
of synthesis and modification, ability to self assemble, and
good electrochemistry all go a long way into making these
systems very useful in the study of electrode surface

modifications.
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CHAPTER IV

ELECTROCHEMICAL AND QUARTZ CRYSTAL MICROBALANCE STUDIES OF
VIOLOGEN DERIVATIVES: ION AND SOLVENT TRANSPORT PROPERTIES

Introduction

Modified electrodes are very attractive for many
applications such as electrochemical sensors?6,
electrochemical synthesisS?, photochemical
applicationsSc¢,14a, and electrocatalysis37b,51, There are

many different ways to modify an electrode. Modification

layers can either contain a redox couple or lack one and the

modification can be by either physisorption or
chemisorption. The nature of the above is only limited by
one’s imagination. This chapter is concerned more with
chemisorbed monolayers containing redox couples.

There are many different ways to chemisorb a redox
couple to the surface of an electrode. Silaneslb,4,5,15,
cyano groups?4, acid chloridesl?b,22, cyanuric
attaéhment352, etc., have all played a major role in
modifying electrodes but they lack a high surface coverage.
Organosulfur compounds on gold have a high surface coverage

due to their high packing density and self assembly making

them easy to attach to the surface.

Just as there have been different ways to attach redox
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couples to the surface, there have been many different redox
couples used. It is beneficial to have a redox couple which
does not undergo degradation due to changing electrode
conditions. Ferrocene is a very commonly used modifier, but
it has a degradation problem with the oxidized ferricinium
ion. Viologens, on the other hand, do not have this problem.
They are very attractive because they can be cycled many
times without experiencing degradation. Viologens also can
be quite stable in many solvents and their electrochemistry
is well characterized. The two redox couples (+2/+1, +1/0)
are both accessible and reversible in a number of solvents.
Synthetic attachment to the bipyridyl group is also
relatively simple.

Reported herein is an electrode modification scheme
which takes advantage of the above mentioned
characteristics. Viologens have been utilized as redox
couples which are attached to the surface of gold electrodes
by way of a thiol linkage. The electrochemical behavior of
these films was monitored using the Electrochemical Quartz

Crystal Microbalance (EQCM).
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Experimental

Figure 4.1 shows the structures of the redox molecules
synthesized in this work. Compounds I, II, IV, V, and VI are
made similarly to the procedure of Donohuel?® by adding a
1:0.8 equivalent ratio of 4,4’-bipyridyl and l-bromodecane
or l-bromooctadecane to acetone and refluxing for 12 hours.
Isolation of the monoalkylviologen is accomplished by use of
a Soxhlet extractor with petroleum ether. This is then added
to acetonitrile with excess 1,10-dibromodecane. This is
refluxed then for four hours and then isolated as the
dialkylviologen (it usually precipitates, otherwise rotavap
down and wash with pentane or ether to get rid of starting
material). The dialkylviologen is added with 3-5 fold excess
thiourea to water (may have to add alcohol to the water for
the more insoluble species, but do not add more than 50% or
the thiourea solubility will be hampered) and isolated as
the isothiuronium salt (by precipitation or rotavap down),
which is very stable. To make the thiol, the isothiuronium
salt is added to water and then enough base is added to make
the free base’3 which decomposes in the presence of water
and heat to the mercaptan. Avoid addition of too much base
or the dialkylviologen will reduce and precipitate. This
part of the reaction can take up to several hours. Next, the
reaction is stirred for four hours refluxing under argon (

argon is used to avoid oxidation by air to the disulfide in
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Figure 4.1 I=N-(n-Decyl)-N’-(10-Mercaptodecyl)-4,4’-Bipyridinium
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(C10VC10SH) II=N-(n-Octadecyl)-N"-(10-Mercaptodecyl)-4,4’-Bipyridinium
(C18C10SH) III=N-(10-Heneicosyl)-N’-(10-Mercaptodecyl)-4,4 -Bipyridinium
(C9C11VC10SH) IV=N-(n-Decyl)-N’-(16-Mercaptohexadecyl)-4,4"-Bipyridinium

(C10VC16SH) V=N-(n-Decyl)-N’-(3-Mercaptopropyl)-4,4°-Bipyridinium
(C10VC3SH) VI=N-Methyl-N‘-(12-Mercaptododecyl)-4,4"-Bipyridinium
(C1VC12SH)
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the presence of alkali), then the Na-salt is precipitated
with excess base (this reduces the bipyridyl ring system and
gets rid of any left over thiourea). Finally, the solid is
filtered and redissolved in 1% HCl to protonate it.

The structure and purity of the above compounds were
determined by iH NMR. C10VC10SCNHNH2-HBr: 9.44 d(4), 8.85
d(4) bipyridyl; 8.9 d(4) ammines; 4.72 t(4) N-methylenes
next to pyridyls; 3.15 t(2) S-methylene; 1.98 m(4)
methylenes next to N-methylenes; 1.57 m(2) methylene next to
S-methylene; 1.30 broad m(26) rest of methylenes; 0.86 t(3)
methyl; (DMSO). CIOVC10SH: 9.44 d(4), 8.85 D(4) bipyridyl;
4,72 t(4) N-methylenes next to pyridyls; 2.68 t(2)
S-methylene; 1.98 m(4) methylenes next to N-methylenes; 1.60
m(2) methylene next to S-methylene; 1.26 broad m(26) rest of
methylenes; 0.86 t(3) methyl; (DMSO). CLl8VC10SCNHNH2-HBr:
9.44 d(4), 8.85 d(4) bipyridyl; 9.00 d(4) ammines; 4.72 t(4)
N-methylenes next to pyridyls; 3.15 t(2) S-methylene; 1.98
m(4) methylenes next to N-methylenes; 1.58 m(2) methylene
next.to S-methylene; 1.28 broad m(42) rest of methylenes;
0.86 t(3) methyl; (DMSO). C18VC10SH: same as C10VC10SH.
C10VC3SCNHNH2-HBr: 9.44 d(4), 8.85 D(4) bipyridyl; 9.07 d(4)
ammines; 4.80 t(2), 4.70 t(2) N-methylenes next to pyridyls;
3.42 m(2) methylene between the N-methylene and S-methylene;
2.37T m(2), 1.98 m(2) methylenes next to N-methylenes; 1.28
broad m(14) rest of methylenes; 0.86 t(3) methyl; (DMSO).

C10VC16SCNHNH2-HBr: 9.44 d(4), 8.85 d(4) bipyridyl; 9.08
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d(2), 8.95 d(2) ammines; 4.72 t{4) N-methylenes next to
pyridyls; 3.15 t(2) S-methylene; 2.00 m(4) methylenes next
to N-methylenes; 1.60 m(2) methylene next to S-methylene;
1.30 broad m(38) rest of methylenes; 0.86 t(3) methyl;
(DMSO). C1VC12SCNHNH2-HBr: 9.44 d(4), 8.85 d(4) bipyridyl;
9.04 A(2), 8.92 d(2) ammines; 4.72 t(5) N-methylene nad
N-methyl next to pyridyls; 3.15 t(2) S-methylene; 1.98 m(2)
methylene next to N-methylene; 1.58 m(2) methylene next to
S-methylene; 1.30 broad m(38) rest of methylenes (DMSO).

The compound 9 or 10-bromoheneicosane is made by
dissolving HBr(g) in ethyl ether then adding
9-cis-heneicosene to brominate the double bond. The
solution is then evaporated to remove the solvent leaving
the oil. It is important to then add dichloromethane to
redissolve the o0il. This is followed by extraction with
water, drying with MgSO,, filtering, and evaporating off the
dichloromethane. Compound III is then made by using the
9/10-bromoheneicosane and following the same procedure as
for fhe other compounds above. It will be necessary to add
alcohol to the thiourea step because this dialkylviologen is
not very soluble in water alone. The structure and purity of
the above compound were determined by 1H NMR.
9-cis-Heneicosene: 5.35 m{(2) ~-CH=CH-; 2.02 m{4) methylenes
next to vinyl group; 1.30 m(30) rest of methylenes; 0.89
t(6) methyls; (CDCl3). 9/10-Bromoheneicosane: 4.03 m(1)

-CHBr; 1.78 m(4) methylenes next to -CHBr; 1.30 m(30) rest
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of methylenes; 0.89 t(6) methyls; (CDC13).
C9C11VC10SCNHNH2~HBr: 9.57 d(2), 9.48 d(2), 8.89 d(4)
bipyridyl; 9.08 broad s(2), 8.98 broad s(2) ammines; 4.90
t(1), 4.74 t(4) N-methylenes next to pyridyls; 3.15 t(2)
S-methylene; 2.03 m(6) methylenes next to N-methylenes; 1.58
m(2) methylene next to S-methylene; 1.28 broad m(42) rest of
methylenes; 0.86 t(6) methyls; (DMSO).

Concerning the coating of the viologen derivatives,
they were dissolved in water and a portion of this solution
is transferred to an electrochemical cell (modified H type)
which contains the desired supporting electrolyte, for
example, 0.1M NaCl. The thiol/supporting electrolyte
solution is purged with argon. A bias potential, ca. 0.0V
(versus SSCE), is applied to allow the coating process to
take place on the Au surface. After coating, the cell is
rinsed and new electrolyte is used. The crystal is then
monitored by cyclic voltammetry until the cyclic
voltammograms show no change. Following this, the crystals
are ;insed in dichloromethane to remove the weakly bound
layer of material, leaving a monolayer as determined by
charge calculations. NaOH is added to the cell to shift the
electrochemical window to view the viologen’s voltammetry.

The coating procedure for the more insoluble viologens
varies from the above procedures. Usually this entails
dissolving the viologen in ethanol and coating the crystal

for an hour, then washing in 200 proof ethanol. This
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procedure is repeated for as long as it takes to set up a
good monolayer (usually about four times). After rinsing and
attaching the crystal to the H-cell, the charge is monitored
to determine if a monolayer is present.

The same method as reported in chapter III was used
for the charge calculation and the calculation of surface
coverage to get the grams per mole mass sensed. The system
used for data collection has been described previously in

chapter II.
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Results and Discussion

Compounds I, II, III, IV, V, and VI have alkane chains
that associate together to help stabilize the layer on the
surface even in nonaqueous solvents unlike the previously
reported conjugated compounds in chapter III. Changing the
supporting electrolyte can have a dramatic effect on the
cyclic voltammetryS4 of these compounds. Several different

supporting electrolytes have been investigated with this in

mind.
C10VC10SH

The first compound to be covered is compound I
(C10VC10SH). Figure 4.2 illustrates current and frequency
of compound I during cyclic voltammetry in .1M NaF ,qy+ This
dialkylviologen has well behaved voltammetry in that the
redox events expected to occur have taken place without any
extraneous abnormalities. As can be seen from the frequency
plot, as the viologen is reduced the frequency increases
indicating expulsion of anions and solvent. The voltammogram
shows broadening in both the oxidative and reductive regions
which can be rationalized in the cartoon in figure 4.3. The
illustration shows two of the dialkylviologens bound to the
surface with the accompanying anions. The circles indicate

the hydration shells which are tightly bound to the
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Figure 4.2 a) Voltammogram of N-(n-Decyl)-N’-(10-Mercaptodecyl)
~4,4°-Bipyridinium Dichloride (C1OVC10SH) in 0.1M NaF with a
scan rate of 100mV/sec versus SSCE. b) Frequency data.
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Figure 4.3 Graphic depiction of solvent-separated ion-pair of
(C10VC10SH) in NaF supporting electrolyte.
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fluorides35. Since the waters are held so tightly, there is
no shielding of the charges on the viologen from each other
due to dielectric saturation of the hydration spheres6,
thereby causing broadening of the wave. The positions of the
formal potentials on the potential axis are much more
positive than those for methylviologenS7 in solution, which
is indicative of stabilization of the cation radical over
the dication in these monolayers. This is most likely due to
strong intermolecular interactions among the cation radical
viologen molecules.

The second supporting electrolyte used was 0.1M NaCl,
Figure 4,4 shows the voltammogram and frequency data on the
monoleyer of compound I. The first thing that is noticed is
that the voltammogram of the chloride is not as broad as the
voltammogram of the fluoride. This is probable because some
shielding of the charge is taking place making the peak less
broad. What is more noticeable in the voltammogram of the
chloride than the fluoride (although it exists in the case
of the fluoride too) is the double peak in the first redox
couple. This is present in the fluoride but because it is so
broad, it is harder to see. None of the other anions tested
displayed this split peak in the first redox couple. Not
much is known yet about this phenomenon. However, Matsuda et
alS8® have recently indicated that a negative interaction
energy, such as what one could get from the interaction of

the dicationic viologen and the cationic radical viologen,
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Figure 4.4 a) Voltammogram of N-(n-Decyl)-N’-(10-Mercaptodecyl)
-4,4’-Bipyridinium Dichloride (C1OVC10SH) in 0.1M NaCl with a
scan rate of 100mV/sec versus SSCE. b) Frequency data,
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would give two peaks centered on where there would normally
be one. If this is taken further, as the anions are changed
from fluoride (the least shielding and therefore giving the
largest negative interaction energy due to repulsion,
>200mV=E¢ s the full width at half height of the current
peak) through chloride, nitrate, bromide, etc. to
perchlorate (which has the largest shielding and a positive
interaction energy due to ion pairing; reducing repulsion,
100mV=E; ), it would seem that the experimental results
match what is expected from the theorys2. Other
possibilities include, but are not limited to , effects
specific to different crystal faces (and perhaps different
geometrical arrangements of the adsorbates), or dimerization
processes., These features are not present in the second wave
(corresponding to the reversible reduction from the cation
radical to the neutral form) under any of the conditions
which have been investigated. Much more experimentation
needs to be done in this area before any concrete
conclusions can be drawn.

The calculated charge from I’s voltammogram is 41pC
per cm2., This amounts to a surface coverage of
4,2x10-19%moles per cm?2 which gives a molecular area of 39 A2
per molecule. This is in good agreement with the calculated
value of 38 A2 per molecule for a hexagonal close packed
arrangement of viologens oriented perpendicular to the gold

surface’9, and from molecular modeling. In this case, the
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area per molecule is determined by that of the viologen
moiety because it is considerably larger than is the
projected arza for a perpendicularly oriented alkane chain
(ca. 20 A2 per molecule). Thus, both the experimental
observation of the achievement of saturation coverage and
the geometrical constraints of the molecule support the view
that this coverage is the saturation coverage.

For monolayer systems, it has generally been found
that a linear relationship exists between mass changes at
the electrode surface and the EQCM frequency change during a
redox process, thereby allowing the direct calculation of
the mass change associated with the redox process9b,27, As
can be seen from the frequency plot in figure 4.4, there is
a 5.1 Hz per 2 moles of electrons change over the course of
the potential scan. This amounts to an effective mass change
sensed by the EQCM of 106 g mole-1 which is more than anion
transport can account for. Therefore, it seems likely that
solvent is being transported across the bilayer-like layer
as well. The data thus imply that about 4.0 molecules of H,0
are lost from the monolayer for every Cl- lost during the
reduction, and that these compositional changes are
reversible on the cyclic voltammetric time scale.
Alternative explanations involving mixed transport of
solvent, anions, and cations within the monolayer are
possible, but mixed transport usually causes the net mass

change to be smaller than that predicted for the
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unidirectional transport case, not larger.

The effect of surface coverage on mass was also
examined with the Cl- and compound I. Shown in table 4.1 is
how varying the surface coverage affects the grams per mole
measured with the EQCM. The surface coverage increases down
the table., At low surface coverage the change in frequency
is lower but the grams per mole is higher. As the coverage
increases the grams per mole decreases. This is the same
effect seen with the organometallic compounds reported
earlier in chapter II, and the explanation would be the
same. That is, as the surface coverage increases the amount
of solvent and anions in the layer decreases since the
number of defects and their size decreases. The interesting
thing to note is that after a monolayer of coverage the
grams per mole can further decrease until a stable double
monolayer is formed. This second monolayer, which is not
anchored to the gold surface, is very stable and it takes
washing the crystal with dichloromethane to remove it. It
displays the same characteristics as the single monolayer as
relating to anions and solvent transport but it has a lower
grams per mole than a single monolayer. This is probably due
to intercalation of the second layer into the first one as
shown in figure 4.5. In undergoing the intercalation, the
two monolayers are thought to be expelling anions and

solvent further to give a lower grams per mole sensed by the

EQCM.
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Effect Surface Coverage on Mass

Charge, .Clcm’

aF, hz

Grams/Mole

11.7
18.8

45.08

73.0P

75.50

0.9

1.25

2.55

2.8

2.85

131

113
96
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a Represents one monolayer coverage.

b Represents two monolayers coverage.

Table 4.1 Effects of varying surface coverage of the monolayer

in .1M NaCl.
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Figure 4.5 Graphic depiction of intercalation of second
layer into the monolayer to form a stable bilayer,
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The next anion tested on compound I is perchlorate. As
can be seen in figure 4.6, the first redox couple is very
sharp in appearance and is not split. The second redox
couple is broad. Both redox processes are shifted more
negative in potential (e.g. from ca. -0.35 V in Cl- to ca.
-0.5 V in C104- for the first reduction wave), and the
frequency change is of about the same magnitude as in the
Cl- case, indicating that little, if any, solvent is
transferred during the redox process in ClO,- (which has a
molar mass of 99 g mole-1). Also, the double layer charging
current in the ClO4- cyclic voltammogram is more than a
factor of two smaller than that in the Cl- case, indicating
a layer which is less "leaky" towards the penetration of
supporting electrolyte than is the layer in Cl- solution?2b,

These data indicate that Cl0,- causes the monolayer to
be much more compact than does Cl-, containing less solvent
and being less permeabkle to the supporting electrolyte.
Thus, the lower solvent content of the ClO,- monolayers
woulé be the cause of the smaller amount of expelled solvent
during the transition from the relatively hydrophilic
dicationic state to the relatively hydrophobic cation
radical state. This difference between the Cl- and ClO,-
cases is probably due to the presence of specific
interactions between the ClO,- anions and the positively
charged viologen moieties, which do not exist (or are of

greatly reduced magnitude) in the Cl- case. This behavior is
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Figure 4.6 a) Voltammogram of N-(n-Decyl)-N’-(10-Mercaptodecyl)
-4,4’-Bipyridinium Dichloride (C10VC10SH) in 0.1M NaClO, with
a scan rate of 100mV/sec versus SSCE, b) Frequency data,
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reminiscent of observations of anion transport in thin films
of poly(vinylferrocene), in which ClO,- was transported with
almost no associated solvent, while more hydrophilic anions,
such as NO,;- and Cl-, were transported with large amounts of
solvent47,54b, Therefore, the sharpness of the first redox
couple waveshape is probably due to ion-pairing taking place
between the Cl0,- and the dialkylviologen as shown in figure
4.7. The ClO4- ion-pairs with the cationic viologen which
effectively shields the cationic charges from each other.
This causes the peaks to get narrower.
A study of the voltammetric waveshape as a function of

temperature was undertaken with the anions: ClO4-, NO;-,

Ci-, and compound I to gain further insight into the nature
of the above mentioned ionic interactions. Table 4.2 lists
the temperature data from the nitrate and perchlorate only
since the chloride anion provides the same information as
the nitrate anion. The temperature range used was 27°C to
60°C using a water jacketed electrochemical H-cell. In
examining the data, it can be seen in the perchlorate case
that as the temperature is increased the peak current
increases, and the full width at half height of the current
peak (Ef,,,) decreuses. This is the direct opposite to the
normal kT broadening usually observed for current-potential
plots when nothing else is occurring.43 This pzak sharpening
with increasing temperature can be interpreted50 as being

due to an attractive interaction between the redox groups
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Figure 4.7 Graphic depiction of contact ion-pair of (C10VC10SH)
in NaClO, supporting electrolyte.
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Temperature Effects on Peak Shape
in

NaNO NaClO
3 4

o B P bk Sy RE AR F Krora W 2L

o

TEMPERATURE,  C E s ™ E_ sV
27 116 109
40 125 -
30 140 105
60 147 86

Table 4.2 Effects of varying temperature on the monolayer in ,iM

NaClO, in relation to the E(, , of the current peak.
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within the monolayer which increases in importance as
temperature is increased. Two possible explanations for this
decrease in E¢_ ., are: 1) some type of ion pairing between
the anions within the monolayer and the positively charged
viologen sites is taking place, and 2) hydrophobic
interactions between the alkyl chains of neighboring
molecules is occurring, either of which might serve to
mediate attractions between the redox groups.

In order to rule out the second possibility, a study
of the temperature dependence of the waveshape for the first
redox couple for the NO;- case was performed. Nitrate was
used instead of chloride to avoid the occurrence of the
double wave for the first reduction process. The EQCM data
for nitrate showed some degree of solvent transport just as
in the chloride case. Table 4.2 shows the nitrate results.
The first reduction wave broadens as temperature is
increased, instead of sharpening as in the ClO,- case. The
behavior in Cl- is qualitatively similar to that for NO,-.
On the basis of these data, it appears that the mediation of
attractions between the redox groups by virtue of the
hydrophobic interaction between adjacent alkyl chains is
ruled out , because these should be independent of the anion
used. The implication here is that specific interactions,
probably of the ion pair type, between the dicationic
viologen sites and the anions within the monolayer are

responsible for the waveshape and the apparent redox
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potential in the voltammetry of this system. It should be
noted here that ion pairing between dicationic viologen
derivatives bearing long alkyl chains and either
tetraphenylborate or tetrakis{83,5-bis(trifluoromethyl)-
phenyllborate anions in Langmuir-Blodgett films has been
previously observed, both in the solid statef! and in
solutions of low dielectric constant solvents, such as

dimethoxyethane, dichloromethane, and methanol®2. Charge
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transfer ion pairs are also known to exist between viologens

and multivalent anions in aqueous solutions63. Thus, ample

precedent exists for the proposed existence of ion pairs
within the sulfur anchored viologen monolayers described
here. A possible implication of these results is that the
effective dielectric constant within the monolayer is
sufficiently small to allow for ion pairing.

The determination of the amount of mass transport
occurring during the redox event, which were discussed
previously with the chloride anion, was also done for the

other anions. Shown in table 4.3 are three representative

anions and their effect on the grams per mole mass sensed by

the EQCM. All have about the same surface coverage within

experimental error. There is a big difference in the grams

per mole sensed, but since the coverages are about the same

then the same number of anions must be present. Therefore,

the discrepancy must be in the number of solvent molecules

which is incorporated in with the anions. It turns out that
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Mass Effects of Differing Anions

ANION CHARGE, uC/cm AF, Hz GRAMS/MOLE # OF WATERS

40.7 3.25 136 6.5

Cl04 45.7 2.25 84 0

Br 36.4 3.0 140 3.3

Table 4.3 Effects of differing the anion used as the supporting
electrolyte with CLOVCL10SH,
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fluoride has about twice as many waters as bromide and

perchlorate has virtually none. Data from the chloride shown

earlier gives chloride slightly more water than bromide.
This is what one would expect from a system such as this
where the anion that has the strongest affinity for water
also causes the most hydration of the monolayer.

Perchlorate, which is known for its ion pairing, shows

virtually no water., Water would not be expected to associate

with the more hydrophobic perchlorate.

For purposes of comparison of anion effects, all the
anions tried so far are shown in figure 4.8 except for two,
which will be discussed later. If just the top half is
looked at first, one sees some shifts in redox potential
caused by differences in the attractive interactions within
the monolayer, such as ion pairing and inadequate shielding
of the cationic charges when comparing fluoride, chloride
and nitrate. This inadequate shielding is a result of the
water in the hydration shells of the ani.ns not being able
to realign their dipoles. Also shown is the doubie peak in
the first redox couple for the fluoride, and chloride but
not the nitrate.

The bottom half of the figure is actually a more
complicated set. The bromide salt of the C10VC10SH is the
only one of the three ion pairs which is soluble in aqueous
solution; serving thus as a coating source. In spite of its

solubility, the peak characteristics, for the bromide case,
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Figure 4.8 Voltammogram of N-(n-Decyl)-N’-(10-Mercaptodecyl)-4,4"-
Bipyridinium Dichloride (C10VC10SH) in all the 0.1M supporting
electrolytes with a scan rate of 100mV/sec versus SSCE,
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resemble the perchlorate case. In looking at this bottom
group, the second redox couple is broadened (all three) and
shifted negative (except the bromide). This is generally due
to the stabilization of the radical cation by these ion
pairing anions relative to the other anions. The first redox
couple’s oxidative and reductive peaks are less reversible
which may be a kinetic effect due to sterié congestion
within the monolayer and the less soluble nature of the
monolayer with these anions.,

Most of the studies presented thus far involved
aqueous solutions of supporting electrolytes. To gain
further knowledge about these systems, a few experiments in
non-aqueocus media were undertaken. Two anions were tested on
C10VC10SH, i.e., ClO,- and PFgz-. Figure 4.9 shows the
voltammograms of the two anions mentioned in acetonitrile.
The formal potentials are quite similar and both waves are
quite reversible. The difference in charge is just due to
different coverages. Note the difference in capacitive
currént. The largest capacitive current is from the lowest
coverage which is what would be expected from data presented
earlier on coverage effects. Only the first redox couple is
shown due to the interference of water reduction, since the
second redox couple is where the reduction of water in
acetonitrile take place. The reference used in these
voltammograms with acetonitrile is a Ag/AgClO, luggin

capillary reference electrode. To compare this voltammogram
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Figure 4.9 Voltammogram of N-(n-Decyl)-N’-(10-Mercaptodecyl)
-4,4"-Bipyridinium Dichloride (C1O0VC10SH) in 0.1M NaClO4 or
0.1M TEAPF. in acetonitrile with a scan rate of 100mV/sec
versus SSCE.
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with the SSCE voltammograms from the aqueous experiment,
0.35V must be added to the acetonitrile voltammogram.
Compound I in acetonitrile is easier to reduce when
comparing it to the same anion used in water. This is
because of less ion pairing and increased solvation in
acetonitrile than water. Also, some loss is experienced in
acetonitrile with the viologens as well, although, the loss
is not as rapid as with the organometallic compounds
mentioned earlier. This is because of the association
possible between the alkane chains. Since there still is
some loss, it might be due to something inherent with

acetonitrile like competitive adsorption with the thiols on

the gold surface.?2

€C18VC10SH

The second compound examined is C18VC10SH (compound
II). The purpose of making this compound was to examine the
result of increasing the outer chain length. The first
supporting electrolyte used was 0.1M NaCl (see figure 4.10).
The calculated charge from compound II’s voltammogram is 40
uC per cm? which gives a molecular area of 39 A2 per
molecule. This is the same area obtained from compound I,
which is in good agreement with the calculated value of 38
A2 per molecule.59 Therefore, saturation coverage is assumed

for compound II using the same reasoning as for compound I.
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Figure 4,10 a) Voltammogram of N-(n-Octadecyl)-N’-{10-Mercapto
decyl)~4,4"-Bipyridinium Dichloride (C18VC10SH) in 0.1M NaCl
with a scan rate of 100mV/sec versus SSCE. b) Frequency data.
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The frequency plot in figure 4.10 indicates a

frequency change of 8.7 Hz per 2 moles of electrons over the

course of the potential scan. This amounts to an effective

mass change sensed by the EQCM of 187 g mole-! which is more

than anion transport can account for. Therefore, as in the
case of CI10VC10SH, solvent is being transported in and out
of the layer as well. About ~8 molecules of H,0 are lost
from the monolayer for every Ci- lost during the reduction
process. The mass change is reversible upon reoxidation.
This is twice the water transport seen in the C10VC10SH
case, The increased solvent transport may be due to the
ability of the larger layer (compound II is longer than
compocund I) to allow more solvent in from larger defects in
the layer.

The next anion tested on compound II is perchlorate.
As can be seen in figure 4.11, the first redox potential is
shifted more negative than in the case of the Cl-. This is
due to the previously mentioned ion-pairing in the ClO,-
case. The second redox potential is also shifted more
negative than in the Cl- case. Note from the large peak
separations of the anodic and cathodic waves that the redox
processes seem to be becoming quasi reversible. This is
probably indicative of slowed anion transport through the
outer layer of the insoluble monolayer. This effect is not
as large in the C10VC10SH case as it is in the C18VC10SH

case. Therefore, the kinetics for anion transport with
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Figure 4,11 a) Voltammogram of N-(n-Octadecyl)-N’-(10-Mercapto
decyl)-4,4°-Bipyridinium Dichloride (C18VC10SH) in 0.1M NaClO,
with a scan rate of 100mV/sec versus SSCE. b) Frequency data.
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compound II and slower than for compound I, probably because
the outer alkyl chain is twice as large.

The frequency change for the ClO,- case of compound II
is about the same as for compound I, about 5 Hz per 2 moles
of electrons. This illustrates that no solvent is
transported in and out of the monolayer when Cl0,- is the
counterion. Also, the double layer charging in figure 4.11
is smaller than in figure 4.10, as previously shown with
compound I. This indicates that the monolayer with ClO,- is
less "leaky" towards penetration of supporting electrolyte
than the monolayer with Cl- as the counterion. Therefore,
these data indicate that, as with compound I, compound II,
with Cl04- as the counterion, is a much more compact
monolayer than with Cl-. The data also suggests that
ion-pairing is occurring in the ClO,- case &and not in the
Cl- case

In comparing other anion effects with compound II, the
data indicate the same trends as in the cuse of compound I.
That is, that the monolayer with F- as the counterion has
the most positive formal potential. The order going more
negative is Cl-, Br-, then Cl0O,- counterion. Also,
monolayers with F- as the counterion have a larger solvent

transport than the other counterions, in the same order as

above.
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The third compound examined is C9C11VC10SH (compound
ITI). This compound in unique because of its having two
alkyl chains in the outer part of the monolayer towards the
solution and one alkyl chain down towards the electrode.
This compound was constructed to allow for tightening up the
outer half of the monolayer by inducing more order to get a
closer packing. The area of the outer chain is actually a
little larger than the bipyridyl group and associated
anions, so the size of the outer chains should determine the
surface coverage if the system is close-packed. Alkyl chains
are ca. 18-20 A2, so two alkyl chains are ca. 36-40 A2, This
is close to the experimental range below.

The first supporting electrolyte used was 0.1M NaCl
(see figure 4.12). The calculated charge from compound III’s
voltammogram is 40 uC per cm2, This amounts to a surface
coverage of 4.1x10-10 moles per cm? which gives a molecular
area of 39 A2 per molecule. This is consistent with what has
beenqpreviously determined for the other compounds, but the
outer chains are responsible unlike the other compounds.

The freéquency plot in figure 4.12 indicates that there
is a 9.2 Hz per 2 moles of electrons change over the course
of the potential scan. This amounts to an effective mass
change sensed by the EQCM of 198 g mole-1. For every Cl-
anion transported 9 molecules of water are also transported

across the monolayer. This is reversible on the voltammetric
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Figure 4.12 a) Voltammogram of N-(10 Heneicosyl)-N’-(10-Mercapto
decyl)-4,4"-Bipyridinium Dichloride (C3C11VC10SH) in 0,1M NaCl
with a scan rate of 100mV/sec versus SSCE. b) Frequency data.
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time scale.

The next anion examined was perchlorate. As can be
seen in figure 4.13, the two redox potentials are shifted
more negative than in the Cl- case. These are the same
results as seen with the first two compounds examined.
Notice also that the ClO,- has a large AEp (131 mV). This
is much larger than the AEp (29 mV) for compound I and about
the same as for compound II. This’is probably due to the
kinetics of the first redox event slowing down the rate,
again because the anions and solvent are having difficulty
getting across-the lightly-congested-ecuter-part--of-the
layer.

In examining the frequency data for the voltammogram
in figure 4.13, one can see that the frequency change is on
the same order of magnitude as the previous compounds, about
5 Hz per 2 moles of electrons. This is because all of the
compounds have relatively the same surface coverages, and,
since ClO,- does not transport water with it, they should
all ﬁave frequencies proportional to the charges from those
surface coverages. This is due to the need for maintaining
charge neutrality in the monolayer.

The Cl- waveshapes i; fig;fé 4,12 are not as narrow
as the ClO0,- waveshapes in figure 4.13. This is consistent
with the Cl- and ClO,- data from compounds I and II.
Therefore, ion-paring seems to be present in the C9C11VC10SH

case with Cl04- and not with Cl-,
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Figure 4,13 a) Voltammogram of N-(10 Heneicosyl)-N"-(10-Mercapto
decyl)-4,4°-Bipyridinium Dichloride (CSCiiVC10SH) in 0.1M NaClO4
with a scan rate of 100mV/sec versus SSCE. b) Frequency data,
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C1l0VC3SH

Compound V was made to examine what would happen to
the redox response of the monolayer if the bipyridyl were
placed closer to the electrode surface. The hope was that
this compound would help tell whether the free methyl alkyl
viologen would adsorb head up or head downl3, The purpose
was to determine if ease of electron transfer to the
bipyridyl or anion transport kinetics was the main driving
force in determining the redox response of the monolayer.

The first electrolyte used was 0.1M NaCl. The
voltammetry in this medium is depicted in figure 4.14. The
first thing that is noticeable is that the first redox wave
is larger than the second. This may be due to the viologen
mostly collapsing to the surface after the first reduction.
During the second reduction, the wave shifts and broadens
because the anions are trapped outside the layer. Since
there is no lorger any charge compensating effect, the
viologen no longer feels the full driving force of the
applied potential. The rest of the bipyridyls then do not
reduceb4,

In examining just the first redox event, the second
aspect noticed is that the wave has a shoulder. This was
also seen in compound I with Cl- and F- counterions. It is

still not understood why there is a shoulder occurring and
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Figure 4.14 a) Voltammogram of N-(n-Decyl)-N’-(3-Mercaptopropyl)
-4,4"-Bipyridinium Dichloride (C1OVC3SH) in 0.1iM NaCl with
a scan rate of 100mV/sec versus SSCE. b) Frequency data,
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only with the two compounds that have a decyl chain as the
outer part of the monolayer.

The frequency data (see figure 4.14) show that most of
the solvent transpori takes place during the first redox
event, and that the overall frequency change is about 5 Hz
per 2 moles of electrons. Thus, the magnitude of the
frequency change is comparable to C10VC10SH. This is
reversible, but shows some hysteresis indicative of slower
transport. This slower transport is not present in C10VC10SH
with Cl- as the counterion.

The next anion examined is ClO,- (see figure 4.15).
The same effect is observed with the first redox wave being
larger than the second. This is not something that only
happens in the Cl- case. The potential of these redox events
is shifted more negative as in all other compounds when
comparing Cl- and ClO,- results. The double wave in the
first redox couple is gone which is similar to the results
of compound I. The ion-pairing effect of ClO,- is noticed by
the Sharper peak currents, and the capacitive current is
smaller than the capacitive current in the Cl- case. This
indicates that the Cl0,- counterion monolayer is more
tightly packed and less leaky to solvent and anion
transport.

As in all ClO4- compounds examined, the frequency
change is comparable, so there is no water being

transported. The AE, for the Cl0,- case versus the Cl- case




Figure 4.15 a) Voltammogram of N-(n-Decyl)-N’-(3-Mercaptopropyl)
-4,4"-Bipyridinium Dichloride (C1OVC3SH) in 0.1M NaClO, with
a scan rate of 100mV/sec versus SSCE. b) Frequency data.
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is indicative of the more tightly packed nature of the ClO,-
monolayers compared to the Cl- case. This means that there
are kinetic limitations to the redox event in the Cl0,-

case.

C1VC12SH

Compound VI was synthesized to examine the effect of
placing the bipyridyl near the monolayer/solution interface.
This is called the head up configuration.

Figure 4.16 contains the voltammogram for C1VC12SH in
0.1M NaCl. In examining the voltammogram, a salient feature
is that the waveshapes are very symmetrical and that both
redox potentials are shifted more negative than any other
compound examined in 0.1M NaCl. The C1VC12SH compounds
voltammogram is closer to the formal potential for methyl
viologen (first reduction Ef= -0.69 Volts in 50mM NaCl)S7
than any other of the compounds. Since the voltammogram is
very symmetric, there does not seem to be any kinetic
problems with ion transport as experienced in the C10VC3SH
case. The apparent reason that both redox potentials are
shifted more negative is that the bipyridyl dication is
highly solvated in this compound, so it is stabilized. This
makes it harder to reduce to the cation radical. The
frequency data also support this. Most of the solvent

transport occurs during the first reduction process and not

} PRV




Figure 4.16 a) Voltammogram of N-Methyl-N’-(12-Mercaptododecyl)
-4,4’-Bipyridinium Dichloride (CiVC12SH) in 0.1M NaCl with
a scan rate of 100mV/sec versus SSCE. b) Frequency data,
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the second reduction process. This indicates that the cation
radical is less solvated.

The next anion examined was perchlorate. Figure 4.17
shows that the ClO,- case is similar to the other compounds
in that it is more negative than the Cl- cases. This
indicates that perchlorate probably does ion-pair with
compound VI also. In examining the frequency change, one
notes that it is on the same scale as the other compounds.
The film is very hydrophobic so no water is being
transported during the redox event. Having the bipyridyl
group close to the solution/monolayer interface does not
help in solvating the layer when ClO4- is the counterion.
The capacitive current is indicative of the ClO,4- monolayer
being a more densely packed, less permeable film than in the

Cl- case. This goes along with previously mentioned

behavior.

ION SELECTIVITY

In describing the various anion effects on the
different compounds, two anions were intentionally left out.
This is because of their totally different effects from the
previous anions. The two anions are I- and
tetrakis(p-sulfonatophenyl)porphyrin-4, What is unique about
these anions is their size and their selectivity for the

viologen monolayer over other anions. When in a solution of
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Figure 4,17 a) Voltammogram of N-Methyl-N"-(12-Mercaptododecyl)
-4,4°-Bipyridinium Dichloride (CiVC12SH) in 0.1M NaClO4 with
a scan rate of 100mV/sec versus SSCE, b) Frequency data,
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0.1M NaCl they both are favored to bind to the bipyridyl
over the Cl- counterion even though the Cl- is present at a
larger concentration.

Figure 4.18 shows a comparison of the behavior in 0.1M
NaI and 0.1M NaCl. Notice that in NaCl the monolayer behaves
normally as before, but when the monolayer is exposed to Nal
something different occurs. The I- counterion, once in, does
not want to come out. The monolayer does not have the redox
waveshape normally expected, because the I- transport is
inhibited. This could be because the I- binds to form a
tight ion-pair within the monolayer or the monolayer packs
tightly with I- which restricts the flow of anions and
solvent. The frequency data do indicate that there is some
mass flow but due to the broad nature of the wave, it is
difficult to determine the charge with accuracy.

The high selectivity toward I- binding is evidenced by
the following experiment. A small amount of I- remained in
the cell following a change of supporting electrolyte to
Cl-. The film had to be repeatedly cycled to get the I- to
exchange with the Cl-. Once the cycling stopped, the small
amount of I-, in the cell, found its way back into the
monolayer even though the Cl- was so prevalent. This would
seem to indicate a high selectivity for I- by the monolayer.

The next anion examined is tetrakis(p-sulfonatophenyl)
porphyrin-4 ( see figure 4.19). The monolayer was examined

in 0.IM NaCl and it exhibited the normal electrochemistry.
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Figure 4.18 1) Voltammograms of N-(10-Heneicosyl)-N’-
(10-Mercaptodecyl)-4,4’-Bipyridinium Dichloride (CSC11VC10SH)

in a) 0.1M NaCl and in b) 0,1M Nal with a scan rate of 100mV/sec
versus SSCE, 2) Frequency data,
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Figure 4,19 Voltammograms of N-(10-Heneicosyl)-N’-(10-Mercapto
decyl)-4,4’-Bipyridinium Dichloride (C9C11VC10SH)in 0.1M NaCl

with 0,1mM tetrakis(p-sulfonatophenyl)porphyrin with a scan rate

of 100mV/sec versus SSCE, a) 0.1M NaCl b) 0,1M NaCl+0.01M porphyrin
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About 1mg of the porphyrin was added to the cell for a
concentration of .01M porphyrin. The chloride waveshapes
disappeared and only the porphyrin waveshape remained. It
looks very much like the waveshape for I-. The normal redox
process is inhibited and the porphyrin transport is
restricted even though the chloride is in greater
concentration and four Cl-’s have to leave‘for every

porphyrin that enters.
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Conclusion

In summary, one can see that the identity of the anion
from the supporting electrolyte has a major influence on the
voltammetry of the self assembling viologen redox monolayers
described herein. Also, changing the structure of these
monolayers has a profound effect on the ion and solvent
transport across these redox monolayers. Table 4.4 contains
summary data about both structural changes and transport
properties.

One can see that C1VC12SH has the most negative Ef for
Cl-. This is expected since the bipyridyl is exposed to the
solution monolayer interface allowing it to be highly
solvated. This stabilizes the dication making it harder to
reduce. The rest of the compounds have the bipyridyl buried
deeply within the monolayer so it is exposed to a totally
different environment. This caused the bipyridyl to be less
solvated allowing it to be reduced more easily. Therefore,
the Cl- data shows that by changing the bipyridyls
environment one can greatly effect its’ electrochemical
response to changing potential. There is some precedent for
these environmental effects in the work of Kaifer and
Bard?3. They looked at the effect on the electrochemistry of
viologen in the presence of liposomes and micelles, and
found that the reduction potentials were influenced by the

euvironment.
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Anion Effect on the Various Viologen Monolayers

Cl ClOg
EomV  aE,mV E,mV aEpmV
C1VCI12SH 454 33 502 88
C10VC3SH 354 53 478 75
C10VC10SH 305 14 469 29 d
C18VCI10SH 388 49 484 149 1
CIC1IVCIOSH 349 36 442 131

Table 4.4 Anion effects on various viologen monolayers in ,1M NaCl
and .1M NaClo,
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In examining the ClO,- data, one can see a completely
different result. All of the ClO,- cases are more negative
than the Cl- cases, and all the ClO0,- frequencies are about
the same. No solvent is transported in any of them. This is
a result of the ion-pairing ability of Cl0,-. Even the
Cl1VC12SH compound has no solvent transport. This is due to
the Cl1l0,- compounds’ insoluble nature. f£o even with the
bipyridyl close to the surface, it is in an insoluble, more
highly packed monolayer form. This does not allow for
solvent transport.

It would seem that there are two effects that
demonstratively influence the formal potentials of the redox
processes. These are solvation of the bipyridyl and
bipyridyl ion-paring with the counterion. Also, there are
several effects which influence the waveshape. Temperature
generally broadens it, while ion-pairing sharpens it, and
kinetic effects can cause quasi reversibility in these redox
processes. Lastly, positioning of the bipyridyl in
relationship to the electrode surface and the
solution/monolayer interface have a profound influence on
their electrochemistry. When the environment of the
monolayer changes from the bipyridyl group at the
solution/monolayer interface, C1VC12SH, to the bipyridyl
group in the middle of the layer, C10VC10SH, there is a
150mV shift in the redox potential. When the anion is

changed from fluoride to perchlorate, there is a 150mV shift
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in the redox potential. At room temperature the thermal
contribution to the peak potential, kT, is about 25mV. So,
one can see that these potential changes are significant and
they indicate that the environment at the electrode is

quite different from that in the solution.

The self-assembled redox monolayers which we have
presented here for the first time can be seen to be
excellent systems with which to probe the detailed influence
of structural variation on interfacial redox chemistry. The
ease of synthesis of these molecules makes them good
candidates for studies of the distance dependence of
electron transfer, since the revox group may be placed a
controllable distance from both the electrode surface and
the monolayer/solution interface. Another especially
attractive feature of these systems is that the transport of
anions across the outer alkyl region of the monolayer serves

as a good model for ion transport across bilayers.
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CHAPTER V

ELECTROCHEMICAL AND QUARTZ CRYSTAL MICROBALANCE STUDIES OF

VIOLOGEN DERIVATIVES: ELECTRON-MEDIATED EVENTS

Introduction

Monolayers play an important role in the study of
redox electrocatalysis®35, In electrocatalysis, the reduced
redox molecule on the surface can reduce some solution
phase species that can not get reduced on the bare
electrode or reduce at a less favorable potential. Some
reactions might be thermodynamically favorable but occur at
a slow rate66, Others might occur at an acceptable rate but
have a large overpotential37a,67, These reactions would
benefit from having a catalyst. Many different types of
molecules, or even the electrode itself, can be a catalyst
in electrocatalysis®8, What is needed in all cases is a
lower activation energy pathway that will occur with a high
current density. There are several important
characteristics of electrocatalysts. These include: the
mechanism of catalysis, stability, and the efficiency with

which they exchange electrons with the electrode and with
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solution phase species.

The main purpose of thiz part of the dissertation
project is to study the fundamental properties which
control electron transfer between the electrode and the
monolayer, and between the monolayer and solution phase
species. Both the distance dependence of the electron
transfer rates and the permeability of the monolayer toward
solution phase reactants influence the ability of the
monolayer to mediate electron transfer between the
electrode and the solution. In this study, both issues are
addressed to some extent.

Viologens are known for their electrocatalytic
properties concerning horse heart ferricytochrome CS5Sb, 68,
Viologens have also been used as electron transfer
mediators for reduction of the spinach
ferredoxin-TPN-reductase / triphosphopyridine nucleotide
(TPN) system,’9 beef heart ferricytochrome C oxidase?l and
in the use of hydrogen as a reductant of myoglobin, and
stellacyanindb., The ferricytochrome C is of the class which
has a positive overpoctential, but can not get reduced at a
gold electrode, because its metal center can not get close
enough to the surface, unless there is some modification of
the electrode to enable it to do so. This is an example of
a species that is thermodynamically favorable, but not

kinetically favorable. Use is made of the viologen to act
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as an electron-mediator to the metal center of the
metalloprotein.

The spinach ferredoxin-TPN-reductase /
triphosphopyridine nucleotide (TPN) system is different
than the ferricytochrome C system. Electrocatalysis is used
to increase the rate of a reaction with the addition of
spinach ferredoxin-TPN-reductase. The viologen needs the
spinach ferredoxin-TPN-reductase to reduce the TPN at an
adequate rate. The authors wanted to substitute an
electrochemical route for the known photosynthetic route to
help improve the overall rate.

An example of a solution species which has a large
negative overpotential is dibromoalkanes.
Metallotetraphenylporphyrins were used to electrocatalyze
the reduction of a variety of dibromoalkanes®67, The
metallotetraphenylporphyrins are covalently bound to the
surface of the electrode and mediate the electron transfer
to allow the dibromoalkanes to be reduced at a much smaller
negative overpotential. This is an example of the first
type of reaction mentioned.

The initial electrocatalytic experiments planned for
this study will be ones to test the electron transfer
properties of the monolayer films. From the electrochemical
and EQCM data collected already, it is known that electron

transfer can occur from the electrode surface to the
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dicationic bipyridyl which is ten methylene units away from
the surface. The next step will be to test the
"bimolecular” electron transfer from the reduced bipyridyl
to some solution species. Again, the methylene chains will
provide a spacer between the bipyridyl and the solution
species. This spacer will vary from one to ten methylene
units depending on whether compound VI or I and III are
used. Compound III was made so as to bring more order to
the outer layer to probe the influence of monolayer
permeability on this electron transfer.. Compound VI was
made to intentionally make it easier for the solution

species to reach the bipyridyl for homogeneous electron

transfer.
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Experimental

The experimental setup was described in chapter II.
The synthesis of the compounds used for self-assembling the
monolayers was described in chapter IV. The three compounds
used in this study are C10VC10SH (compound I), C9C1l1VC10SH
(compound III), and C1lVC12SH (compound VI). All monolayers
used in this chapter were self-assembled from 0.1M NaCl and
saturation surface coverages were verified using charge
calculations from the resulting cyclic voltammograms.

The three solution phase molecules that were used are
hexaamineruthenium(III) chloride, hexaaminecobalt(III)
chloride, and 1,3,6,8,10,13,16,19~0ctaazabicyclo [6.6.6]
eicosanecobalt trichloride (cobalt(III) sepulchrate
trichloride). All are from Aldrich Chemical Company. The
Ef’s are -0.18V, -0.25V (irreversible), and -0.54V,
respectively, in .1M HClO, verses SSCE.

The monolayers were self-assembled onto the EQCM
electrode, then either 0.1M NaCl or 0.1M NaClO, was used as
the supporting electrolyte during the electron-mediation
experiments. One of the three above inorganic compounds was
then added to the cell in concentrations ranging from

0.25mM to 1.0mM. All experiments were done with cyclic

voltammetry.
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Results and Discussion

The well established reaction scheme for redox

electrocatalysis is635:

k
" _ “het +

DAV + e” % pav 1)
+° kcat -

DAV + SP —¥ DAV + RSP (2)
[ k;at o+

DAV " + SPp ——— DAV + RSP (3

in which DAV++ is the dialkylviologen dication, DAV+. is
the dialkylviologen cation radical, DAVe is the fully
reduced dialkylviologen, SP is the solution species, and
RSP is the reduced solution species. The second step is
rate limiting, and the third step can be as well. This is
confirmed by scan rate studies.

All the reactions are downhill with respect to the
V++/V+. reduction, since the viologen redox potentials have
a greater negative overpotential than the ammine compounds.
The exception is the cobalt sepulchrate compound, since it
needs the V+./Vo reduction to be mediated due to its larger

negative overpotential than the V++/V+. reduction.
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Hexaamineruthenium(IIT) chloride

The first compound investigated was
hexaamineruthenium(III) chloride in 0.1M NaCl. The EQCM was
coated with a monolayer of C10VC10SH. Figure 5.1 shows the
cyclic voltammogram of C10VC10SH mediating the reduction of
hexaamineruthenium(III) chloride. The voltammogram shows
that the electron-mediation is occurring at the first redox
potential and not the second. Since the first redox
potential of the viologen is more negative than the formal
potential of the ruthenium compound, the above result would
be expected. By the time the potential scan reached the
second redox potential of the viologen, all of the
ruthenium within the diffusion layer is reduced. Therefore,
the second waveshape appears normal. With CLOVC1l0SH, the
process appears to be reversible on the timescale of the
experiment.

C9C11VC10SH was the next monolayer used as the
electron-mediator. The EQCM was coated and put in a cell
containing 0.1M NaCl as the supporting electrolyte. Figure
5.2 demonstrates the same behavior as found with C10VC10SH.
The reduction only occurs at the first redox potential and
it has the typical waveshape of an electron-mediated
response. If the ruthenium compound were penetrating

significantly into the outer layer of either monolayer, one
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would expect considerable differences between the responses
of C1l0VC10SH and C9C11VC10SH. The fact that they are so
similar argues for little permeation. The ruthenium
mediation is scan rate dependent where most of it is
stopped by 1600mV/sec. This seems to argue for mediation,
because permeation to the electrode would not be stopped by
changing the scan rate. Reduction due to straight
permeation, without mediation, would just shift to more
negative potentials.

The last compound used to produce a monolayer was
C1VC12SH. This monolayer was also examined in 0.1M NaCl as
the supporting electrolyte. The results, as shown in figure
5.3, were very similar to the results for C10VC10SH and
C9C11VC10SH. It would seem that it does not matter if the
bipyridyl is at the solution/monolayer interface or buried
within the monolayer, or if the monolayer is constructed to
restrict the flow of large ions. The mediation rate appears
unaffected by all of these changes. The difference exists
in the scan rate data from C9C11VC108H and C1VC12SH. There
is some scan rate dependence of hexaamineruthenium(III)
chloride with C1VC12SH, but one can not completely shut
down the electron transfer like in the C9C11VC10SH case.
This is probably due to the bipyridyl being close to the
solution/monolayer interface so no partial permeation is

necessary.

A

S AN S T e

3
:
1
!
g
i
.
i
g
i
]
i

AT

a7 cntf, W




i24

xE 0
20. 0 -

1
L]

.l
o
o
Q
{
}

1
{

-20.0 +

i
L

CURRENT ( uA )

1
>
o
o
{
{

-60.0 +

1
{

Ao

[ 1
LN L]

-.600  ~-.200 .200 .sboE .
b 4
POTENTIAL ¢ VOLTS )

1
1

-1.00

Figure 5.3 Voltammogram of C1VC12SH in 0.1M NaCl with
1.0mM RU(NH3)6C13; scan rate Is 100mV/sec versus SSCE.

P

PIZCRTRRITERR ISR T S0

SRR,

NAALEAR i La B 2 b

e PERVGFR RN

T

i

PR PN

X3

SN PR etz akd et S

L3 Kt ol dde

[



125

Decanethiol was added to the C1VC12SH to tighten up
the lower part of the monolayer. This was done to inhibit
any permeation to the electrode surface. Previously,
hexanethiol was added to a monolayer of C10VC10SH. This
resulted in a more ordered monolayer which allowed for an
increase in solvent transport, since more solvent could now
exist in the vicinity of the bipyridyl group. The
voltammetry was redone on the electron-mediation of
hexaamineruthenium(III) chloride with C1VC12SH and no
difference from the previous voltammogram was indicated.
This seems to indicate that all of the reactions with
hexaamineruthenium(III) chloride are diffusion-controlled
and that no permeation to the electrode surface is

occurring.

Hexaaminecobalt (III) chloride

The second solution species investigated is
hexaaminecobalt(III) chloride. The first monolayer examined
with it is C10VC10SH. Figure 5.4 illustrates the results
obtained in 0.1M NaCl as the supporting electrolyte. The
cobalt compound has an irreversible reduction potential at
~0.25 volts. This is less negative than the first viologen
reduction potential. Therefore, one would expect that the

electron-mediation should occur at the first redox
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Figure 5.4 Voltammogram of C10VC10SH in 0,1M NaCl with
0.5mM Co(NHS)SCI:,; scan rate is 100mV/sec versus SSCE.
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potential. This did not occur, and instead the cobalt
reduction occurred at the second viologen redox potential.
To understand why this would occur, one must look at the

self-exchange rate constant for the cobalt compound.

Hexaaminecobalt(III) chloride is known to have a very slow
self-exchange rate. Ru(NH;)g742 has a k45, 8.0x102 and
Co(NH;)g74b has a kyomo< 10-10. Therefore, Co(NH;)4 needs;
a stronger driving force applied to get the
electron-mediation to occur at an appreciable rate, there
is a distance factor and the cobalt compound needs to get
closer to the bipyridyl group than does the isostructural
ruthenium compound, or the Co(NH,)g has too slow a rate and
can never be mediated.

In examining the C9C11VC10SH results in figure 5.5,
one sees the same results as for C10VC10SH. So this seems
to indicate a lack of any additional perturbation on the
cobalt electron-mediation caused by tightening the layer.
Of course if the electron transfer occurred via some long
range mechanism across the outer layer, then one would not
expect any difference in the voltammograms.

C1VC12SH was examined next with the cobalt compound to
see if easier access to the bipyridyl would change the
potential of the electron-mediation. Figure 5.6 shows that
this is not the case. The voltammogram looks quite similar

to those for the other monolayers, therefore this would
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seem to rule out any distance effect problems the cobalt
compound would have with the bipyridyl. It would seem that
we are left with either the long range mechanism or that
the electron-mediation is not taking place at all, but
instead the cobalt is permeating through the layer and

getting to the electron surface.

Cobalt(III) sepulchrate trichloride

The cobalt (III) sepulchrate trichloride is used so
that if there is any problems with diffusion of the
hexaamine compounds into the outer layer of the viologen,
its large size should prevent it from doing the same. The
monolayer was ClOVC10SH in 0.1M NaCl. Figure 5.7 shows the
voltammetric results of the electron-mediation. The cobalt
sepulchrate is mediated at the second redox potential of
the viologen like the earlier cobalt compound. This was
expected, since the formal potential of the cobalt
sepulchrate is between the two redox potentials of the
viologen monolayer. Therefore, as with the ruthenium
compound earlier, the sepulchrate compound behaved
normally.

C9C11VC10SH was examined next in 0.1M NaClO, as the
supporting electrolyte. The voltammogram in figure 5.8

looks very similar to the voltammogram for C10VC10SH in
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Figure 5.7 Voltammogram of C10VC10SH in 0.1M NaCl with
0.5mM CoSepCl,; scan rate Is 100mV/sec versus SSCE.
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0.1M NaCl. It would seem that changing the monolayer to
more tightly packed has made no difference in the
voltammetric response. Changing the electrolyte to Cl0,-
(one that makes the monolayer more insoluble and,
therefore, more collapsed), also has made no change. This
would seem to indicate that the cobalt sepulchrate is not
permeating through defects formed after reduction, because
collapsing the film by changing the electrolyte did not
effect the voltammetry. The reverse mediation ( Co2+ + V2+-
Co3+ + V+.) is not apparent, as it is in the C10VC10SH with

cl- .

Permeation Effects

Finally, consider all of the previous voltammograms of
this electron-mediation. None of the eight figures shown in
this chapter show any electrochemical response at the
normal formal potentials for the three inorganic compounds
whose mediation is being studied. Therefore, no permeation
is taking place by the inorganic cations before the
viologen monolayers are being reduced.

A permeation study was done with dimethyléminomethyl
ferrocene. After a C10VC10SH monolayer was formed, this
compound was added before and after hexaaminecobalt(III)

chloride was added for electron-mediation. Figure 5.9 shows
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that the uncharged ferrocene compound permeated into the
layer to the surface and was oxidized. The large response
at the ferrocene/ferricinium wave indicates that neutral
ferrocene freely permeates. Thus, there must be
considerable free volume in the layer. The reduction of the
ferrocene could not take place in the layer, though, since
it now was charged. The reduction of the ferrocene had to
be mediated by the bipyridyl. This seems to indicate that
charged species would have a hard time getting into the

layer, but not uncharged ones.
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Conclusion

In reviewing the data on the two ammine compounds, one
must remember that they are isostructural. The only
difference between them is the different metal center, yet
they have completely different electrochemistry.
Ru(NH,;)4Cl; is electron mediated, but Co(NH;)¢Cl,; is not.
Scan rate data indicates that the Co(NH,;)4Cl, permeates
through the monolayer to be reduced at the electrode
surface. Electrostatics keep the compounds from diffusing
through the layer as long as the bipyridyls are still
charged. Since Co(NH;)4Cl,; has too slow a self-exchange to
cross react with the bipyridyl, it must wait until the
viologen monolayer is reduced to V° to overcome
electrostatics problems. In the case of the C1VC12SH
monolayer, it must be more permeable so Co(NH,;)4Cl, can get
through during the V2+/V+. reduction.

This illustrates that an electrode is not the same as
a molecule with the same potential. For Co(NH,;)4Cl,; to
react with the viologen monolayer, a bimolecular reaction
has to be able to take place. Not so with an electrode, it
is always activated. If the viologen were not there,
Co(NH;)gCl,y; would reduce on the bare electrode.

Viologen monolayers would seem to be good electron-
mediators. The data suggest that electron-meditation is

occurring and that it is possible to use monolayers for
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this purpose. The results are somewhat ambiguous, in that
the identity of the rate-limiting step for mediation is
somewhat unclear. Rotating disk experiments will be done in

the future to help elucidate this point.
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